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RESUMO

O intertidal rochoso esta entre os habitats mais exigentes e dindmicos do mundo
por se encontrar na interface entre ecossistema terrestre e marinho. Neste habitat, a
temperatura desempenha um papel importante na funcdo e estrutura do ecossistema,
sendo altamente influenciado pela variacio espacial a diferentes escalas. A escala do
micro-habitat, a cobertura de algas pode desempenhar um papel de reflgio térmico para
as comunidades associadas, no entanto este aspeto sé foi quantificado muito raramente.
Este estudo pretende em apurar este papel de refugio, assim como quantificar as
variacOes térmicas entre os diferentes microhabitats intertidais. Para tal, foram
instalados cerca de 144 sensores de temperatura em trés regides da costa oeste
portuguesa, num total de seis praias. A temperatura foi registada a cada hora, em oito
microhabitas diferentes, cada um com trés pares de sensores (um sensor coberto por
algas e outro em rocha nua). Foram, ainda, obtidos dados da diversidade de fauna e flora
associada durante o trabalho de campo in situ. Os resultados mostraram maior
variabilidade de temperatura nos sensores colocados em patamares superiores expostos
ao sol, especialmente durante o verdo. Latitudinalmente, a temperatura méaxima diaria
aumenta para sul e, por outro lado, a diferenca de temperatura entre pares de sensores
aparenta diminuir. Verificou-se também uma variagdo interanual, registando-se no
verdo de 2023 uma temperatura maxima mais baixa do que o verdo de 2022 na regido
norte. As algas que cobriram os sensores mostraram ter um efeito de protecdo térmica
significativo, especialmente a alga Ascophyllum nodosum no norte de Portugal. Durante
0 verdo, o efeito tampéo das algas variou entre 32,20% a 69,37% no patamar superior
do intertidal e 3,90% a 25,20% no patamar inferior. Em relacdo a biodiversidade por
regido, o norte apresentou a menor riqueza especifica entre todas, mas em contrapartida,
apresentou um maior volume de cobertura algal no patamar superior do intertidal.
Apesar da dificuldade em garantir a cobertura de algas nos sensores ao longo do ano,
estes tipos de instrumentos in situ revelam-se essenciais para uma monitorizagao
continua e mais precisa da temperatura em habitats tdo complexos como o intertidal
rochoso. Além disso, compreender como certas espécies tendem a atenuar os efeitos do
aumento do aquecimento global é muito importante para adotar medidas de
conservacao, avaliar o efeito de futuras ondas de calor, ou até prever futuras transicdes
latitudinais nas comunidades costeiras.

Palavras-chave: intertidal - ecossistemas marinhos - algas — temperatura — stress térmico



ABSTRACT

Intertidal rocky shores are among the harsher and more variable habitats in the
world as they lie in the interface between air and water. Temperature plays an important
role in the function and structure of these ecosystems, and they are highly influenced by
spatial variation at different scales. At the microhabitat scale, algae may act as thermal
buffers for associated communities, but this has been rarely quantified. With this in
mind, this study focuses on establishing the role of algae as a refuge, as well as
quantifying the thermal variations between different intertidal microhabitats.
Overall,144 temperature data loggers were installed in three regions along the
Portuguese west coast, on a total of six sites. Temperature was registered every hour
within eight different microhabitats, each one with three pairs of loggers (one logger
under algae and one on bare rock). Data on the diversity of associated fauna and flora
was also obtained during in situ fieldwork. The results showed greater temperature
variability in the upper intertidal exposed to the sun, especially during the summer.
Latitudinally, daily maximum temperature increases towards the south and, on the other
hand, temperature difference within pairs decreases. There was also inter-annual
variation, with the summer of 2023 recording a lower maximum temperature than the
summer of 2022 in the northern region. All algae presented a significant effect on
temperature measurements, especially Ascophyllum nodosum. During summer, their
buffer effect varied between 32,20% to 69,37% in top levels and 3,90% to 25,20% in
low level. Regarding the biodiversity of each region, the north presented the lowest
species richness among all, in contrast, presented a higher volume of algae cover on the
upper intertidal. Despite the difficulty in maintaining loggers covered with algae along
the year in situ dataloggers proved to be essential to provide precise and continuous
monitoring of temperature in complex habitats, such as intertidal rocky shores.
Moreover, understanding how certain species tend to ameliorate the effects of
increasing warming conditions is very important to carry out conservation measures, to
evaluate the effect of future heat waves or to predict future latitudinal transitions in
coastal communities.

Keywords: intertidal - marine ecosystem - seaweed — temperature — thermal stress
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INTRODUCTION

It’s becoming more evident that climate change is a major and significant
growing threat to biodiversity and ecosystems around the world, forcing them to change
rapidly in response. Climatic conditions affect the long-term survival of several species
and, when a habitat is no longer suitable, they shift their geographical ranges and/or
perish in that area (Nunez et al., 2019; Pettorelli et al., 2021). These climate changes are
rapidly modifying ecosystems, not only by the effect of temperature, but also by other
major global drivers such as: changes in precipitation, ocean chemistry and the
frequency and magnitude of extreme events (Malhi et al., 2020; Weiskopf et al., 2020).
Moreover, loss of biodiversity and degradation of ecosystems, caused by extreme
events, can lead to huge impacts on the planet’s ability to store carbon, while reducing
the capacity of both nature and human populations to adapt to or withstand these

extreme conditions (Pettorelli et al., 2021).

Within the Ocean, climate change has significant implications that lead to the
disruption of marine ecosystems, affecting marine biodiversity and fish stocks, resulting
in, therefore, consequences for food security and economic activities that depend on the
ocean’s health and productivity (Chan, 2021). According to the IPCC panel, it is
expected that the ocean will continue to absorb heat over the next several decades and,
by 2100 it is highly probable that it will experience a temperature rise of 2 to 4 times
greater, under low emissions scenarios, and 5 to 7 times greater, under high emissions
scenarios (IPCC, 2022). The accumulation of heat in the ocean has resulted in a 4% rise
in thermal stratification within the upper layers across many oceanic regions (0 to 200
m, over a 40-year period) (Hoegh-Guldberg et al., 2014). Shifts of species toward
higher latitudes and changes in the seasonality of their behavior are a widespread
ecological reaction to this ocean warming trend (Chust et al., 2023). Evidence suggests
that species with a cold-water affinity are migrating poleward, consequently creating
more available habitat for species that thrive in warmer conditions (Mieszkowska et al.,
2021). Though, it is expected that this will cause an increase in abundance at the poles
and a corresponding decline in abundance as one moves towards the equator (Hastings
et al., 2020).



The coastal systems are subject to the same large-scale warming trends as the
open ocean and, ecosystems such as rocky shores (intertidal and shallow subtidal
zones), present strong environmental gradients and periodical exposure to variations of
marine and atmospheric factors (IPCC, 2022). Besides that, rocky shores are considered
to be one of the better-understood coastal systems. In this ecosystem, we can observe
short-term fluctuations, due to tidal cycles, that create an interface between marine and
terrestrial environments (Helmuth et al., 2006). Physical factors, like solar radiation,
desiccation or temperature, can affect the physiology, ecology and the biogeography of
intertidal organisms, being temperature one of the most impactful factors (Seabra et al.,
2011). With that, the last decade showed an increase in the number of studies focused
on rocky intertidal assemblages (Alvarez-Losada et al., 2020; Freitas et al., 2023;
Monteiro et al., 2022) providing an important model system that allowed the
understanding of its community process patterns and structure (Bertness & Leonard,
1997).

The interactions between biotic and abiotic factors, within this small spatial
scale ecosystem, lead to condensed and diverse communities, that can be used as natural
models to determine how physical and biological factors interact on the abundances and
distribution of organisms along these types of habitats (Lima et al., 2011). Daily
variations of factors, like wind speed or humidity, can also contribute to a substantial
difference in temperature to witch organisms are subjected, even if they are just a few
meters apart facing opposite directions (Seabra et al., 2011). Several ecological studies,
mentioned in (Helmuth et al., 2011), show differences between the results of large-scale
measurements of the environment and the actual temperature that organisms experience.
For example, the body temperature of organisms, like invertebrates and algae, in
shadow surfaces can be similar to the one in the surrounding air or rock, on the other
hand when they are on a surface exposed to direct sun radiation, their body temperature
is significantly different of their surroundings (Helmuth et al., 2010). According to Firth
et al. (2015), there is a notable tendency for increased taxon richness and abundance on
north-facing substrata relative to south-facing substrata within intertidal environments.
This indicates that such habitats may be vital in offering refuge from thermal and
desiccation stress as global temperatures rise. Therefore, the north-south orientation
stands out as one of the most significant yet least comprehended topographic factor
(Amstutz et al., 2021). The size and morphology of an organism, such color or material
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properties, can also strongly affect the rate of heat transfer between him and its

environment (Helmuth, 2002).

The idea of ecosystem engineers has gained considerable recognition among
ecologists around the world. Engineering organisms have the capacity to modify the
physical structure, complexity, and heterogeneity of their surroundings, significantly
impacting the communities that inhabit these environments (Sueiro et al., 2011). Within
the intertidal ecosystem, biogenic habitat (i.e., macroalgal canopies or mussels beds)
can also reduce heat and desiccation stress during emersion, maintaining the
productivity and diversity of that specific community (Bulleri et al., 2018). As
bioengineers, macroalgae are the largest organisms found in these environments,
creating extensive canopies that cover large areas of the substrate. At low tide, these
canopies lie flat against the substrate, mitigating thermal fluctuations and minimizing
water evaporation, which in turn supports the thriving of understory species during
prolonged periods of aerial exposure (Watt & Scrosati, 2013). This way, habitats
formed by macroalgae may have a role as refugia or act as community “rescuers” due to
their capacity to counteract global change effects, such as the increase in temperature
(Wabhl et al., 2020). However, there is a large knowledge gap regarding the thermal
regulator effect of algae and their buffer capabilities to the underlying communities. In
other words, how can algae play a role as a stressor buffer for biodiversity and how to
quantify their ability to alter the strength or shape of temperature gradients that affect

the resident taxa?

Research regarding the buffer effects of canopies has largely concentrated on
terrestrial forests (De Lombaerde et al., 2022; KaSpar et al., 2021). On the marine side,
studies are primarily directed towards the communities that inhabit macroalgal
canopies, with only a few studies exploring environmental factors such as temperature
(Watt & Scrosati, 2013), but not considering the different microhabitats that the
complexity of the intertidal creates. However, the significant costs associated with data
loggers result in limited datasets, which ultimately constrains the conclusions that can
be drawn from them. The Portuguese coast has recently turned out to be a relevant area
for this type of study, especially for biogeography and diversity of macroalgae and
thermal changes. Characterized as a transition zone, it serves as the southern

geographical boundary for numerous boreal species, as well as the northern or western

3



boundary for subtropical and Mediterranean species (Boaventura et al., 2002; Monteiro
et al., 2022). This makes it ideal for understanding how temperature can vary
latitudinally and how changes in temperature can have implications for biological
communities. To fill this gap, we used small and low-cost temperature data loggers, to
compare temperature under algae canopy and on bare rock in various intertidal
microhabitats along the Portuguese west coast. Considering the complexity of the
intertidal, our main aim was to study the buffer effect of algae. Specifically, to
determine how temperatures vary between low-shore and top-shore and between shaded
(north-facing) and sun-exposed (south-facing) areas. Together with other in situ and
remote sampling methods, we compared the study regions in terms of biodiversity,
algae cover and temperature. In addition, an assessment of temperature variations across
the various seasons was conducted, placing particular emphasis on the summer and
winter months, as well as an evaluation of algae thermal amelioration. Using the
biological data collected from each research site, we compare them with the temperature
data. This type of small data logger has now facilitated continuous and semi-continuous
in situ monitoring of environmental and biological data, being an important tool as

climate change on a detailed microhabitat scale.

METHODS

Study sites

This study was conducted at six locations in three different coastal regions along
the west coast of Portugal (Figure 1): Northern region, with Praia de Moledo (PM:
41°50'26.164" N, 8°52'31.602" W ) and Praia Norte (PN: 41°41'50.006" N, 8°51'9.551"
W ); Central region, with Praia da Empa (PE: 38°58'44.180" N, 9°25'23.048" W ) and
Cabo Raso (CR: 38°42'39.064" N, 9°29'10.298" W ); and Southern region, with Praia
dos Alteirinhos (PA: 37°31'12.472" N, 8°47'21.185" W ) and Praia de Odeceixe (PO:
37°26'43.159" N, 8°48'0.943" W). In total, 144 temperature loggers were deployed, 24
per location. They were deployed in two distinct intertidal areas (upper or “top” and
lower or “low” intertidal), at two orientations (facing north or “cold” and facing south

or “hot), and covered by algae or not covered (bare rock). In each one of these
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combinations, three replicates were deployed. All data loggers were deployed between
August and October of 2022 and their maintenance and data collection occurred every
two months until April of 2024.

-12.0

N

A

Figure 1. Study sites along the Portuguese west coast. Temperature data loggers were deployed at Praia do Moledo
(PM), Praia Norte (PN), Praia da Empa (PE), Cabo Raso (CR), Praia dos Alteirinhos (PA) and Praia de Odeceixe
(PO).

Sampling devices — Data loggers

Temperature was recorded by data loggers (EnvLogger version T7.3,
electricblue.eu) that were embedded in the bedrock. For their fixation, a shallow, 30 mm
diameter hole was drilled into the rock, the logger was inserted, and the hole sealed with
an epoxy glue (Z-Spar Splashzone compound). Loggers were kept near the surface of
the rock with only a thin layer of epoxy sealing them. The communication with the
loggers and the data download was done via a smartphone app (EnvLogger Viewer). To
do this, users used a smartphone with NFC. Data was stored in a folder on the

smartphone in CSV format.



Three pairs of loggers were installed for each type of condition (shore level and
surface directions). Each pair of data logger is composed of one logger covered with
algae (study logger) and another one placed next to it with no algae cover (control
logger). The species of the algae cover changed between locations to accommodate
natural variations in species’ compositions (Appendix B). In cases where canopy algae
were selected, the logger was deployed right below the canopy next to the holdfast and
immediately covered by the algae. When the loggers were deployed within turf algae
(i.e., an aggregation of a variety of short algae species, mostly filamentous, foliose
and/or calcareous articulated, sensu Connell et al. 2014), the drilling of the hole
disturbed the algae locally, and the logger was not covered until the turf algae grew
back.

Data recording had a resolution of 0.1 °C and a precision of 0.2 °C and was set to
record every hour. Every time data was downloaded, the logger mission was restarted,
and the memory cleared. Photoquadrats were taken at each logger location right before
their maintenance. Control loggers were scrubbed clean on every visit. This
maintenance was performed every two months to minimize algae growth and keep

loggers clean of algae.

Using daily retrievals of the temperature of the ocean surface from NOAA
(https://www.noaa.gov/), from the last 40 years, we compared the biological data with

sea surface temperature (SST) satellite data to justify grouping data by regions.

Biological sampling

The volume of the algae covering each logger was estimated using a similar
portion of the same algae collected in the surrounding area. For each one, a graduated
cylinder was filled with a minimal amount of water (adjusted based on the size of the
algae), after which the collected algae were added to assess the volume. This collection
process occurred only once after all algae had been established covering the logger
completely, when possible.

Based on the photoquadrats taken for each logger and for each sampling day, the
algae cover was evaluated with a classification scale between 1 and 5, complemented

with a classification scale of three letters (i.e., "lim" for limpet, "sab" for Sabellaria
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biogenic reefs, "san" for sand and "roc" for rock) due to the presence of another type of
cover found during the loggers’ maintenance (Table 1). Examples of the different types

of cover can be seen in Appendix C.

During the sampling period, each pair of study vs control loggers were evaluated
as a “good pair”, “medium pair” and “bad pair”, according to the conditions being tested
(e.g. a good pair would include a test logger covered with algae and a control logger
with bare rock, which was not always the case during fieldwork). The pairs variability
was registered in a heatmap to better select and analyse the temperature data. Based on
Table 1, the “good pair” is formed by an uncovered logger with a classification (or
label) of 1 or 2 and a covered logger with a classification of 4 or 5. The “medium pair”
is formed by at least one logger with a classification of 3, and the “bad pair” is formed
by an uncovered logger with a classification above 3, a covered logger with a

classification below 3, or both.

We identified species covering the loggers on the photoquadrats using field
guides. When it was not possible to reach species level identification, they were either

categorized by their respective families or recorded as turf in cases where they were

small (<2cm).
Table 1. Classification scale of the cover in data loggers
Label ‘ Meaning Observations
1 clean without algae
2 slightly quarter or some algae spots
3 partially half covered with algae
4 covered covered but with a thin layer of algae
5 fully fully and well covered with algae
lim  limpet logger covered with a gastropod
sab  Sabellaria alveolata  logger covered with a biogenic reef
san  sand logger covered with sand
roc  rock logger covered with a rock

To get a complete picture of biodiversity and associated fauna in each location,
we complemented photoquadrat analysis described above with free roaming sampling
(one 2-hour survey per site, n=3), quadrats (25x25cm, n=15) and/or transects (2x25m,
n=2) taken during site visits. Given the limited biological data obtained from Praia de

Moledo, it was necessary to include additional species sourced from a relevant article (J.



Pereira et al., 2021) and a monitoring study carried out at the location. (List of species

available in Appendix B).

Data analysis

All files of temperature data were checked to ensure that errors, such as
misspelled logger id name and different date format, were corrected. Some loggers were
replaced due to total loss of algae coverage and files were merged based on the date
from the new logger deployment. Before temperature analysis, we joined the loggers
from the same pair, calculating the temperature difference for each one, and rearranged
the visualization order of some variables (package forcats, from R-studio). “sh” (shore)
was rearranged by latitudinal order and “Iv1” (level of zonation) from top to low. The

first two days after loggers’ deployment were removed from the analysis.

To analyse the temperature measured in each site we used a scatter plot (function
ggscatter from package ggpubr) with Pearson correlation method for exposure versus
shore level comparison. For a better comparison, the same kind of scatter plot was used
to see the differences in the temperature registered in each type of exposure by
overlaying them. The maximum, minimum and mean daily temperature recorded for
each location were calculated, as well as the highest temperature difference between
pairs of loggers (see supplementary Material Appendix D — 1.1 and 1.2). To visualize
that temperature difference for each site and level, we used a ggplot function with

geom_hline (package ggplot2), overlaying the two types of exposure.

Next, we assessed how the temperature varied across seasons. To obtain distinct
seasonal patterns, we selected a “all-year” good pair from Praia Norte and compared the
temperature data within it. We used the ggline function (package ggpubr) to create a
multi-line plot for each type of exposure (hot and cold) and plotted labels for the
different seasons for better visualization on seasonality patterns. Additionally to the
plot, we calculated the maximum, minimum and temperature difference exclusive for
this pair. By applying subsets in the data, we create new datasets to just include the
summer (2022 and 2023) and winter seasons (2022-2023 and 2023-2024). From there,
we were able to compare and corroborate the temperature tendency within and between

these four events, as well between regions.



For the role of algae coverage, we used a density plot (ggplot function with
geom_density) to compare temperature under the algae and exposed to sun (hot) x
temperature in bare rock and in shaded surface (cold). Here we also selected a good pair
from Praia Norte. In addition, we calculated the density and temperature for the peaks,
as well as a Welch Two Sample t-test (Xu et al., 2017)(see Appendix D - 2) to confirm
the significance of the measurements. To account for temporal autocorrelations, the
degrees of freedom (d.f.) were adjusted using the Quenouille procedure for two
independent samples (n_1 + n_2 - 2). After, the data were filtered according to the mean
of coverage of each pair, recorded during the months of summer’23. We excluded from
the dataset all pairs that presented a mean coverage below 2,6 and above 5. We analysed
the ranges of temperature recorded under each species of algae, between levels of shore,
using a boxplot (ggplot function with geom_boxplot) divided by shore level and type of
exposure. Furthermore, we did a descriptive statistics analysis and estimated the mean,
sd, median, trimmed, mad, min, max, range, skew, kurtosis and se for the boxplot (see
Appendix D - 3). Next, we fitted a generalized linear model (GLM), using the glm
function (Gamma family, link = “log”), to predict the response variable, 95" percentil of
daily maximum temperature, based on several predictor variables (cover, species,
exposure and sites), including an interaction between cover and species. We excluded
the tidal levels due to collinearity in the model. The best model was selected based on
the Akaike Information Criterion (AIC) and supported by normality in the residuals (Q-

Q plot). The mean reduction in daily temperature variability (or buffer effect) was

mean (daily sd of study logger)

calculated with the formula: x 100% ,

mean (daily sd of control logger)
for each pair of loggers, during summer and winter seasons. We only considered the
buffer effect from “good” and “medium” pairs and excluded those who had missing

values (see table in Appendix D - 4).

Finally, for the biological data, we used a non-metric Multi-dimensional Scaling
(nMDS), metaMDS function from the vegan package, to analyse quantitative data on
species’ presence between all sampling sites. For that was used the Raup-Crick
dissimilarity index, ideal for presence/absence data. To support the delimitation by
region and to compare temperature data with biological data, we used another nMDS
with Sea Surface Temperature (SST) from the last 40 years. This SST data, obtained



from NOAA, contain a considerable amount of data that make this analysis more robust,
not possible with the amount of data collected during the study. A non-parametric test
was made to perform an analysis of similarities (ANOSIM) between sites, as well the
similarity percentage (SIMPER). The species richness and the average algae volume
from each region were verified using Microsoft® Excel®. We also created a heat map
by site, tidal level and type of exposure to visualize the variability in the pair’ coverage
along the sampling period. To complement, we selected some pairs with the most
noticeable cover variance along the sampling period and created a “composed image”
with a temperature interactive time series plot, using the dygraphs package, and the
photoquadrats imagens from each logger of the pair, every time maintenance was

carried out.

All data analysis was calculated using R-studio (version 2024.09.0+375) and
Microsoft® Excel® (version 2409 Build 16. 0. 18025. 20160, 64-bit). Complete results

of the statistical analyses are present in Appendix D.

RESULTS

Temperature data

A. Difference between variables

For each microhabitat per site, there is a strong positive correlation (r between
0.9 and 1.0) between the temperature on bare rock and under algae (figure 2). However,
for most combinations tidal level and microhabitats the temperature in bare rock tends
to be higher than under algae. This means that a temperature plateau is reached below
the algae though it still continues to rise over bare rock. Two exceptions were found in
the top cold microhabitat in Praia da Empa “emp” and Cabo Raso “cbr”, where when
the temperature rises, a pronounced change can be seen in the middle range of
temperatures, where temperature under algae is slightly higher than on bare rock. This
can be seen through the inclination of the regression line for the top cold level of the

two sites.
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When analysing the “good pairs” at top hot level in Praia Norte “ven”, it showed
a strong correlation (R=0.79, p<2.2e-16), although weaker when compared with the
other plots. In this particular microhabitat (top hot), the relationship between the
temperature conditions has a higher variability. Observing the regression line (in blue —
figure 2), it deviates more significantly from the red line, particularly at lower and

higher temperature extremes.

Despite the difficulty in obtaining good pairs, the same general pattern emerges
in all. The “low” loggers present less temperature variation, opposed to the “top” ones
that show a higher temperature variation, both in “cold” and “hot” microhabitats. A
higher amplitude of the data dispersion indicates a strongest temperature amplitude,
detected in the exposed top tidal level of each site. The maximum temperatures
registered in this microhabitat from north to south are as follows: 43,3 °C (north), 44,1
°C (centre) and 46,1 °C (south). On the other hand, the minimum temperatures
registered were 3,3 °C (north), 4,4 °C (centre) and 2,9 °C (south).
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Figure 2. Scartterplot of all pairs of loggers by level and exposure for each site. Pearson test of temperature. Blue
line - confidence interval for the regression line. Sites: “mol” - Praia do Moledo, “vcn” - Praia Norte, “emp” -
Praia da Empa, “cbr” - Cabo Raso, “alt” - Praia dos Alteirinhos, and “ode” - Praia de Odeceixes. Level and
Exposure: “1” - Low level, “¢” - Top level; “h” - Hot, “c” - Cold.

As expected, when overlaying the type of exposure (hot and cold), it can be seen
more clearly that the temperature range of the pairs in a hot surface is higher than in a
cold surface (Figure 3). These differences are more detectable in top levels, when
habitats get exposed to terrestrial environment during low tide. (complementary

graphics in Appendix D — 5.1 and 5.2).
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Figure 3. Scartterplot of shore pairs combined, divided by level and subdivided by exposure. “1” - Low level, “¢” -
Top level. Exposure (“exp”): “h” - Hot in orange, “c” - Cold in blue. Pearson test. Blue line - confidence interval
for the regression line. Sites: “mol” - Praia do Moledo, “ven” - Praia Norte, “emp” - Praia da Empa, “cbr” - Cabo

Raso, “alt” - Praia dos Alteirinhos, and “ode” - Praia de Odeceixes.

During the sampling period, fluctuations in the temperature registered within
pairs of loggers (bare rock — under algae) were found in all sites (figure 4). The site
Praia Norte ("vcn™) exhibited higher amplitude when compared with the other sites,
with a temperature difference within pairs spanning from 20 °C to -5.4 °C for the upper
shore and from 10.4 °C to -3.2 °C for the lower shore. In all the remaining sites, the
difference between bare rock and under algae was less pronounced. The higher
temperature difference was detected during the midseason (late spring and the
beginning of summer) and on the top level loggers.

Observations of the tidal levels indicate that the temperature data exhibits
notable clustering, characterized by a pronounced amplitude at the upper level, which
implies that there are regular changes occurring within this dataset. On the lower shore,
the temperature values appear in a thinner form, showing peaks only during low tides,
when the datalogger remains emerged from water. During the warmer periods of the
day, when in low tide and exposed to sun, the major temperature difference registered
by a pair was as follows, 20 °C in the North, 13,3 °C in the Center 12,2 °C in the South
(Table in Appendix D).
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the graph according to exposure can be found in Appendix D — 6.1 and 6.2.

B. Seasonality

Distinct seasonal trends are evident throughout the sampling period, especially
when choosing a good pair of loggers from Praia Norte that will be subject to further
analysis (Figure 5). For both hot and cold exposures, the transition between seasons are
gradual, with spring and autumn serving as a transitional period and with higher
temperatures registered in the summer and lower temperatures registered during winter.
Throughout the winter of 2022/23, we registered the lowest temperature by a “hot”
control logger, 4.1 °C, with a -2.7 °C difference from the covered logger (fig.5B). At the
other extreme, in “cold” (fig.5A), the lowest temperature logged was 4.8 °C in a control
sample, with a -2.3 °C difference from the covered logger. This shows that a buffer
effect can also be obtained for lower temperatures. Regarding the winter of 2023/24, in
the “hot” microhabitat (fig.5B), the minimum temperature registered was 6.0 °C by the
control logger, with a -2.7 °C difference of the covered logger, and 6.8 °C for the “cold”,
with -2.6 °C difference by the control logger.

Analysing the summer seasons, in 2022, the hottest day in the “hot” microhabitat
(fig.5B) registered a temperature of 41.4 °C in the control logger, with +14.8 °C

difference from the covered logger. In the “cold (fig.5A) microhabitat the maximum
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temperature registered was 33.4 °C, with a +11.1 °C difference from the covered logger.
These examples can also provide evidence for a buffer effect, in this case, for higher
temperatures. When examining the pair from the “hot” microhabitat (fig.5B), this
showed, in 2023, a warmer summer registering a maximum of 42.0 °C in the hottest day
by the control logger, and 24.5 °C registered in the covered logger, providing a
difference of 17.5 °C between them in the same hour. On the other hand, in the “cold”
microhabitat (fig.5A) the summer of 2023 was cooler, registering a maximum of 32.3

°C in the control logger, with a difference of +9.5 °C from the covered logger.
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Figure 5. Temperature differences within a good pair for loggers between seasons. Loggers from Praia Norte, in top
level and (A) hot or south-facing and (B)cold or north-facing. Green line represents the not covered logger, the blue

line represents the algae covered logger, and the red line represents the difference between the two loggers.
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These seasonal variations can be observed in all sites and sustained by the
average of the daily maximum and minimum temperatures for “hot” and “cold”
microhabitats of the top level (measured with the control loggers). These are the
examples where we can find a higher temperature variability. An observable pattern in
both winter and summer seasons is that the average temperatures (minimum and
maximum, respectively) tend to rise as we descend latitudinally along the coast (see
tables 1.1 and 1.2 of Appendix D). Regarding the winter, all sites registered an increase
of the minimum average temperature from 2022/23 to 2023/24. The maximum mean
temperature in the north region decreased slightly from 2022 to 2023 during summer,
with Praia do Moledo and Praia Norte registering 20.1°C and 20.6°C, respectively, in
2022, and 19.6°C and 19.8°C, respectively, in 2023.

C. Algae cover and its buffer effect

To better understand the role of algae cover, we analysed the differences in
temperature recorded in the top level between a logger in the ‘hot’ microhabitat under
algae (logger 1 or hot) and a logger in the ‘cold’ microhabitat without algae (logger 2 or
cold), from a pair of Praia Norte (figure 6). The overall distribution of both loggers
appears to be unimodal, with a single prominent peak right skewed. The “logger hot”
shows a higher and narrower peak, reaching a maximum density of 0.226 at 18.42 °C.
Yet, the “logger cold” appears to have a lower and broader peak, with a maximum
density of 0.169 at 18.37 °C. It maintains higher density values at higher temperatures
(above 22 °C) compared to “logger hot”. Analysing more closely the skewness of the
density curve for both loggers, we see that the mean is greater than the median. The
median temperature in “logger hot” (18.50) is slightly lower than in “logger cold”
(18.70), but in both loggers, the mean is higher than the median (18.65 and 19.50
respectively).
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Figure 6. Density plots between a top level, “hot” exposure and covered logger and a top level, “cold” exposure and

not covered logger in Praia Norte, during summer’23. Welch Two Sample T-Test in Appendix D - 2.

The Welch Two Sample t-test between the two distinct loggers’ microhabitats,
confirm, with the negative t-value (t = -9.9178), that the mean of the “logger 1” is
significantly lower than the “logger 2”. The extremely low p-value (< 2.2e-16) indicates
a statistically significance difference in temperature measurements between the two

loggers.

Analysing the temperature recorded under each species of algae, we notice
differences within the same level (top or low) (figure 7). At the top level, the species
found in the northern region (Ascophyllum and Pelvetia) registered, below them, a lower
temperature range, especially Ascophyllum. At the low level, Mastocarpus and
Sargassaceae have a lower temperature range than Turf. Between levels, Fucus and turf
exhibit a notable temperature differences between shaded (“cold”) and sun-exposed
(“hot”) conditions and, together with Pelvetia, recorded higher temperatures than the
rest. Also, Fucus (hot sd=4.82 and cold sd=3.66) and Pelvetia (sd=3.52) shows a higher
variability than the rest (sd < 1.97). As expected, and already seen, the top level had a

higher temperature and higher variability than the low level.
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Figure 7. Temperature under different algae species, by level (top and low) and exposure (hot and cold). Category of
cover selected (3-5) for the study loggers. Data from summer °23. Boxplot extra data information in Appendix D - 3.

Through the analysis of the predictors (GLM results in Appendix D - 7), all
algae appear to have significant effects on temperature (p < 0.05), as well as the type of
algae cover category (p<3.56e-06). Regarding the species effect when taking into
account the level of cover (compared to baseline species Ascophyllum), only
Mastocarpus stellatuus present statistically significant (p < 0.001), with Sargassaceaea
in the limit (p=0.057), Fucus without significance (p=0.188), and Pelvetia canaliculate
and Turf with singularities (NA values). However, this analysis must be made under the
scope that different species of algae are only present in specific regions (e.g.
Ascophyllum at Praia Norte, one of the northern sampling sites) which in turn are
subjected to different temperature regimes. Regarding the algae’s buffer effect
(Appendix D - 4), it is more evident in top levels (32,20% to 69,37%) than in low
levels (3,90% to 25,20%) during summer. Winter presents the same tendency, with the
top level (3,70% to 59,97%) having a higher percentage of buffer effect than the low
level (2,23% to 14,90%), although there is an overlap of values. In the level of
exposure, for both summer and winter, the tendency is also for a higher percentage of
buffer effect for “hot” than in “cold”.
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Biological data

Analysing the SST temperature data from the last 40 years of each region using
an nMDS, it becomes clear that the different regions (North, Centre and South)
aggregate in terms of biodiversity and temperature forming separate clusters (Figure 8).

The distance between Praia do Moledo (PM) and Praia Norte (PN), observed in
fig. 8A, may be supported by the type of algae found in each, such as Ascophyllum
nodosum, which is only found in one place along the Portuguese coast, in this case Praia
Norte (ANOSIM statistic R: 0.6389; Significance: 0.066667; N° of permutations: 719).
The resemblance (Bray Curtis similarity) of each region, according to their species

richness, ranges from 49,77% in the north, 73% in the center and 60,36% in the south.
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Figure 8. Non-metric multidimensional scaling (hnMDS) of the biological data from all the study points (A) and the
nMDS of SST temperature data from the last 40 years for the study sites (B).

The algae associated fauna was not consistent amongst regions, especially in the
northern region. Regarding species richness (fig.9), the northern region has the lowest,
with 165 species where more than 60% is represented by algae (41% of Rhodophyta,
18% of Ochrophyta and 5% of Chlorophyta, n=104). The central region stands with the
highest number of species richness, 279, followed by the southern region, with 205
(species list present in Appendix C). Looking at these two last regions (central and
southern), only 39% (n=89) and 34% (n=70), respectively, of the species richness are

algae.
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Figure 9. Representation of species richness from each study region, grouped by phylum. Northen region: Praia de
Moledo and Praia Norte; Central region: Praia da Empa and Cabo Raso; Southern region: Praia dos Alteirinhos

and Praia de Odeceixe.

The type of algae present in each site are, in some cases, unique. In the low level
we have canopies of Mastocarpus stellatus and Corallinaceae in the northern region;
Sargassaceae in the central region; and Turf (assemblages of different small-sized algae)
is present in all the sites. The top level has Pelvetia canaliculata in Moledo (north),
Ascophyllum nodosum in Praia Norte and in the central and southern regions, are
represented by Fucus sp.

The Northern region, mainly the site Praia Norte (“PN”) with Ascophyllum
nodosum, is characterized by a high volume of algae cover in the top level, while, on the

other hand, the Central region has a higher volume of algae cover in the lower shore

(Table 2).
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Table 2. Average algae volume (ml3) covering the loggers in each site, in the beginning of the study. PM — Praia do
Moledo; PN — Praia Norte; PE — Praia da Empa; CR — Cabo Raso; PA — Praia dos Alteirinhos; PO — Praia de
Odeceixe.

North Center South
Algae PM PN PE CR PA PO

A. nudosum 83,33

E' Fucus sp. 7.33 1,23 4 5.08
P. canaliculata 9

| cacicwtans | N

C. crispus 4
Corallina sp. 6

E G. pulchellum 8

= | M stellatus 8
O. pinnatifida 2
Sargassaceae 276 21,5
Turf 02 3.5 1,13 1,63

During all the sampling period, the algae coverage oscillated between seasons

and in all regions (Fig.10). With spring, a small increase in algae coverage are notable

in almost all sites until the end of summer, the hottest and harsher periods. In Praia

Norte, the coverage for the top level remained almost all the time unaltered. In loggers

deployed with low or no algae coverage, it was difficult to improve the level of

coverage during autumn, a time of year when nutrients and light are lower. For loggers

with initial algae cover, there is a general decrease over winter.
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Figure 10. Heatmap of all pairs of loggers during sampling period, for all sites and microhabitats. Green — good

pair; Yellow — medium pair; Red — bad pair; Grey — information gap, “*” — logger deployed.

The analysis of the photoquadrats allows us to establish a timeline of algae coverage
variation along the sampling period. The abundance shifts found, follow the range of
temperature variation registered with the loggers and, therefore an increase or decrease
in the temperature experienced in each microhabitat (observed in figure 11 — More
examples in the Appendix D — 8.1 to 8.3). It is commonly noted that algae tend to
experience a decline or diminishment in their coverage during the late summer and early
autumn periods, with a subsequent recovery or increase in growth occurring in early

spring.
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Figure 11. Algae cover timeline in Praia Norte at low level. Orange and blue lines represent the temperature

registered by the control and study loggers, respectively.

As expected, the loss of part or total coverage of the study patches can bring the
temperature closer or equal to the temperatures registered in bare rock, making the

microhabitat a harsher environment for some of the associate fauna.
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DISCUSSION

Temperature

Assessing the intertidal microhabitats temperature in situ below algae proved to
be challenging for some species. As mentioned before, this ecosystem is subject to
strong environmental gradients and periods of marine and terrestrial factors. Besides,
intertidal is one of the most thermally variable habitats and of extreme topographic
complexity. This leads to variability of species presence and cover along the year,
resulting in some algae covered loggers in our sampling sites to be naked during long
stretches of time. Despite the difficulty in maintaining good algae coverage during the
sampling period, our results showed that the temperature in bare rock tends to be higher
than under algae. This is likely the result of the shade and increase humidity provided
by the algae, modifying the microhabitat at the scale of environmental stressors
(Bertness et al., 1999) The positive correlation shows that the algae amelioration is
more evident when the temperature is higher. Likewise, the strong positive correlation
can be linked with the loggers’ immersed time and/or loss of cover, which leaves the
study logger with environmental characteristics similar to bare rock. The exceptions
identified at Praia da Empa and Cabo Raso could also be linked to a reduction in cover
and/or heightened sun exposure of the study logger after algae loss, relative to the
control logger. According to Helmuth & Hofmann (2001), significant spatial variability
resulting from substratum angle can result in considerable temperature variations, even

if located only a few centimeters away.

At Praia Norte, in the north of Portugal, in the top level the algae cover was
constant over the year given by a bushy, large Ascophyllum nodosum canopy. Hence,
we use data collected there to compare the effect of algae cover over time,
encompassing the four seasons. The correlation results from the top level (upper
intertidal) at Praia Norte suggests that in these microhabitats (hot and cold), the
temperature difference between bare rock and under the algae is more pronounced.
Focused on algae removal and accompanying surveys, Gutiérrez et al. (2023)
demonstrated that the presence of the algae Porphyra/Pyropia (P/P) serves to moderate

temperatures within the understory mussel beds during daytime air exposure in warmer
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periods, which not only lowers mortality rates but also improves the physiological
condition of the mussels. Upper zonation tends to be set by thermal and desiccation
stressors during low tides, at the same time, biogenic structures such as barnacles can
offer crucial refugees while simultaneously increasing the surface area available for
mobile invertebrates (Moisez et al., 2020). Microhabitats originated by different surface
orientations can be thermally variable between them, especially in low tide, and
organisms can experience higher temperatures in sun-exposed microhabitats than in
shaded ones (Chapperon et al., 2016; Seabra et al., 2011). Though, the same pattern in
temperature range between microhabitats was visible in all sites, with lower
temperatures in cold microhabitats than in hot ones. The same for the zonation, where
the low level presents lower temperature than the top level. These differences between
zonation are described in a few studies (Gunderson et al., 2019; Harley & Helmuth,
2003; Stickle et al., 2017) and were an expected outcome that we were able to confirm

them.

The maximum temperature registered along the coast varied as expected for the
summer period (increasing towards the south), however, the minimum temperature
observed during winter didn’t follow the same pattern, with the north and south having
lower minimum temperatures than the centre. These slightly lower temperatures in both
north and south regions, compared to central region, may be explained by the complex
upwelling system (emergence of cold water at the surface) of the Portuguese coast, the
northern winds and or ocean currents (Fiuza, 1983; Relvas et al., 2007; Sanchez et al.,
2007). In Helmuth et al. (2006), a similar contrast with general trend with latitude was
observed at specific locations (hot and cold spots), likely due modifying factors. The
temperature differences registered within pairs showed to be greater in northern regions,
decreasing the variability towards the south. The morphological type of the algae and
vertical variability across intertidal zones can also be very pronounced from northern to
southern sites, with certain macroalgae species experiencing a reduction in cover or
vanishing entirely, whereas other species became more prominent and significant in
terms of their coverage (Gaspar et al., 2017; Umanzor et al., 2017). During extreme
short-term warmer and colder events, we can obtain bigger positive and negative
temperature differences, respectively, between bare rock and algae coverage. This
means that the capacity of algae to ameliorate the environment beneath them results in a
lower temperature during the hottest days (summer) and a slightly higher temperature
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during the coldest days (winter), compared to the temperature of bare rock. The
importance of thermal refuges in intertidal ecosystems is widely recognized during the
summer months (Bertness et al., 1999; Coombes et al., 2013; Hesketh & Harley, 2023;
Lathlean et al., 2017), however the ecological importance of thermally favorable
microhabitats in winter remains inadequately explored. A recent study conducted by
Reid & Harley (2021) showed that sheltered microhabitats, such as crevices or areas
beneath algae canopy provided a warmer environment for a gastropod, Littorina
scutulata, than surrounding exposed areas during winter. Given the current climate
situation, the ongoing increase in extreme temperatures will make the role of algae in

buffering increasingly crucial for the survival of different species.

Seasons

The analyses of seasonal data were mainly focused on the top level of Praia
Norte due to the choice and existence of good pairs and due to the higher temperature
variations recorded in upper levels. The inconsistency in annual algae coverage didn’t
allow us to carry out the same type of analysis for the other sites. Environmental
fluctuations due to seasonality can also affect coverage, restricting or enhancing algae
reproduction and growth rates (Dethier & Williams, 2009). With this, the clear patterns
of seasonality help us to see how thermally variable this type of ecosystem and its
microhabitats can be (Figure 5A - B). Another observation we can draw from this is the
different buffer effect intensities, especially between winter and summer. As mentioned
earlier, algae can make the environment underneath them colder or warmer during

temperature peaks.

Comparisons of maximum and minimum temperatures within summers and
winters revealed inter-annual variations, with the summer of 2023 colder than the
previous one. This happens due to local environmental and topographic factors, like the
ones study here (e.g., zonation and exposure or surface orientation). So, we may also
have to look at this data carefully because this decrease in temperature is limited to the
northern region (the other regions have no data for the summer of 2022). The
northwestern coast of the Iberian Peninsula, the Galician and Portuguese west coast sub-
regions, is distinguished by the Canary current upwelling system and is heavily

impacted by freshwater discharge (Aristegui et al., 2009). Regions marked by a high
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thermal upwelling index are likely to function effectively as temporary refugia, playing
a critical role in organisms’ survival/persistence with the actual climatic conditions
(Lourenco et al., 2016; Salois et al., 2022). Despite this, latitudinally, we have lower
maximum, minimum and average temperature values during the summer and winter
seasons in the northern region, which increases towards the south. (Appendix D — 1.1
and 1.2).

Buffer effect

Although we concluded that, in terms of exposure, south-facing surfaces are
warmer than north-facing surfaces, we had to figure out whether the algae cover could
indeed create a more favourable environment than a bare rock shaded (figure 6). The
significant result of the test allowed us to reinforce the idea of thermal buffering role
that algae can provide, especially with the global warming trend (Coombes et al., 2013;
Watt & Scrosati, 2013). However, this result can vary depending on the type of algae,
the amount of cover it can provide and zonation (Gaspar et al., 2017). The research
heavily relied on data from Praia Norte, as it was the only site in the study that featured
good pairs of loggers at the upper level all year. Furthermore, the algae that covered
these pairs only exists in this location along the entire Portuguese coastline.
Ascophyllum nodosum is a prominent cold-water brown seaweed that thrives in
intertidal environments, and its geographical range is largely limited to the North
Atlantic Ocean (Viana et al., 2014). In northern Portugal, A. nodosum is represented by
a small and isolated population that has exhibited stability over the last few decades,
being the southernmost population of this species (Borges et al., 2020). The structural
complexity of canopy-forming algae, like this species, and a multilayered community
are able to protect the lower layers from desiccation, extreme light and high temperature
(Bordeyne et al., 2017). A study from Bertness et al. (1999), compared the temperature
below A. nodosum and clean rock and obtained thermal buffer of 8 °C - 10 °C. These
values are lower than those obtained in our study, but they still show the ability to

ameliorate the temperature during the summer.

Taking into consideration that an ideal experimental design to evaluate the

buffer effect of different algae species is not possible because we find different species
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at different latitudes, it would still be interesting to compare the relative buffer effect of
each species for an overall evaluation.

Regarding the other algae species covering the loggers, filtering the data to
include only medium and good coverage restricted the number of data, which may have
conditioned the analysis. The GLM results with singularities or no significant effect on
temperature may show just that. However, when we analysed the species without the
interaction with the cover, they all significantly affected the temperature (Appendix D —
7). The analysis of the buffer effect percentage was also limited by the filtering of the
data, yet it was possible to extract enough information. A study regarding the influence
of seaweed canopies on rocks and engineered structures showed percentage thermal
buffer values similar to those in the top level of the current study (Coombes et al.,
2013).

Biological data

The use of long-term SST satellite data contributed to the high volume of data
needed to aggregate the sites and be able to make large-scale comparisons between
coastal communities. The application of satellite-derived sea surface temperatures
(SSTs) is essential for understanding the implications of temperature changes on the
distribution patterns of species across different geographic areas. Besides, satellites are
able to cover larger geographic areas and have more historical data available than in situ
devices. However, satellite remote sensing is not useful to study specific microhabitats
from intertidal rocky shores. Differences observed between SST data of satellite and in
situ sensors imply thermal contamination of the satellite pixel. This is especially true for
pixels located along the coastline, which include ocean areas and nearby land. This fact
alone could lead to an overestimation of the intra-seasonal thermal variability
(Bernardello et al., 2016; Brewin et al., 2018). The use of satellite SST data in the study
was solely to define distinct thermal regions and was not used for comparisons at the

microhabitat level.

The differences observed in species richness between regions and zonation
levels can be seen in other studies held on the Portuguese intertidal coast (Aradjo et al.,
2005; Boaventura et al., 2002; Luis & Ferreira, 2012). These variations, especially the

persistence and volume of algae canopy can be also justified by the input of nutrients
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and the amount of sunlight (Lanari & Coutinho, 2014; Leibold, 1999), essential for
them to thrive. The loss of algae cover also appears to be a common event in in situ
studies, especially between seasons transitions (Kordas et al., 2015; Orlando-Bonaca et
al., 2021), likely due to different thermal tolerances for each species (Davison &
Pearson, 1996) and/or isolated and small patches (Lamote et al., 2012). A study
conducted by Flukes et al. (2014) concluded that, under projected climate change
scenarios, the partial loss of the kelp canopy will likely result in a transformation of
understory communities, leading to a predominance of foliose algae. This change is
significant for sessile invertebrates and may have repercussions for the future recovery
and recruitment of kelp areas. The decrease in canopy-forming species and the
corresponding modifications in habitat structure, that involve the replacement of cover
by smaller and more ephemeral species, such as turfs, will create a bottom-up effect that
impacts the entire food web (Alvarez-Losada et al., 2020; Fernandez, 2016).

To our knowledge, the results presented here represent one of the first studies to
address several topographical aspects of the intertidal at the same time for different
zonation levels and over a long period of time. Although there are already some studies
that focus on the thermal buffer effect of algae and its potential effects on associated
communities (Bertness et al., 1999; Watt & Scrosati, 2013), many do not take into
account the microhabitats provided by north-facing and south-facing surfaces, which are
a significant factor shown here to contribute with differences that may reach 20°C in the
same local at the same time. Others only focus on summer, which is the time of year
with the greatest temperature extremes, overlooking the fact that winter can also affect
the physiology of algae and associated communities. Even within the summer, studies
focused on the months of July and August may be missing short-lived events in June
and September, as described in this study.

Despite the challenges usually encountered during field work along different
latitudes and coastal communities, we successfully compared temperature variations
across various microhabitats and throughout an annual cycle. The findings regarding
algae thermal buffer effect underscored the significance of algae cover and its
variability across both vertical and horizontal gradients, in addition to the importance of
the orientation of the surfaces on which they are located.

Moreover, the implementation of a long-term network of small temperature

sensors allowed for the establishment of an experimental framework that will support

28



continuous monitoring across different microhabitats. It is essential for future
investigations to examine a range of factors that are either unrelated or only indirectly

related to temperature fluctuations, including wave exposure and wind effects.

Methodological constraints

A. Algae presence

Some constraints were found in our methodology during the sampling period
regarding the choice of the study patches. The size of the patch, its location and the
canopy of the algae must be taken into consideration, since, during events such as
warmer or cooler weather, storms or windstorms, some of these isolated and small
patches were lost, leaving the loggers exposed and unsuitable for this study. This kind
of “patch problem” or community complexity issues have been discussed by Bordeyne
et al. (2017). Taking this into account, obtain better experimental results in the future
will demand a better evaluation of the algae patches as well as the choice of the type of

algae due to their intrinsic seasonality.

B. Unexpected types of coverage

Regular visits to the study sites revealed other potential limitations. In coasts
exposed to hydrodynamism, as the ones included in our study, sand movements are
quite frequent, especially when the sites are close to long stretches of sand. The loggers
in the low intertidal were sometimes covered by a layer of sand sometimes over 5¢cm
deep which has significantly influenced the temperature measurements. By comparing
loggers located close by, one “clean” and another covered with sand (see Appendix B —
2, “san”), we verified a difference of -5.2 °C to 3.6 °C between them. According to
Befus et al. (2013), the temperature measures on loggers that are close to the surface,
even buried under 5¢cm of sand, are only subjected to small temperature changes that are
non-significant. Below that mark, deeper than 5 cm of sand, the temperature attenuation

is stronger.
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Another limitation are the “honeycombs” of Sabellaria alveolata, a common
biogenic reef of lower intertidal rocky shores along the Portuguese coast. This
polychaete is an important ecosystem engineer, making it a species, and the reef it
creates, a habitat of interest for conservation, especially in the UK. This species self-
constructs its colony by using mucus to aggregate sand in long individual tubes attached
to rocks. These cemented sand grains by an organic adhesive may form colonies that
cover entire reefs(Porras et al., 1996) (see Appendix B — 2, “sab”). and, sometimes,
temperature loggers. If this represented a rare constraint it is also an opportunity for
future work regarding the buffer effect of different intertidal organisms. The lack of
information regarding this biogenic reef influence on temperature amelioration leaves
another target for future work. Besides algae, it would be interesting to evaluate the
buffer effect offered to many intertidal organisms that inhabit holes and crevices of this

honeycomb worm colonies.
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APPENDICES
A. STATE OF THE ART

1. Climate change

Climate change has gained an important role in our lives over the past years,
mainly due to the imminent threat that it represents to biodiversity, natural ecosystems
and humans. Humanity had a main role in it throughout their activities which,
consequentially, warmed up the atmosphere, land and ocean. According to IPCC
(2023), global surface temperature has increased faster since 1970 than over, at least,
the last 2000 years. Data shows that global surface temperature in the first two decades
of the 21st century, between 2001 and 2020, was almost 1°C higher than in between
1850 and 1900. Taking into account the latest calculations, using the time intervals
between 1850-1900 and 2013-2022, there is an increase of 1.15°C (IPCC, 2023). All
these factors lead, also, to a rapidly increase on sea surface temperature (SST), which,
due to the buffer effect of our Ocean, retains 91% of the excess heat from the climate
system. According to IPCC (2023), ocean surface temperatures had an increase of
0.93°C between 1900 and 2020. Altogether, these factors are affecting the weather and
originating extreme climatic episodes, such as heatwaves or heavy precipitation, across
the globe (Chan, 2021; IPCC, 2023).

Moreover, the occurrence of extreme events (extreme dry and wet events or
heatwaves), along with other anthropogenic stressors (defaunation, overfishing or
invasive species), will become more frequent and intense over time and will increase the
sensitivity of ecosystems to such events (Malhi et al., 2020). The consequences have
already generated irreversible and substantial damage to several ecosystems, like
terrestrial, freshwater or coastal and open ocean, and are affecting species in various
ways, including range shifts, abundance and microhabitat use (Leemans & Eickhout,
2004; Pecl et al., 2017). Although it may be difficult to predict the exact response of
ecosystems, some experimental studies show that their processes vary with the amount
of biodiversity present, meaning that higher levels of biodiversity can diminish the
impact of these changes (Montoya & Raffaelli, 2010). Surely, changes and pressures in

the balance of ecosystems will threaten biodiversity and ecological communities. In
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such complex systems as natural ecosystems, small climate variations can condition
their function and the species survival. Some of the species will be unable to rapidly
adapt to the new conditions, leading them to local extinction, others may already have
shifted their distribution range driven by their climate tolerances (Peterson et al., 2019;
Thomas, 2010) and relocate to safer grounds. Local communities are dispersing and
receiving warm-adapted species and the occurrence of phenological change in

populations are dissociating species interactions (Rinawati et al., 2013).

Regarding the oceanic environment, climate change affects the temperature and
may change the strength of ocean currents, responsible for fauna and flora dispersion, as
well as the redistribution of heat and nutrients (Hays, 2017). In this context, it is
projected that upwelling seasons will initiate earlier, endure for longer intervals, and
intensify more significantly at higher latitudes along upwelling coasts (Wang et al.,
2015). These features play a crucial role in shaping the phenology of key processes
within marine ecosystems, particularly in relation to the larval transport or recruitment
of organisms inhabiting rocky intertidal zones (Wang et al., 2015). Oscillation events,
such as ENSO (EI Nifio-Southern Oscillation) or NAO (North Atlantic Oscillation), can
increase the frequency and magnitude of their activity due to changes by global
warming (Béez et al., 2021; Cai et al., 2021).

Even though the ocean has the ability to mitigate and regulate climate, through
its capacity to store heat and gases (Chan, 2021; Galland et al., 2012), as already
mention above, marine ecosystems suffer major biological changes in their structure and
functions, such as ocean productivity, species distribution, abundance, and also,
consequences to the ecosystem good and service (Bryndum-Buchholz et al., 2019). In
terms of the direct effects of climate change in marine species, the life cycle of an
individual is impacted by consequent adjustments in physiology, morphology and
behaviour (Harley et al. 2006). At the population level, the dispersal and recruitment of
organisms are influenced by changes in transport/carrying processes, and at community
level, the effects are driven in abundance and strength interaction of the species present
(Harley et al. 2006). The overall combination of these factors will result in emergent
ecological responses such as species distribution, productivity, changes in indigenous

biodiversity and their microevolutionary processes.
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2. Biodiversity as a climatic buffer

Understanding the role of biodiversity on the stability and function of
ecosystems is vital, especially with this warming trend, since we are facing huge
extinction rates and we expect them to continue growing (Steudel et al., 2012). With
that, impacts of biodiversity loss, driven by global warming are likely to be facilitated
by traits, such as thermal tolerance that condition species’ fitness (Garcia et al., 2018).
Some reviews have suggested that the shape of the biodiversity-ecosystem function
relationship changes with environmental stress and the effects of abiotic factors, such as

temperature, may maximize the environmental severity (Wright et al., 2017).

Stressors impose severe and frequent changes, leading to different consequences
on ecological communities and in species responses (Sara et al., 2021). Some of these
disturbances may involve changing their behaviour (Paquette & Hargreaves, 2021), life
history traits (Shanks et al., 2020), morphology (Lefort et al., 2015), physiology (Leung
et al., 2019) or their genetic structure (Carreras et al., 2020). All the previous changes
lead up to individual-level responses, that may affect population responses, followed by
community responses, and so on, until it reaches the whole ecosystem (Sergio et al.,
2018). This suggests that such changes can also alter the structure and composition of
populations/communities, the distribution range of native species or provide conditions
for invasive species to expand and stablish (Lauchlan & Nagelkerken, 2020; Queiros et
al., 2015; Sara et al., 2021). Even more, the stability of an ecosystem can be disturbed
by the interplay between spatial and temporal dimensions, which may cause drastic
ecological consequences (e.g., regime shifts or population extinction) (Zelnik et al.,
2018). Analysing these data may allow to establish if there are underlying dynamics
affecting them.

Pires et al. (2018) shown that biodiversity can promote the stability of an
ecosystem, whatever the type of organism used for the study or the approach followed.
The more species are present the greater will be the effect of biodiversity on the
amelioration of the physiological strain and in the promotion of sensitive species growth
(Wright et al., 2017). Interaction between species can also work as a buffer against

stressors, diminishing its impacts on communities and may facilitate their responses to
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multiple stressors (Thompson et al., 2018). Furthermore, habitat-formers, such as
macroalgae and bivalves, are of extreme importance in shaping community structure
and ecosystem functioning, but also create conditions for the persistence of species

under intense changes (Bulleri et al., 2018).

So, we can say that some species or habitats have special abilities to counteract
or, at least, minimize some of the climate change effects. Some of their different
mechanisms of facilitation (e.g., Reduce/enhance of predation and herbivory, reduce of
competition, amelioration of physical stress, provision of secondary substrata or
enhance nutrients) are relatively common in coastal habitats, especially in rocky
intertidal and subtidal zones (Bulleri, 2009). Examples of their buffer abilities can be
seen in some studies that show how they can provide shelter to other species (McAfee et
al., 2022), their function as autogenic ecosystem engineers (Pocklington et al. 2019), or
even, how important foundation species are during thermal stress (Elsberry & Bracken,
2021).

3. The importance of algae in rocky shore habitats

Within ocean systems, coastal zones are the most densely populated areas on the
planet, overwhelming the coastal ecosystems and increasing the threat of global climate
change (He & Silliman, 2019). A key element that has been increasing in recent years is
the temperature. As previously mentioned, it has been responsible for several changes in
these ecosystems, especially in marine organisms (e.g., species physiology and
behaviour) (Madeira et al., 2012). Habitat complexity of these coastal systems plays an
important role as a driver of ecosystem structure and function (Meager et al., 2011). A
good example is the intertidal rocky shores. These are considered a model system for
understanding how topographic complexity works and how it affects the temperature in
those habitats (Meager et al., 2011). Ecologically speaking this is a very important
factor that affects all the underlying ecosystem. Being one of the most thermally
variable and stressful habitats on the planet (Harley, 2008), the intertidal organisms live
between “terrestrial” and marine conditions, meaning that they are subject both to
changes in water temperature, during immersion, and to atmospheric temperature during

emersion (Sorte et al., 2018; Vinagre et al., 2013). In fact, intertidal organisms live very
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close to their thermal tolerance. It is noteworthy that mid- to high-intertidal species,
which exhibit greater eurythermal and heat-tolerant characteristics, may paradoxically
face a higher risk from climate change compared to their less heat-tolerant counterparts
(Harley et al. 2006).

The environmental heterogeneity of this habitat offers a variety of different
microhabitats and niches contributing to within-habitat diversity due to its complex
structure, allowing species to co-exist (Kostylev et al., 2005). So, a way that organisms,
mostly mobile species, have to survive and escape intertidal environmental stressors
(e.g., high and low temperature, desiccation, sun exposure and wave action) is to use
these microhabitats as shelters and thermal refuges (Leeuwis & Gamperl, 2022).
Selecting the topographic orientation can be an excellent way to ameliorate the daily
fluctuations of temperature that they are subjected to. Shaded surfaces (facing North)
can enable a cooler environment for the organism, unlike exposed solar radiation
surface (facing South), where daily temperature changes can differ dramatically
between organisms situated just meters apart but in opposite direction (Seabra et al.
2011, Amstutz et al. 2021). Unfortunately, sessile organisms don’t have such luck and,
meaning, they are highly subjected to environmental stressors, which can lead to higher
mortality and significant consequences for community dynamics (Helmuth et al. 2010).
Another alternative to ameliorate environmental stressors may come from structuring or

foundation species, like algae, where they can create sheltered niches for these species.

Primary producers, like algae, are the base of the food web and play a role in
deep-sea productivity. Some keystone species provide 3D structure, creating important
habitats (i.e., nursery areas for juvenile fish, shellfish and invertebrate species). Others,
such as crustose coralline algae, can enable larval settlement of marine invertebrates and
can create foundations for an entire ecosystem (Koch et al., 2013; Schmidt et al., 2011).
Likewise, canopy-forming algae constitute important secondary substrates, working as
ecosystem engineers, providing buffered refuges and, thus, increasing diversity
(Pocklington et al., 2019; Sara et al., 2021; Wikstrom & Kautsky, 2007). Sub-canopy
(e.g., Mastocarpus stellatus) or encrusting (e.g., Hildenbrandia sp.) algae may, also,
contribute to the gross community production by taking advantage of incident light
unused by the dominant species (Bordeyne et al., 2017). However, when these canopies
suffer damage or disappear, they are replaced by low lying, smaller and structurally less
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complex species of persistent turf-forming algae, which fulfil the habitat (Piazzi et al.,
2018). These are commonly defined as mat-forming algae (Piazzi et al., 2018). Thus,
complex and complementarity communities are essential since they act as a natural
filter, protecting the underlaying community (Bordeyne et al., 2017). This means that,
when algae are isolated, they are more prompt to suffer from environmental stressors

than in a multilayered community (Bordeyne et al., 2017).

4. Horizontal and vertical gradient

Predicting how species respond to global warming is a challenging task,
especially when it comes to the intertidal rocky shores. Since temperature determines
the distribution patterns of ectothermic species, this is reflected on their latitudinal and
vertical distribution (Somero, 2010). When looking at a broader scale, an increase in
thermal conditions with latitude is usually found. Along coastlines, a much more
heterogeneous pattern emerges both in space and seasonality. Spatially, across
hemispheres and ocean basins where areas with similar oceanic characteristics may
differ, and seasonally, where SST changes can lead to different degrees of thermal stress
on the same species regarding their life stage (Lima & Wethey, 2012). Coastal
latitudinal temperature gradients (CLTG) may drive important ecological gradients,
such as decline in species diversity, as morphology, physiology and life history traits
that are either directly or indirectly affected by temperature (Baumann & Doherty,
2013). The temperature patterns along coastlines are markedly more heterogeneous than
those in the open ocean and, this variation is probably caused by the small regional
difference in oceanographic and climatic features (Baumann & Doherty, 2013). These
features, along with the habitat heterogeneity and species interactions, can create
species-rich hot spots regarding the latitude, that may balance the standard latitudinal
decline in species richness (Thyrring & Harley, 2024). Yet, shifts in coastal temperature
patterns, such as more extreme seasons and disruptive climate events, may affect the

interactions and connectivity between populations (Baumann & Doherty, 2013).

When looking at a finer scale, horizontal and vertical gradients emerge.
Horizontally, it can be compared to a latitudinal transition, where the much longer-than-

wide characteristic of the intertidal habitats enables comparisons along kms of
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coastlines; vertically and at a smaller scale, changes can be seen from top to bottom

stratification.

According to different spatial and temporal properties, horizontal variations in
community structure can be originated by the combination of abiotic factors (e.g.,
temperature, desiccation, wave action), biotic interactions (e.g., predation, competition)
and dispersal processes (Catalan et al., 2020). Amongst this wide range of factors, SST
may provide some answers for temporal shifts in community composition and species
distribution, although, it should not be the only one taken into consideration. According
to Miner et al. (2021), the correlation between temperature and community changes
seems clear. Their results show that small temperature changes lead to slight community
shifts, and, on the other hand, larger temperature changes lead to major shifts. Other
authors demonstrated how the latitudinal gradient works, especially in algae (Steigleder
etal., 2019; Tuya et al., 2012), but when compared to vertical variation on intertidal
assemblages, this variation becomes more evident and with a greater impact (Chappuis
et al., 2014).

These vertical variations can be well observed between the intertidal levels, no
matter how narrow or small they may be. Daily tidal variations, along abiotic stressors
and biotic factors can contribute directly or indirectly to the vertical patterns of species
and the structure of communities observed across the intertidal zonation (Catalan et al.,
2020). These vertical zonation patterns can be highly variable between geographic
regions, however, the general patterns of abundance and species richness are usually
superior at lower depths (i.e., infralittoral and shallow subtidal) and decreasing towards
higher levels (i.e., supralittoral) (Konar et al., 2009). Similar results have been found on
other studies with algae (Aradjo et al., 2005; Gaspar et al., 2017). These highlight the
interaction between different functional groups and the presence of certain type of
species, such as habitat-modifiers, that can become essential for community
development along with their distribution in time and space. The same can be said for
introduced and non-native species (Raffo et al., 2014).

Shifts or expansions along the distribution range of a species and, consequently,
their occupation of non-native niches can also be considered a consequence of global

warming. Biological invasions take place when a non-native species is introduced into a

52



habitat or ecosystem, subsequently establishing itself, proliferating, and inflicting harm
on biodiversity, human development, or public health (Mainka & Howard, 2010).
Although there is some disagreement, the range shifts of native species and human
introductions of non-native species can both be considered a biological invasion, since
they involve the movement of organisms from a donor community into a receiver
community, and thus can have ecological and evolutionary implications (Simberloff,
2010; Sorte et al., 2010). In the North Atlantic Ocean and Mediterranean Sea, the
number of reported invasive species (or non-native) is remarkable in coastal areas (Loos
et al., 2023). The damage originated by invasive algae species from all around the world
have been recorded, such as Sargassum muticum (Salvaterra et al., 2013), Caulerpa
cylindracea (Casoli et al., 2021), Asparagopsis armata (Silva et al., 2021), Codium
fragile subsp. fragile (Scheibling & Gagnon, 2006) and Colpomenia peregrina (Blanco
et al., 2021), and the consequences go from direct impacts on native algal assemblages

to indirect repercussions to the native fauna.

5. Measuring the temperature

Monitoring marine ecosystems, in the current context of environmental issues,
has become a major goal in the scientific community. The high demand for developing
monitoring methods, which until recently were more focused on freshwater
applications, faced some challenges imposed by the marine environment, such as the
need to cover large areas, the complexity of the currents and tides, pollution, the need of
boats and ships to reach sampling sites and the delays between sampling and analysis of
the gathered data (Mills & Fones, 2012). During the past century, advances in tools and
technologies allowed to start measuring a larger array of variables, such as physical and
chemical data (Wangersky, 2005). Nowadays, besides the traditional sampling methods
already in use, a big effort has been made to provide more precise and quality data using
small and at low-cost sensors (Marcelli et al., 2014). From devices that mimic mussels
for the monitorization of metals dissolved in the water (Cd, Cr, Cu.Pb and Zn) or the
body temperature (Helmuth et al., 2016; Lima & Wethey, 2009; Wu et al., 2007),
videocam and tags for tracking changes in fish behaviour and distribution, respectively
(Aguzzi et al., 2015; Martins et al., 2017) and sensors that register environmental data,

such as temperature, salinity, hypoxia and pH (Booth et al., 2012; Gandra et al., 2015).
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All have been used to gather real in loco data to understand the current status and

predict future scenarios in the ocean (Park et al., 2019).

Nearshore, the combination of remote measurement sensors, with in situ sensors,
are of extreme importance, allowing for more reliable data (Kroger et al., 2009). An
example is the use of satellites, which recently made assessing temperature changes
possible, and thus, the influence of temperature on the distribution and fitness of
species. However, these remote sensors have limitations. When resorting only to them,
they present difficulties estimating data in small areas and in complex habitats, such as
the intertidal rocky shores (Lathlean et al., 2011). Some studies have compared
temperature data recorded from both types of sensors, remote and in situ, and concluded
that sensors, such as satellites, are unable to detect most of the short-term events and
under or overestimate them as well as extreme unseasonably cold/warm events
(Bernardello et al., 2016; Brewin et al., 2018; Lathlean et al., 2011). Thus, in situ
technologies are an important tool to provide continuous or semi-continuous
monitorizations and transmit information telemetrically, helping in long term
monitorizations and solving some of the challenges outlined above (Mills & Fones,
2012).

Studies involving temperature loggers in the context of algae, predominantly
concentrate on their effectiveness in reducing the erosion of geological formations and
man-made structures (Baxter et al., 2022; Coombes et al., 2013), as well as on the
physiological aspects and thermoregulation of algal species (Bell, 1995; Helmuth,
2002). The ones that focus specifically on canopy-forming algae buffer effect are scarce
and only study a shorter period of time or only small parts of the microhabitats are taken

into consideration.

6. Case of study in Portugal

Extending over 800 kilometers, the Portuguese coastline adjacent to the Atlantic
Ocean predominantly follows a north-south alignment along the western shore, while it
transitions to an east-west direction along the southern coast in the Algarve area

(Taveira Pinto, 2004). Along the Portuguese west coast, upwelling is prevalent during
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the summer season, facilitated by the steady and powerful northerly winds known as the
"Portuguese trades"(Fiuza, 1983). The supply of cold waters via upwelling processes is
not directly associated with climatic conditions, which presents an opportunity for
regional divergence from global warming impacts in refugia, offering protection against
both existing and future climate changes (Lourenco et al., 2016). Furthermore, it is well
known that the Portuguese coast is located within a biogeographic transition zone,
where temperate and subtropical waters converge, resulting in the overlap of the
northern and southern distribution limits of numerous species (Boaventura et al., 2002;
Cardoso et al., 2019; Pereira et al., 2006). This characteristic is particularly
advantageous for exploring how temperature varies with latitude and the implications of

such temperature changes for biological communities.

The temperature distributions along the Portuguese coastline exhibit a distinct
latitudinal gradient that persists throughout the year, where the pronounced upwelling
during the warmer months further accentuates this gradient (Lima et al., 2007).
According to Boaventura et al. (2002), the intertidal communities in Portugal exhibit
distribution patterns that can be viewed as a combination of the patterns found along the
northeast Atlantic coasts and those of the Mediterranean. The latitudinal differences
observed from northern to southern Europe reveal that animal-dominated communities
are more prevalent in the sheltered areas located further south. Likewise, as one travels
southward, there is a notable reduction in the dominance of large brown algae at lower
shore levels, with red algal turfs becoming increasingly prominent (Boaventura et al.,
2002).

Studies concerning intertidal algae on the Portuguese coast primarily focus on
distribution patterns and associated communities (Boaventura et al., 2002; Gaspar et al.,
2017; Pereira et al., 2006), effects of grazing (Boaventura et al., 2002; Cardoso et al.,
2020), invasive macroalgae (Herrero et al., 2023; Liulea et al., 2023), as well as thermal
gradients and climate change (Monteiro et al., 2022; Sanchez de Pedro et al., 2023). To
our knowledge, there are no studies focussing on the thermal buffer effect or thermal
amelioration by algae on Portugal's intertidal coast, making this study the first of its
kind.
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B. LIST OF SPECIES

Table B 1. Presence/absence of the species recorded at the study sites. ‘*’ - algae species that provided
coverage for the study dataloggers, Turf represented by the algae: Ulva spp, C. ustulatus, Halopteris sp.,
Corallinacea and C. aciculatis.; “P” - presence of the species at the site; “P*” - presence of the species
obtained in the article of (J. Pereira et al., 2021).

Group Phylum Species PM PN PE CB PA
Algae Chlorophyta Bryopsis hypnoides P P P
Algae Chlorophyta Bryopsis pennata P P P
Algae Chlorophyta Bryopsis plumosa P P P
Algae Chlorophyta Chaetomorpha sp. P P P

Algae Chlorophyta Cladophora sp. P P

Algae Chlorophyta Codium adhaerens P P
Algae Chlorophyta Codium sp. P P P P
Algae Chlorophyta Codium tomentosum P

Algae Chlorophyta Ulva clathrata P P

Algae Chlorophyta Ulva compressa/intestinalis P P

Algae Chlorophyta Ulva linza P

Algae Chlorophyta Ulva sp. P P P P
Algae Chlorophyta Valonia sp. P

Algae Ochrophyta Ascophyllum nodosum*

Algae Ochrophyta Bifurcaria bifurcata P P P P
Algae Ochrophyta Cladostephus spongiosus p* P P P
Algae Ochrophyta Colpomenia peregrina P P

Algae Ochrophyta Colpomenia sinuosa P
Algae Ochrophyta Colpomenia sp. P P P
Algae Ochrophyta Cutleria adspersa P

Algae Ochrophyta Cystoseira humilis P

Algae Ochrophyta Cystoseira sp. P P

Algae Ochrophyta Desmarestia aculeata p*

Algae Ochrophyta Dictyopteris polypodioides P
Algae Ochrophyta Dictyota cyanoloma P P
Algae Ochrophyta Dictyota dichotoma P P P P
Algae Ochrophyta Dictyota implexa

Algae Ochrophyta Dictyota sp. P P P P
Algae Ochrophyta Ectocarpales P

Algae Ochrophyta Ericaria selaginoides P P P

Algae Ochrophyta Ericaria sp. P
Algae Ochrophyta Fucus guiryi P
Algae Ochrophyta Fucus senegaloides

Algae Ochrophyta Fucus sp.* P P P
Algae Ochrophyta Fucus spiralis P

Algae Ochrophyta Fucus vesiculosus

Algae Ochrophyta Gongolaria baccata P

Algae Ochrophyta Halopteris scoparia P P
Algae Ochrophyta Halopteris sp. P P

Algae Ochrophyta Himanthalia elongata p*
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Rhodophyta
Rhodophyta
Rhodophyta
Rhodophyta
Rhodophyta
Rhodophyta
Rhodophyta
Rhodophyta
Rhodophyta
Rhodophyta
Rhodophyta

Laminaria digitata
Laminaria hyperborea
Laminaria ochroleuca
Laminaria sp.

Padina pavonica
Pelvetia canaliculata*
Petalonia fascia
Phyllariopsis sp.
Pseudoralfsia verrucosa
Ralfsia sp.
Rugulopterix okamurae
Saccharina sp.
Saccorhiza polyschides
Sargassaceae*
Sargassum muticum
Sargassum sp.
Sphacelaria sp.
Zanardinia typus
Acrosorium ciliolatum
Ahnfeltiopsis devoniensis
Amphiroa sp.
Anotrichium tenue
Antithamnion sp.
Apoglossum ruscifolium
Asparagopsis armata
Bornetia secundiflora
Calliblepharis ciliata
Calliblepharis jubata
Callithamnion sp.
Callithamnion tetricum
Callophyllis laciniata
Caulacanthus ustulatus
Ceramium ciliatum
Ceramium sp.
Ceramium virgatum
Champia parvula
Chondracanthus acicularis
Chondracanthus teedei
Chondria coerulescens
Chondrus crispus
Chylocladia verticillata

Compsothamnion thuyoides

Coralina officinalis
Corallina sp.
Cryptopleura ramosa
Dumontia contorta
Dasya sp.
Ellisolandia elongata
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Rhodophyta
Rhodophyta
Rhodophyta
Rhodophyta
Rhodophyta
Rhodophyta
Rhodophyta
Rhodophyta
Rhodophyta
Rhodophyta

Gastroclonium ovatum
Gastroclonium reflexum
Gelidium corneum
Gelidium pulchellum
Gelidium sp.

Gelidium spinosum
Gigartina pistillata
Gigartina sp.

Gracilaria gracilis
Gracilaria multipartita
Grateloupia turuturu
Gymnogongrus crenulatus
Gymnogongrus griffithsiae
Gymnogongrus sp.
Halurus equisetifolius
Halurus sp.
Hildenbrandia rubra
Hildenbrandia sp.
Hypoglossum hypoglossoides
Hypoglossum sp.

Jania rubens

Laurencia sp.
Lithophyllum byssoides
Lithophyllum incrustans
Lomentaria articulata
Mastocarpus stellatus*
Mesophyllum alternans
Mesophyllum lichenoides
Nemalion elminthoides
Nitophyllum punctatum
Osmundea pinnatifida
Osmundea sp.

Osmundea spectabilis
Palmaria palmata
Phyllophora pseudoceranoides
Phymatolithon lenormandii
Plocamium cartilagineum
Plocamium maggsiae
Plocamium sp.

Polyides rotunda
Polysiphonia macrocarpa
Polysiphonia sp.
Porphyra sp.
Pterocladiella capillacea
Pterosiphonia complanata
Pterosiphonia pennata
Pterosiphonia sp.
Rhodothamniella floridula
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Fungi
Fungi
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate

Rhodophyta
Rhodophyta
Rhodophyta
Rhodophyta
Rhodophyta
Rhodophyta
Chordata
Chordata
Chordata
Chordata
Chordata
Chordata
Chordata
Chordata
Chordata
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Chordata
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Ascomycota
Ascomycota
Annelida
Annelida
Annelida
Annelida
Annelida
Annelida
Annelida
Annelida
Annelida
Annelida
Annelida

Rhodymenia holmesii
Schizymenia dubyi
Scinaia furcellata
Scinaia sp.

Vertebrata fruticulosa
Vertebrata sp.

Anguilla anguilla
Apletodon dentatus
Atherina presbyter
Callionymus lyra
Chelon labrosus

Ciliata mustela

Coris sp.
Coryphoblennius galerita
Dicentrarchus labrax
Dicentrarchus punctatus
Diplodus cf. cadenati
Diplodus cervinus
Diplodus sargus
Diplodus vulgaris
Gobius cobitis

Gobius paganellus
Lepadogaster candolii
Lepadogaster lepadogaster
Lepadogaster purpurea
Lipophrys pholis
Lipophrys trigloides
Mugilidae

Nerophis lumbriciformis
Parablennius gattorugine
Parablennius pilicornis
Pomatoschistus flavescens
Scophthalmus maximus
Sparus aurata
Symphodus melops
Hydropunctaria maura
Lichina pygmaea
Alentia gelatinosa

Alitta virens

Bonellia viridis
Cirratulidae

Cirratulus cirratus
Eulalia sp.

Filograna implexa
Hirudinea

Nereididae

Sabellaria alveolata
Serpulidae
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Arthropoda
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Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Cnidaria

Cnidaria

Cnidaria

Cnidaria

Cnidaria

Sipunculidae

Spirobranchus triqueter
Amphipoda

Anapagurus sp. (hyndmanni)
Athanas sp.

Balanus sp. (Balanidae)
Callianassa sp.
Callianassidae

Cancer pagurus

Caprellidae

Carcinus maenas

Chthamalus montagui P
Chthamalus stellatus P

Clibanarius erythropus
Eriphia verrucosa
Galathea sp.

Hippolyte sp.

Idotea sp.

Liocarcinus sp.
Lysmata sp.

Maja sp.

Mysida

Necora puber
Pachygrapsus marmoratus

Paguridae

Palaemon elegans

Palaemon serratus p*
Palaemon sp.

Perforatus perforatus P

Pilumnus hirtellus
Pirimela denticulata
Pisidia longicornis
Pollicipes pollicipes P
Polybius henslowii
Porcellana platycheles
Pycnogonida
Sphaeromatidae
Stenosoma acuminatum
Tanaidacea
Tanystylum conirostre
Xantho hydrophilus
Xantho pilipes

Xantho sp.
Actinia fragacea P
Actinothoe sphyrodeta p*

Aglaophenia sp.
Andvakia boninensis
Anemonia viridis P
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Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca

Anthopleura balli
Anthopleura biscayensis
Anthopleura thallia
Balanophyllia regia
Bunodactis verrucosa
Bunodosoma capense
Calvadosia campanulata
Cereus pedunculatus

Complex Actinia equina/mediterranea

Corynactis viridis
Cylista sp.

Ectopleura larynx
Hydrozoa

Isozoanthus sp.

Obelia sp.

Phymactis papillosa
Urticina felina

Aslia lefevrei

Asterias rubens
Asterina gibbosa
Asterina sp.
Coscinosterias tenuispina
Cucumariidae
Holothuria arguinensis
Holothuria furskali
Marthasterias glacialis
Ophioderma longicaudum
Ophiothrix fragilis
Ophiuridae
Paracentrotus lividus
Pawsonia xasicola
Acanthochitona sp.
Aeolidia filomenae
Aeolidiella alderi
Aeolidiella sanguinea
Alvania sp.

Amphorina farrani
Anomia ephippium
Anomia sp.

Aplysia depilans
Aplysia fasciata
Aplysia parvula
Aplysia punctata
Aplysia sp.

Barlleia sp.

Berghia columbina
Berghia rissodominguezi
Bittium reticulatum
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Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
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Mollusca
Mollusca
Mollusca
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Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca

Bittium sp.

Calliostoma zizyphinum
Cardita calyculata
Cellana rota
Cerithiopsis tubercularis
Diodora graeca
Doriopsilla areolata
Doris verrucosa
Edmundsella pedata
Elysia viridis
Epitonium clathrus
Epitonium sp.

Erato voluta

Euspira sp.

Facelina annulicornis
Facelina auriculata
Favorinus branchialis
Felimare cantabrica
Felimida Krohni
Felimida purpurea
Fissurellidae

Hiatella sp.

lothia fulva

Irus irus

Jujubinus sp.
Lepidochitona cinerea
Leptochiton algesirensis
Leptochiton sp.
Limacia clavigera

Littorina obtusata P
Littorina saxatilis P P
Marshallora adversa

Melarhaphe neritoides P P
Mimachlamys varia

Mitrella sp.

Modiolus barbatus
Musculus costulatus

Mytilidae
Mytilus sp. P P
Nucella lapillus P

Ocenebra edwardsii
Ocenebra erinaceus
Octopus vulgaris
Onchidella celtica
Opalia crenata

Patella aspera P
Patella depressa P P
Patella pellucida P
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Platyhelminthes
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Platyhelminthes
Platyhelminthes
Porifera
Porifera
Porifera
Chordata
Chordata

Patella rustica

Patella sp.

Patella ulyssiponensis
Patella vulgata
Pelagella castanea
Perforatus perforatus
Phorcus lineatus
Phorcus sauciatus
Phorcus sp.

Placida denditrica
Pusillina inconspicua
Rhyssoplax olivacea
Rissoa parva
Rostranga rubra
Runcina coronata
Sepia officinalis
Siphonaria pectinata
Skeneopsis planorbis
Spurilla neapolitana
Steromphala cineraria
Steromphala pennanti
Steromphala sp.
Steromphala umbilicalis
Steromphala varia
Stramonita haemastoma
Striarca lactea
Tectura virginea
Tellina sp.

Tricolia pullus

Tritia incrassata
Tritia reticulata

Tritia varicosa

Trivia monacha
Leptoplana tremellaris
Planocera sp.
Vorticeros sp.

Yungia aurantiaca
Halichondria panacea
Hymeniacidon perlevis
Leucilla sp.
Ascidiacea

Botryllus schlosseri

370

63

W U U O

101

o

o

112

) W U U U U U U U T

o

U U U U T

216

W U U O

W U U U T

W U U U U U U U U U TV UV TV T T O

239

W U U U U U U T

W U U U T T

149

W U U O

U O

U0 U U U U U T

156



C. SUPPORT MATERIAL

Figure C 1. Examples of the type of algae cover found on top of the study loggers. 1 — clean; 2 — slightly;
3 — partially; 4 — covered; 5a-b — fully.
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Figure C 2Figure C2. Examples of other type of coverage found on top of the study loggers. lim — limpet;
sab — Sabellaria alveolate; san — sand; roc — rock.
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D. COMPLEMENTARY/ADDITIONAL ANALYSES

Table D 2.1. Table of minimum, maximum, mean and temperature differences during winter and for all the study sites. Sites: “mol” - Praia do Moledo, “vcn” - Praia Norte,
“emp” - Praia da Empa, “cbr” - Cabo Raso, “alt” - Praia dos Alteirinhos, and “ode” - Praia de Odeceixes. Level and Exposure: “I” - Low level, “t” - Top level; “h” - Hot, “c” -
Cold.

sh | 1v1 | exp min_temp (C°) max_temp (C°) mean_temp (C°) min_diff(n-y) (c°) max_diff(n-y) (cC°)
2022-23 | 2023-24 2022-23 | 2023-24 2022-23 | 2023-24 2022-23 | 2023-24 2022-23 | 2023-24
1 c 6.8 7.4 16.2 15.7 14.0 14.2 -1.1 -4.8 1.8 3
o h 8.1 9.1 29.7 24.7 14.2 14.3 -0.9 -5.2 3.6 10
. c 3.3 4.4 19.7 20.4 12.4 13.0 -2.8 -2.8 1.5 2.0
h 4.1 5.2 29.1 26.7 13.6 13.9 -1.9 -1.2 2.7 2.2
1 c 7.3 8.5 16.3 16.4 14.3 14.4 -1.3 -1.1 1.8 1.6
ven h 8.5 10.2 31.8 27 14.4 14.4 -3.2 -1.7 4.9 2.9
c c 3.6 5.8 20.2 20.7 12.7 13.2 -2.9 -3.4 5.5 3.5
h 3.9 4.8 36.7 36.5 14.2 14.2 -5.4 -4.5 18.8 17.1
1 c 10.4 11.4 17.1 19.7 15.3 15.9 -1.6 -1.0 0.8 3.8
emp h 8.4 11.2 29.5 29.2 15.3 15.9 -1.7 -1.0 5.0 5.9
c c 4.4 6.0 22.4 24.0 14.2 15.2 -3.3 -7.1 3.4 3.5
h 4.7 6.4 37.5 36.3 15.4 16.0 -3.6 -2.8 7.3 5.1
] c 10.2 11.4 17.7 18.8 16.3 15.9 -1.3 -1.0 0.4 1.2
cbr h 9.2 10.8 23.9 27.5 16.3 15.9 -2.2 -1.4 2.1 2.80
c c 5.1 7.7 29.3 29.0 14.2 15.2 -5.3 -5.6 2.5 2.4
h 4.3 6.5 32.5 36.8 15.1 15.9 -3.7 -3.0 8.1 5.7
1 c 8.4 11 22.6 23.4 15.5 16.1 -1.9 -1.7 2.2 2.2
alt h 6.2 9.6 28.6 34.1 15.7 16.2 -2.4 -2.2 4.0 4.8
c c 5.6 8.4 23.4 26.0 14.6 15.5 -1.2 -1.4 1.9 1.6
h 5.9 8.4 33.1 35.6 15.5 16.2 -1.6 -3.1 5.3 4.5
1 c 6.9 11.6 19.0 21.7 15.6 16.2 -3.1 -1.6 1.1 4.10
ode h 6.5 10.8 28.6 24.6 15.5 16.1 -3.6 -1.7 3.7 4.40
c c 4.1 8.0 25.5 31.7 14.2 15.3 -3.4 -7.9 5.5 4.4
h 2.9 6.9 39.7 39.8 15.3 16.3 -5.0 -6.1 7.4 5.5
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Table D 1.2. Table of minimum, maximum, mean and temperature differences during summer and for all the study sites. Sites: “mol” - Praia do Moledo, “vcn” - Praia Norte,
“emp” - Praia da Empa, “cbr” - Cabo Raso, “alt” - Praia dos Alteirinhos, and “ode” - Praia de Odeceixes. Level and Exposure: “I” - Low level, “t” - Top level; “h” - Hot, “c” -

Cold.
sh vl exp min_temp (C°) max_temp (C°) mean_temp (C°) min_diff(n-y) (c°) max_diff(n-y) (cC°)
2022 | 2023 2022 | 2023 2022 | 2023 2022 | 2023 2022 | 2023
] c 12.9 12.9 27.9 20.1 17.3 15.6 -2.80 2.4 2.40 2.1
o] h 12.9 12.9 33.1 29.7 17.4 15.7 -9 -0.5 8.1 7.6
. c 13.6 13.2 39.3 31.9 19.7 19.2 -3.3 -4.0 5.20 5.8
h 13.3 13.0 40.7 42.5 20.0 19.4 2.4 -3.5 11.1 5.9
] c 13.2 13.2 25.7 20.8 17.8 15.8 -1.60 -1.2 1.8 4.2
ven h 13.2 13.0 30.9 30.3 18.0 16.0 1.3 -1.0 8.4 10.4
c c 14 13.4 33.6 32.3 20.0 19.1 2.2 ~2.40 11.1 9.9
h 13.3 13.4 43.1 42.0 21.5 20.8 -4.10 ~4.40 20 19.7
] c 14.0 26.0 16.5 -1.10 5.3
emp h 14.0 33.6 16.7 3.15 13.1
c c 13.5 36.2 18.0 -11.2 2.8
h 13.4 44.1 19.3 -5.8 8.9
] c 14.3 25.3 16.9 -0.5 3.9
cbr h 14.2 29.9 17.0 0.7 6.1
. c 14.2 35.6 18.8 -6.8 4.5
h 14.3 40.9 19.5 -5.8 10.7
] c 14.3 32.7 18.3 -3.8 8.1
At h 13.7 39.5 18.1 -3.4 8.3
. c 13.4 38.9 20.4 -4.9 3.0
h 14.2 45.1 21.8 -5.4 12.2
] c 14.3 32.8 17.5 -1.1 9.4
ode h 14.0 34.7 17.6 -1.6 8.0
. c 13.2 41.5 20.1 -8.6 6.0
h 12.4 46.1 20.7 -8.5 8.30
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Adjusted degrees of freedom: 23.17997

Welch Two Sample t-test

ata:

= -9.9178, df = 3601.4, p-value < 2.2e-16
alternative hypothesis: true difference in means is not equal to 0
95 percent confidence interval:
-1.017306 -0.681479
sample estimates:
mean of x mean of y
19.49982

18.65043

Figure D2. Result from the Welch Two Sample t-test
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Figure D3. Descriptive statistics from temperature x algae species boxplot
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Table D4. Percentage of the mean reduction in daily temperature variability (Buffer effect).

iy winter_mean | summer_mean
Region Beach | Vert grad | Exp\Rep = =
L Cold 5,20% 0,50%
Voled ow Hot 18,25%
o1eco . Cold 8,75%
North op Hot 6,25%
or Low Cold 6,25% 3,90%
Praia Hot 6,50% 23,00%
Norte T Cold 23,20% 32,20%
op Hot 59.97% 69,37%
Cold 5,60% 9,09%
Low
Hot 8,20% 16,20%
Empa
Cold 3,70%
Top
Cental 2l 29,70%
L Cold 4,70% 13,10%
ow Hot 18,80%
Cabo Raso
To Cold
P Hot
Cold 14,90% 25,50%
Low
.. Hot 11,70%
Alteirinhos
T Cold
South op Hot 16,20%
o Low Cold 8,90% 12,73%
. Hot 10,85% 14,25%
Odeceixe
T Cold 16,10%
Hot 16,10%
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Figure D5.1. Scartterplot of shore pairs combined in “cold” exposure, divided by level. “I” - Low level,

“t” - Top level. Exposure. Pearson test. Blue line - confidence interval for the regression line.
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Figure D5.2. Scartterplot of shore pairs combined in “hot” exposure, divided by level. “I” - Low level, “t”
- Top level. Exposure. Pearson test. Blue line - confidence interval for the regression line.
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Figure D6.1. Temperature difference between pairs of loggers for each site and level, in “cold” exposure.
Level: “1” - Low level, “t” - Top level.
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Figure D6.2. Temperature difference between pairs of loggers for each site and level, in “hot exposure.
Level: “1” - Low level, “t” - Top level.
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call:
gIlm(formula = daily_max_95 ~ cover
data = results)

*

species + exp + sh, family = Gamma(link = "log"),

Coefficients: (2 not defined because of singularities)
Estimate Std. Error t value Pr(>|t]|)

(Intercept) 3.203724 0.029888 107.192 < 2e-16
cover -0.025844 0.005563 -4.645 3,56e-06
speciesfucus 0.180148 0.065995 2.730 0.006380
speciesmastocarpus -0.708034 0.151284 -4.680 3.0le-06
speciespelvetia 0.051373 0.020275 2.534 0.011339
speciessargassaceae -0.333059 0.041592 -8.008 1.73e-15
speciesturf -0.240554 0.012224 -19.679 < 2e-16
exph 0.018584  0.005098 3.646 0.000272
shven -0.008698 0.010694 -0.813 0.416104
shemp 0.022771  0.020263 1.124 0.261231
shcbr 0.035252 0.012901 2.732 0.006328
shalt 0.198030 0.008666 22.851 < 2e-16
shode 0.094277 0.008139 11.584 < 2e-16
cover:speciesfucus -0.023058 0.017523 -1.316 0.188341
cover:speciesmastocarpus 0.101498 0.031724 3.199 0.001393 **
cover:speciespelvetia NA NA NA NA
cover:speciessargassaceae 0.020001 0.010489 1.907 0.056640 .
cover:speciesturf NA NA NA NA
Signif. codes: 0 ‘**%’ 0.001 ‘**' 0.01 ‘*’ 0.05 ‘.’ 0.1 * ' 1

(Dispersion parameter for Gamma family taken to be 0.01146145)
Null deviance: 83.959 on 2677 degrees of freedom

Residual deviance: 29.445 on 2662 degrees of freedom

AIC: 11477

Number of Fisher Scoring iterations: 4

Figure D7. Results from Generalize linear model (GLM). “*” — level of significance.
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Figure D8.1. Example of algae cover timeline from Praia Norte (Top level, “hot” exposure). Orange lines

- logger without algae cover; Blue lines - logger with algae cover.
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Temperature (°C)
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Figure D8.2. Example of algae cover timeline from Praia da Empa (Low level, “hot” exposure). Orange
lines - logger without algae cover; Blue lines - logger with algae cover.
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Figure D8.3. Example of algae cover timeline from Praia dos Alteirinhos (Low level, “hot” exposure).
Orange lines - logger without algae cover; Blue lines - logger with algae cover.
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