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CHAPTER 1. General introduction

Marine forests of large brown macroalgae, mostly belonging to the orders Fucales and
Laminariales, are unique habitats which support a great variety of organisms in coastal zones
worldwide and are comparable to terrestrial forests for the ecosystem services they provide
(Steneck et al. 2002). These canopy-forming macroalgae are very important primary producers
(Mann 1973) and increase the structural complexity where they live, providing shelter and food
for associated species (Schiel and Foster 2006; Cheminée et al. 2013), and increasing biodiversity
(Chapman 1995; Steneck et al. 2002; Piazzi et al. 2018). In the past half century, however, threats
to canopy-forming brown macroalgae have increased in number and severity, leading to a
decline in their abundance in many places of temperate latitudes (Mineur et al. 2015; Krumhansl|
et al. 2016). The loss of macroalgal forests also implies a damage, or impoverishment, in the
provision of ecosystem services (Smale et al. 2019). Thus, the conservation of these habitat-
forming species is a crucial goal for ecologists and environmental managers. To achieve this, a
better understanding of the structure and dynamics of canopies of algal forests in relation to
environmental drivers and intraspecific interactions is crucial (Schiel and Foster, 2006; Bennett
& Wernberg, 2014; Smale et al., 2016). Moreover, understanding the causes in declines of
macroalgal forests are essential for implementing appropriate conservation and restoration

schemes (Coleman and Wernberg 2017).

Subtidal and intertidal algal forests experience large variations in their distribution, abundance,
and fitness at a range of spatial and temporal scales (Martinez et al. 2012; Ferreira et al. 2014;
Yesson et al. 2015). Their structure and extent are influenced by a variety of environmental
variables, including temperature (Tuya et al. 2012), light availability (Creed et al. 1998), nutrients
(Piazzi and Ceccherelli 2017) and wave intensity (Engelen et al. 2005). Ecological processes, such
as intraspecific and interspecific competition and facilitation, can also affect their structure and
functioning (Bennett and Wernberg 2014). Although macroalgae are important habitat-formers
in temperate and subtropical rocky ecosystems, there are still few studies on their frond

structure, particularly in terms of their temporal dynamics (Aberg 1992; Schiel and Foster, 2006).

Seasonal changes in photoperiod are important in initiating the growth of macroalgae after the
winter dormancy period. Likewise, an increase in water temperature is related to the beginning
of growth and reproduction (Graiff et al. 2015; de Bettignies et al. 2018). Normally, in temperate
seas, there is a mismatch between the period of maximum macroalgal growth and the
concentration of nutrients in the water (Ballesteros 1988; Delgado et al. 1994). For example,

Laminariales build up reserves of nitrogen (N) which are used to initiate growth in early spring,
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when light levels increase (Chapman & Craigie, 1977; Nielsen et al., 2014). Many Cystoseira s.l.
species can store reserves in their tophules, storage structures situated on the base of the
branches (Garcia-Fernandez and Bdrbara, 2016) although some species such as Gongolaria
abies-marina lack tophules or alternative structures to store reserves (Gonzalez and Afonso-
Carrillo, 1990). Wave action is one of the primary factors affecting canopy structure and
dynamics (Engelen et al. 2005; Kregting et al. 2016), including local adaptation to hydrodynamic
forces (de Bettignies et al. 2015).

A combination of natural and anthropogenic stressors often explains the decay of macroalgal
forests around the world (Strain et al. 2014; Mineur et al. 2015; Krumhansl et al. 2016). Among
these stressors, climate change has become one of the most importance drivers of such global
ecological change (Wernberg et al. 2016). Currently, there is evidence that climate change has
modified the distribution of species, which has altered the structure and functioning of
ecosystems (Pecl et al. 2017). Many species have changed their geographic distribution,
colonizing more favourable habitats (Vergés et al. 2014; Bevilacqua et al. 2019; Alvarez-Losada
et al. 2020), while becoming extinct in areas previously occupied (Gouvéa et al. 2017; de
Bettignies et al. 2018; Gurgel et al. 2020). Extreme events of thermal anomalies, in particular
Marine Heat Waves (MHWs), have occurred with increasing intensity, frequency, and duration
around the world (Hobday et al. 2016; Oliver et al. 2018; Thoral et al. 2022), which abruptly alter
the structure and function of marine ecosystems, including forests of brown macroalgae
(Wernberg et al. 2016; Straub et al. 2019; Gupta et al. 2020; Smale 2020; Pesarrodona et al.
2021). Concurrently, local human disturbances, such as habitat destruction, pollution and
eutrophication, act cumulatively and even synergistically, amplifying the effects of climate
change on coastal habitats (Gouvéa et al. 2017; Orfanidis et al. 2021). From a conservation point
of view, it is critical to ascertain, not only the nature of varying factors involved in declines of
macroalgal forests, but also their relative contributions, and how these factors alter processes
across levels of organization, from physiological effects to ecological interactions (Coté et al.

2016; Duarte et al. 2018).

The genus Cystoseira C. Agardh was described in 1820 and is very diverse; it includes 37 species,
and its taxonomy and nomenclature have undergone many changes since then (Garcia-
Fernandez and Barbara 2016). The reasons for these changes lie in the fact that variability in this
genus occurs not only between species but also between individuals of a single species, even
seasonally within the same individual. In recent years, with the aim of completing the knowledge
of the genus Cystoseira, its taxonomy, origin, and evolution, several studies have been carried

out (Draisma et al. 2010; Orellana et al. 2019; Neiva et al 2022). Specifically, Orellana et al. (2019)
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studied the diversity and phylogeny of the genus Cystoseira in the Mediterranean and the East
Atlantic, and because of their studies, made changes in the names of some species, including
our study species, Cystoseira abies-marina (S.G. Gmelin) C. Agardh, which was renamed
Treptacantha abies-marina (S.G. Gmelin) Kiitzing. However, Molinary and Guiry (2020) showed
that the genus Gongolaria Boehmer had nomenclatural priority over this name, and currently,

our study species is called Gongolaria abies-marina (S.G. Gmelin) Kuntze.

Brown macroalgae of the genera Cystoseira C. Agardh, Ericaria Stackhouse and Gongolaria
Boehmer (Fucales, Phaeophyceae), Cystoseira sensu lato (s.l.), are key components of
Mediterranean-Atlantic marine forests, essential for biodiversity and ecosystem functioning
(Tuya and Haroun 2006), which have suffered severe declines in the last decades (Thibaut et al.
2005; Blanfuné et al. 2016; Valdazo et al. 2017; Bernal-Ibafiez et al. 2021b). Due to their high
sensitivity to anthropogenic impacts, several species of Cystoseira indicate high quality waters
and facilitate the implementation of the EU Water Framework Directive (2000/06/EC)
(Ballesteros et al. 2007, Blanfuné et al. 2016b, 2017). All the Mediterranean species of the genus
Cystoseira s.l., except C. compressa (Esper) Gerloff & Nizamuddin, have been protected under
the Annex Il of the Barcelona Convention (2010). Five species, Ericaria amentacea (C. Agardh)
Molinari & Guiry , Ericaria mediterranea (Sauvageau) Molinari & Guiry , Ericaria sedoides Neiva
& Serrdo, Gongolaria montagnei (J.Agadh) Kuntze and Ericaria zosteroides C. Agardh) Molinari &
Guiry, are protected under the Berne Convention (Annex |, 1979). In addition, all Mediterranean
Cystoseira species are under surveillance by international organizations, such as IUCN, RAP/ASP
and MedPan (Thibaut et al. 2014). All species of Cystoseira s.l. are “habitat-forming” and are

therefore considered EU habitats of interest (Micheli et al. 2013).

The present study focuses on Gongolaria abies-marina (S. G. Gmelin) Kuntze, this species has
been considered the most abundant fucoid species on rocky shores of the Canarian Archipelago
(Wildpret et al. 1987, Tuya and Haroun 2006), and its populations typically form extensive stands
in both the eulittoral and shallow sublittoral (Fig. 1), mainly on rocky wave-exposed zones

(Wildpret et al. 1987, Medina and Haroun 1993).
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Fig. 1. Stand of Gongolaria abies-marina in (A) eulittoral and (B) shallow sublittoral at Salinetas
in Gran Canaria Island

G. abies-marina is a caespitose plant with large numbers of erect branches, up to 50 cm long.
Similar to other species in the genera Cystoseira, this species undergoes an annual thallus loss
at the end of summer, when a high proportion of the fronds break down at the base. The
holdfasts overwinter and regrow the next year. Therefore, although individuals are perennial,
the thalli are annual (Buonomo et al. 2017). However, the plant never goes through a total rest
phase: during unfavourable months, branches from different seasons coexist (Gonzalez-
Rodriguez and Afonso-Carrillo 1990). This alga spreads through both vegetative propagation and
sexual reproduction (Medina 1997). Similar to other species of the genus, thalli are negatively
buoyant, and propagules normally settle at <20-40 cm from the source population (Mangialajo

et al. 2012), which gives the species a low-dispersal ability (Bulleri et al. 2002).
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G. abies-marina is one of the most productive macroalgae in the Canary Islands (Johnston 1969),
and at the end of summer, after the maximum reproductive peak, it is possible to find a large
amount of wrack on beaches from nearby forests (Portillo-Hahnefeld 2008). The assemblages of
G. abies-marina exhibit a complex structure, which allows the presence of many vegetal and

animal associate species (Fig. 2)

Fig. 2. Biodiversity in a forest of Gongolaria abies-marina at Salinetas in Gran Canaria Island.

Across the coasts of the Azores and Webbnesia oceanic archipelagos (eastern Atlantic), a range
of local human activities have altered coastal habitats (Tuya et al. 2014; Ferrer-Valero et al. 2017,
Bernal-Ibafiez et al. 2021b). At the same time, ocean warming has been attributed to have
negative effects on brown seaweeds (Sansén et al. 2013; Geppi and Riera 2022), and the
occurrence of MHWs has become more frequent and intense in recent decades (Bernal-Ibafiez
et al. 2022). In the NE Atlantic coast, the decline and even disappearance of these species have
been reported (Friedlander et al. 2017; Bernal-lbafiez et al. 2021b; Martin-Garcia et al. 2022),
and several processes, such as herbivory by sea-urchins, human development, extreme wave
events and MHWs have been pointed in this sense (Bernal-Ibafez et al. 2021a, b; Martin-Garcia
et al. 2022). In the 1990s, regressions of Gongolaria abies-marina forests were recorded in the
Canary Islands (Medina and Haroun 1994). In the 2000s, Rodriguez et al (2008) recorded great
erosion of the populations of Gongolaria abies-marina throughout the Canary archipelago.
Furthermore, in the 2010s, Martin-Garcia et al (2022) recorded a 90% decline in G. abies-marina
populations in the western islands (Tenerife, La Gomera, La Palma, and El Hierro). For this reason,

this alga is included in the regional catalogue of endangered species (Canary Island Catalogue of
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Protected Species; Law 4/2010, 4 June 2010). Recently, the alga was also included in the Spanish
national catalogue of endangered species (TEC/596/2019, 8 April 2019).

Objectives

In recent decades, Gongolaria abies-marina forests have suffered a significant decline in many
coastal areas of the Azores and Webbnesia archipelagos. The existence of historical records of
this species in the Canary Islands makes it possible to evaluate temporal changes in its
distribution and relate them to time series of local and global anthropogenic variables. In
addition, there are few studies on the phenology and canopy structure of this species in the
Canary Islands. For these reasons, and taking Gran Canaria Island as the study area, the main

objectives of this thesis are:

1. To provide an up-to-date assessment of the current distribution and extent of
Gongolaria abies-marina and facilitate a comparison with historical data, including
populations from certain sites.

2. To link seasonal variation in environmental conditions with the frond structure and
reproduction of this canopy-forming macroalga on the island of Gran Canaria through an
annual cycle.

3. To evaluate the effects of a variety of environmental and anthropogenic stressors on the
temporal distribution of marine forests created by Gongolaria abies-marina at an island

scale.
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Abstract

Brown macroalgae within the genus Cystoseira s.l. are some of the most relevant “ecosystem-
engineers” found throughout the Mediterranean and the adjacent Atlantic coasts. Cystoseira-
dominated assemblages are sensitive to anthropogenic pressures, and historical declines have
been reported from some regions. In particular, Gongolaria abies-marina, thriving on shallow
rocky shores, is a key species for the ecosystems of the Canary Islands. In this work, we analyse
changes in the distribution and extension of G. abies-marina in the last decades on the island of
Gran Canaria. This alga dominated the shallow rocky shores of the entire island in the 1980s; a
continuous belt extended along 120.5 km of the coastline and occupied 928 ha. In the first
decade of the 21st century, fragmented populations were found along 52.2 km of the coastline
and occupied 12.6 ha. Today, this species is found along 37.8 km of the coastline and occupies
only 7.4 ha, mainly as scattered patches. This regression has been drastic around the whole
island, even in areas with low anthropogenic pressure; the magnitude of the decline over time
and the intensity of local human impacts have not shown a significant correlation. This study
highlights a real need to implement conservation and restoration policies for G. abies-marina in

this region.

Keywords: marine forests; habitat-forming species; human pressures; Fucales; regression;

Atlantic Ocean.
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Introduction

Coastal ecosystems are suffering severe impacts worldwide due to excessive human pressure.
Habitat destruction, pollution, eutrophication, species introduction, overfishing and global
warming, which often act synergistically, are affecting species, ecosystems and their ability to
provide ecosystem services (Halpern et al. 2008). For example, the Canary Islands are a “hot
spot” of marine biodiversity in the North Atlantic (Sansdn et al. 2001), which is threatened by
human impacts, e.g., pollution, overfishing, occupation of the coast and progressive

tropicalization (Riera et al. 2015).

Along rocky shores of temperate and subtropical areas, large canopy-forming brown algae, in
particular kelps (Laminariales, Phaeophyceae, Ochrophyta) and fucoids (Fucales, Phaeophyceae,
Ochrophyta), are the dominant species in pristine environments (Schiel and Foster 2006). These
large perennial macroalgae are considered as “engineering species” (Jones et al. 1994), because
their three-dimensional structure dramatically alters the physical, chemical and biological
environment. These forests provide shelter, food, habitat and nurseries for a multiplicity of
species (Cheminée et al. 2013). The decline of kelps and fucoids is a global phenomenon due,
directly, or indirectly, to human mediated activities (Wernberg et al. 2011; Lamela-Silvarrey et al.
2012; Franco et al. 2015). Some species have even been driven to regional and local extinction
(Thibaut et al. 2005; Franco et al. 2015; Thibaut et al. 2016a). The loss of these well-structured
and diverse ecosystems facilitates the appearance of less complex habitats, such as filamentous
algal turfs, ephemeral seaweed assemblages and barren grounds dominated by encrusting algae

and sea urchins (Benedetti-Cecchi et al. 2001; Ling et al. 2015).

The genus Cystoseira s.l. is distributed in temperate and subtropical coasts around the world,
although 80% of the species live in the Mediterranean Sea (Oliveras and Gomez 1989). In the
Mediterranean and the adjacent Atlantic Ocean, species of the genus Cystoseira are the main
group of habitat-forming macroalgae, from the littoral to the lower limit of the euphotic zone
(Giaccone et al. 1994; Garcia-Fernandez and Barbara 2016). Losses of Cystoseira forests have
been reported all around the Mediterranean and attributed to habitat destruction,
eutrophication and overgrazing by herbivores (Thibaut et al. 2005; Ivesa et al. 2016, Blanfuné et
al. 2016a). Due to their high sensitivity to anthropogenic impacts, several species of Cystoseira
indicate high quality waters and facilitate the implementation of the EU Water Framework
Directive (2000/06/EC) (Ballesteros et al. 2007; Blanfuné et al. 2016b, 2017). All the
Mediterranean species of the genus Cystoseira s.l, except C. compressa, have been protected

under the Annex Il of the Barcelona Convention (2010). Five species, Ericaria amentacea, Ericaria
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mediterranea, Ericaria sedoides, Gongolaria montagnei and Ericaria zosteroides,, are protected
under the Berne Convention (Annex |, 1979). In addition, all Mediterranean Cystoseira species
are under surveillance by international organizations, such as IUCN, RAP/ASP and MedPan
(Thibaut et al. 2014). All species of Cystoseira s.l. are “habitat forming” and are therefore

considered EU habitats of interest (Micheli et al. 2013).

The brown alga Gongolaria abies-marina (S. G. Gemelin) Kuntze has been considered the most
abundant fucoid species on rocky shores of the Canarian Archipelago (Wildpret et al. 1987; Tuya
and Haroun 2006), and its populations typically form extensive stands in both the eulittoral and
shallow sublittoral, mainly on rocky wave-exposed zones (Wildpret et al. 1987; Medina and
Haroun 1993). G. abies-marina is a caespitose plant with large numbers of erect branches, up to
50 cm long. Similar to other species in the genera Cystoseira s.l., this species undergoes an
annual thallus loss at the end of summer, when a high proportion of the fronds break down at
the base. The holdfasts overwinter and regrow the next year. Therefore, although individuals are
perennial, the thalli are annual (Buonomo et al. 2017). However, the plant never goes through a
total rest phase: during unfavourable months, branches from different seasons coexist
(Gonzalez-Rodriguez and Afonso-Carrillo 1990). This alga spreads through both vegetative
propagation and sexual reproduction (Medina 1997). Similar to other species of the genus, thalli
are negatively buoyant, and propagules normally settle at <20-40 cm from the source population
(Mangialajo et al. 2012), which gives the species a low dispersal ability (Bulleri et al. 2002). This
is one of the most productive macroalgae in the Canary Islands (Johnston 1969), and at the end
of summer, after the maximum reproductive peak, it is possible to find a large amount of wrack

on beaches from nearby forests (Portillo-Hahnefeld 2008).

In the last few decades, Gongolaria abies-marina forests have declined significantly at certain
points of the Canaries (Medina and Haroun 1993, Rodriguez et al. 2008). In order to analyse the
long-term patterns in the distribution and extension of G. abies-marina along the entire coastal
perimeter of the island of Gran Canaria, we collected all available data to reconstruct historical
distributions. The aims were: (i) to provide an up-to-date assessment of the current distribution
and extent of C. abies-marina, (ii) to facilitate a comparison with historical data, including
populations from certain sites, and (iii) to evaluate the influence of local anthropogenic

pressures, as drivers of regression.
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Material and Methods

Study area

The island of Gran Canaria (28°51'N, 15°36'W) is located 200 km off the northwest African coast,
in the middle of the Canary Islands (east Atlantic) (Fig. 1). The island has a circular shape of 256
km of coastal perimeter. Abrupt cliffs mostly dominate the north and west sides of the island,
with coastal platforms and beaches predominating in the east and south. Although 76.02% of
the coastal perimeter is rocky (Ramirez et al. 2008), rocky reefs only account for 17% of the
shallow-water bottoms (up to 50 m). Gran Canaria is situated at the centre of a west-east
oceanographic gradient along the Canarian archipelago, because of the varying proximity from
the upwelling of the African coast (Tuya et al. 2006). The waters are typically oligotrophic, and

the surface temperature varies between 18°C in March and 24°C in October.
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Fig.1. Map of Gran Canaria Island, including the 28 sectors (grids of 5x5 km) encompassing the entire
coastal perimeter. The location of the seven analysed populations is also shown, with the circular area
(500 m radius) where the HAPI index was calculated.

Mapping historical and current distribution: GIS analysis

Changes in the distribution (km of coastal perimeter) and extent (occupied area in ha) of
Cystoseira abies-marina over time were analysed with the open-source GIS (gvSIG) and Sextante

tools, using a 1:2500 scale and a WGS-84/UTM Zone 28N coordinate system.

Historical records concerning Gongolaria abies-marina distribution in the Canary Islands are
scarce (Table 1). To reconstruct long-term patterns of change, we used unpublished reports from

the late 1980s and 2000s, and oral scientific contributions. However, we did not take into account
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herbarium vouchers. The first map dates back to 1985, when Wildpret et al. (1987) defined and
mapped 15 types of vegetation between 0 and 10 m depth: 12 correspond to stands of
macroalgae, two to seagrass meadows and one to a mixed community of seagrass and algae.
Additionally, they mapped three ecosystems devoid of vegetation. We digitalized six of these
types of vegetation, in which G. abies-marina was the principal floral component (Table S1, Fig.
S1A). We used complementary sources to enlarge this map from the 1980s, focusing mainly on
the eastern side of the island. Information provided by scientists and technicians, which was
contrasted with historical orthophotos (Vuelos histéricos: 1989-1991 Costas, Instituto
Geografico Nacional), supplied additional populations to those provided by Wildpret et al. (1987)
(Table S1, Fig. S1B).

Table 1. Cartographic sources on the distribution of Gongolaria abies-marina in Gran Canaria Island.

1980s 1987 Wildpret et al. (1987)

1989 Oral scientific communications
2000s 2008 Rodriguez et al. (2008)
2010s 2016 Current study

The first digitalized map of Gongolaria abies-marina was undertaken in 2008 by Rodriguez et al.
(2008), who mapped the distribution of G. abies-marina according to three levels of abundance:

as continuous belts, as discontinuous belts, and as isolated individuals (Fig 2B).

Field surveys were carried out between 2015 and 2016, during the maximum development of
Gongolaria abies-marina (spring to autumn). The entire coast of Gran Canaria was explored on
foot or by boat, and the shallow subtidal by snorkelling. Locally, populations were categorized,
following Rodriguez et al. (2008), as C1, rare, scattered patches; C2, abundant patches; and C3,
continuous belts. All the G. abies-marina populations were geo-localized and recorded on A4

format aerial photographs from the IGN (Instituto Geografico Nacional, 1:2500 scale).

Comparison of populations: 2008 vs 2016

Rodriguez et al. (2008) studied seven populations (Fig. 1), providing the average coverage and
belt width of Gongolaria abies-marina forests. In 2016, we repeated the study in the same
locations, carrying out three transects (ca. 10 m apart), which covered the entire eulittoral and
the shallow subtidal. Along each transect, the coverage (n=3) of G. abies-marina was obtained
with a square (50x50 cm), divided into 25 sub-squares of 10x10 cm; the belt width was measured
with a transect. We tested for differences in average coverage and belt width between 2008 and

2016 using a Wilcoxon test (i.e., all populations were pooled).
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Human pressures as drivers of change

We assessed the Human Activities and Pressures Index (HAPI) (Blanfuné et al. 2017) on the coast
of Gran Canaria. Five water bodies (WD) surround the island, according to the Water Framework
Directive (WFD, 2000/60/EC). We divided these WD into 28 coastal sectors (grid cells of 5x5 km,
Fig. 1) to identify more precisely the relationship between levels of anthropogenic pressures and
the decline of Gongoloria abies-marina forests. For this study, we adapted the information

available for the method of Blanfuné et al. (2017).

The HAPI index has three metrics to estimate both continental and marine pressures. For
continental pressures (urban, industrial, and agricultural areas), the three metrics were
expressed as the percentage of land area covered (data from Corine Land Cover 2012, available
at centrodedescargas.cnig.es) within each coastal sector. For marine pressures, we estimated (i)
the level of artificialization of the coast, expressed as the percentage of the artificialized
coastline, (ii) fish farms, expressed as the percentage of rocky coastline potentially impacted
(within a 500 m radius), and (iii) sewage outfalls, expressed as the percentage of rocky coastline
potentially impacted (within a 500 m radius). This information was provided by the on-line GIS
of the Canary Islands Autonomous Government (www.idecanarias.es). For each sector, we
calculated the change in the extent of C. abies-marina between 1980s (i.e., Wildpret et al. 1987)
and 2016 (i.e., this study). We applied a linear regression to test whether varying levels of human
pressures explained the magnitude of changes in surface area over time at the island scale.
Additionally, the HAPI index was calculated for each of the seven populations under study; we
calculated the level of human pressures using a 500 m radius circular buffer from the centre of

each population (Fig. 1), following a similar approach to that of Tuya et al. (2014).

Results
Distribution and extent

During the 1980s (Fig. 2A), Gongolaria abies-marina dominated the rocky coasts of Gran Canaria,
along 120.5 km of coastal perimeter, covering 928 ha. It was abundant on most rocky substrates
and the populations were mainly composed of continuous belts (Fig. 2A). Subtidal populations
reached up to 9 m depth in many places of the north coast; in the east and southeast coast,
stands reached up to 20 m depth in some places. The species was absent from the south and
southwestern coast, mainly due to a lack of suitable hard substrates. At the start of the 21st
century (Fig. 2B), populations were clearly fragmented, occupying 52.2 km of the coast (19.45%

of the coastline) and covering 12.6 ha; this corresponds to a regression of 98.64% in 20 years.
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Populations rarely get down into the subtidal, except in a few locations in the north and east,

where populations go down to 8-10 m.

C3=928 ha C3=120.5 km

C 2016

Cl=4.6 ha Cl=25.4ha
C2=28 ha C2=10.8 ha
C3=0.3 ha C3=1.6 ha
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Fig 2. Distribution of Gongolaria abies-marina around Gran Canaria Island in the 1980s (A), 2008 (B) and
2016 (C). The area (ha) and length (km) of the three types of stands is included (C1, scattered patches;
C2, abundant patches; C3, continuous belt).

Between 2014 and 2016, G. abies-marina was present along 37.8 km (14.08% of the coastline)
and occupied an area of only 7.4 ha. Populations forming continuous belts have practically
disappeared (0.3 ha). Fragmented populations are becoming more prominent and sublittoral
populations have totally disappeared. As a result, ca. 99% of the area formerly covered by C.

abies-marina has been lost in a few decades (Fig. 3).
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Fig 3. Temporal changes in the extent of Gongolaria abies-marina, in terms of the surface in hectares (A)
and length in kilometres (B) of the coastline occupied at different times.

Comparison of populations: 2008 vs 2016

Overall, the seven Gongolaria abies-marina populations studied in 2016 have suffered a
significant decline relative to 2008, in terms of coverage (V = 231, P = 0.00006, Fig. 4A) and belt
width (V = 231, P = 0.0000001, Fig. 4B). In 2008, all populations had high cover (>50%) and
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formed continuous belts; in some localities, belts extended to the subtidal down to 8-10 m

depth.
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Fig. 4. Average coverage in percentage (A) and belt width in metres (B) of the seven populations of

Cystoseira abies-marina in 2008 and 2016.
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Human pressures as drivers of regression

Values of the HAPI index were calculated for the 28 coastal sectors and 7 populations of Gran
Canaria Island (Tables 2 and 3; Table S3). There was no significant effect of varying levels of
human pressures on temporal changes for either extent (1980s vs 2016; R =0 .048, F = 0.0423,
df = 18, P = 0.839) or coverage of G. abies-marina (2008 vs 2016; R?=0.53, F =5.77,df =5, P =
0.06). In general, the magnitude of regression, in terms of both extent and coverage, has been
high in all sectors and for all populations, even in areas with low or no human pressure.

Table 1. Values of the HAPI index, area covered and rate of temporal change of Gongolaria abies-marina
in each of the 28 sectors along the coastal perimeter of Gran Canaria.

. Area (ha)
Sector HAPI index % Change
1980s 2016

1 3.24 83.86 0.81 -99.03
2 5.48 31.72 0 -100
3 4.09 0 0 0

4 3.58 6.73 0.06 -99.11
5 4 30.51 1.75 -94.26
6 2.81 62.65 0.55 -99.12
7 0.83 77.07 0.075 -99.9
8 4.55 131.23 0.46 -99.65
9 4.85 118.9 0 -100
10 3.13 0 0 0
11 4.09 0 0 0
12 4.19 0 0 0
13 3.84 0 0 0
14 4.09 6.6 0 -100
15 4.44 5.66 0 -100
16 4.37 0 0 0
17 0.07 0 0 0
18 0.06 0 0 0
19 0.06 8.61 0.05 -99.42
20 1.8 12.39 0.12 -99.03
21 0.04 29.95 0.09 -99.7
22 0.04 16.53 0.07 -99.58
23 2.44 13.5 0.14 -98.97
24 1.93 42.85 1.5 -96.5
25 1.53 50.64 0.53 -98.96
26 1.42 95.03 0.06 -99.99
27 2.55 58.68 0.47 -99.2
28 1.52 45.04 1.01 -98.99
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Table 3. Values of the HAPI index, coverage, and rate of temporal change for each of the seven studied
Gongolaria abies-marina populations.

% Coverage

HAPI index % Change
2008 2016
Playa de El Cabrén 1.66 85.56 27.22 -68.19
Tufia 1.88 80.56 11.66 -85.53
La Isleta 1.2 71.11 27.77 -60.95
Bafiaderos 2.51 56.67 20.55 -63.74
Bocabarranco 2.19 47.22 8.88 -81.19
Urbanizacion Playa Canaria 0.11 83.33 45.55 -45.34
Puerto de Las Nieves 2.32 63.89 0 -100.00

Discussion

Changes in the distribution and extent of Gongolaria abies-marina on the island of Gran Canaria
over the last few decades are evident and dramatic. In the late 1980s, G. abies-marina occupied
928 ha (12.84% of the rocky bottoms) and now it only covers 7.4 ha (0.1%). Existing G. abies-
marina populations have been reduced to narrow belts in the lower eulittoral, i.e., as scattered
patches with underdeveloped branches. Our results are in agreement with those found for other
Cystoseira s.l. species from the Mediterranean Sea (Thibaut et al. 2005, Mangialajo et al. 2008,
Sales et al. 2011), for other fucoids from the Canary Islands (Rodriguez et al. 2008, Riera et al.
2015) and, in general, for habitat-forming brown algae worldwide (Wahl et al. 2015). Our data
show a similar trend to that observed for Ericaria brachyccarpa (). Agardh) Molinari & Guiri, a
species having the same depth range and ecological function as G. abies-marina, including a
massive decline from the sublittoral to a narrow fringe immediately below the surface (Thibaut

et al. 2015, 2016b).

It is plausible that the area occupied by Gongolaria abies-marina in the 1980s is not entirely
accurate, because of the lack of technical procedures to accurately trace communities at this
time. The map of Wildpret et al. (1987) only reached 10 m depth, so they may even have
underestimated the area occupied by G. abies-marina. Even assuming these inaccuracies, the

regression of G. abies-marina is acute, because all sublittoral populations have been lost.

In our study, we found no direct relationship between local levels of anthropogenic pressures
and the magnitude of local regression; the decay has been dramatic from almost pristine
environments to highly altered coasts. This result contrasts with the disappearance of some
Cystoseira s.l. species only from highly artificialized areas (harbours, marinas, piers, etc.) and
waters severely polluted in the Mediterranean (Thibaut et al. 2014, 2015; Ivesa et al. 2016).

However, a similar decline has been observed in the pristine environments of the National Park
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of Port-Cros in France (Thibaut et al. 2016b). In a similar study, the temporal decay in the vitality
of the seagrass Cymodocea nodosa (Ucria) Ascherson in Gran Canaria related to an increase in

local anthropogenic impacts (Tuya et al. 2014).

The decline of G. abies-marina in Gran Canaria has occurred in a period of pronounced urban
and tourism development and, therefore, of many local impacts (Tuya et al. 2014; Ferrer-Valero
et al. 2017). Today, the population, urbanization and infrastructure are heavily concentrated on
the coast of the island, particularly in the northeast, east and south (Fig. 1). Gran Canaria
currently has 847830 inhabitants and a very high population density (543 inhabitants km™)
(ISTAC 2015); 87% of the population is located along the littoral perimeter, giving a coastal
population density of 3142 ind km™. In addition, about 2 million tourists visit the island every
year (e.g., 1805058 tourists in 2015, ISTAC 2015). This has led to the occupation and degradation
of most coastal areas (Ferrer-Valero et al. 2017). Importantly, however, populations of G. abies-
marina in poorly impacted areas have also suffered significant regressions. Hence, it remains

elusive to unravel the reasons for the loss of G. abies-marina.

The possible causes of the decline may be multiple and cumulative, as happens around the world
(Thibaut et al. 2005; Wahl et al. 2015; Franco et al. 2015). Potentially, both local and global
stressors are interacting to explain the severe regression of Gongolaria abies-marina in Gran
Canaria, as is the case with the disappearance of other fucoids from the study region (Riera at
al. 2015). In the Canary Islands, sea surface temperature has increased about 1°C in recent
decades (Lima and Wethey 2012; Riera et al. 2015). Global warming is a key factor in the ongoing
decline of fucoids and their displacement to colder waters (Wernberg et al. 2011). There is recent
regional evidence of the adverse effect of warming on species of both brown and red macroalgae
(Sansén et al. 2013). The decrease in the size of thalli of these seaweeds, and in their
reproductive success (Zhang et al. 2009), have also been correlated with the warming of the
Canarian waters (Sanson et al. 2013; Riera et al. 2015). Furthermore, Cystoseira s.l. are low-
dispersal species whose propagules do not have a planktonic stage, and reproductive drifting
thalli in floating rafts are the main mechanism of connectivity between populations (Susini et al.
2007). Therefore, if connectivity is limited, the subsequent smaller population gene pools and

sizes render populations more vulnerable to threats (Buonomo et al. 2017).

The regime shifts from marine forests to barren grounds devoid of erect macroalgae is generally
linked to overexploitation of predatory fishes (Ling et al. 2015; Thibaut et al. 2015, 2016a). In the
Canary Islands, the long-spined sea urchin Diadema africanum Rodriguez, Hernandez, Clemente

& Coppard, 2013 controls the transition from rocky bottoms dominated by erect macroalgae to
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barren grounds (Tuya et al. 2004; Sangil et al. 2014). This sea urchin may consume thalli of G.
abies-marina at rates of 1-2 mg of algae per day and individual (Tuya et al. 2001). In addition, it
is plausible that the sea urchin Paracentrotus lividus (Lamarck, 1816) and herbivorous fishes
(Sparisoma cretense, Sarpa salpa and Diplodus spp.) can contribute to the consumption of G.

abies-marina, as in the Mediterranean for other Cystoseira s.l. species (Verges et al. 2009).

This study highlights the urgent need to monitor remaining Gongolaria abies-marina populations
of the Canary Islands and compare this data with other Macaronesian islands. It is also necessary
to promote urgent actions to conserve current populations, including restoration programmes.
Currently, G. abies-marina is regionally protected within the framework of the Canary Islands
Catalogue of Protected Species (Law 4/2010, of 4 June 2010). This highlights the uselessness of
legislation if it is not enforced. Furthermore, in the last update of this catalogue, the species lost
the category of “vulnerable”: it now belongs to a recently created category called “species of
interest for the Canarian ecosystems”, which only protects the species within zones of the Natura

2000 network. Our results clearly do not support this legislative change.

Cystoseira abies-marina has not yet been assessed for the IUCN Red List, i.e., it is “Not Evaluated”
(IUCN 2017), nor is species included in the Catalogue of Life (Roskov et al. 2016). We are aware
that G. abies-marina is undergoing a very important decline throughout the Canaries (Rodriguez
et al. 2008) and on Madeira and the Azores (Ballesteros pers. com.), but more data are needed
to verify the magnitude of this decline. Nevertheless, with current data and evidence of the
regional decline, we propose that G. abies-marina should be classified as “Critically Endangered”
under the IUCN criteria CR A2ac. There are only very few algal species in the world whose
conservation status has been properly assessed (Blanfuné et al. 2016a), due to lack of historical
data. Information provided here could be used as a basis for improving the evaluation of the

conservation status of G. abies-marina, an ecologically important species.
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Supplementary material

Fig. S1. Gongolaria abies-marina communities in the 1980s, including those from Wildpret et al. (1987)
(A) and from oral scientific communications (B).
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Table S1. Types of human pressures, Corine Land Cover (CLC) codes, area and length percentages, and
corresponding scores used in calculations of the HAPI index in coastal sectors and populations of Gran

Canaria Island.

Types of pressure

CLC code

Area percentage (%)

Score

Continental pressures

Urban area

Industrial area

Agricultural area

Marine pressures

11,14

12,13

21-24

0-10
11-35
36-75

>75

0-10
11-25
26-75

>75

0-5

6-25
16-30

<30

Length percentage (%)

P ONEFEPPWONRED™AWNLPRE

Coastal artificialization

Sewage outfall

Offshore fish farm

0-5
6-25
26-75
>75
0-5
6-25
26-75
>75
0-1
2-15
16-40
>40

A WONEFEPPMWNRERP~MWNPR
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Table S2. Cystoseira abies-marina: historical sources (1980s).

Name Type Substrate Sl(;)p)e Dfr:;h Cover/Abundant Source
Frlpge commumty of Cystoseira ¢l Rocky 80-100 0-3 Continuous belt Wildpret et al. 1987
abies-marina

Sloping rocky outcrops Cc2 Rocky

dominated by Cystoseira abies- 50-80 0-9 Continuous belt Wildpret et al. 1987
marina

Rocky p!atforms domllnated by e Rocky 0-50 3-9 Continuous belt Wildpret et al. 1987
Cystoseira abies-marina

Rocky pla.tform mixed ca Rocky 0-50 3-9 Continuous belt Wildpret et al. 1987
communities

Mixed communities of Cystoseira C5 Rocky 0-9

compressa, C. tamariscifolia and 0-100 3.9 Continuous belt Wildpret et al. 1987
C. abies-marina

Mixed communities of Gelidium G2 Rocky 0-9

arbuscula, G. versicolor and 70-100 3.9 Continuous belt Wildpret et al. 1987
Cystoseira abies-marina

Cystoseira abies-marina c6 Rocky Oral scientific
communities from the 0-50 0-20 Continuous belt

E and SE of Gran Canaria

communications
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Table S3. Percentages of the area and length of each sector according to human pressure. Pressure
scores (PS) assigned to each pressure are indicated. Correlation coefficients (R2) between pressures,
turnover score (TS) and the HAPI index (HAPIj=2(PSixri)/TSj) were calculated according to Blanfuné et al.

2017.
Sector Pressure % Area %Length PS R? TS HAPI
1 Urban area 9.35 1 0.14 1.33 3.24
Industrial area 27.91 3 0.31
Agricultural area 0 0 0.06
Coastal artificialization 44.74 3 0.68
Sewage outfall 43.46 3 0.4
Fish farm 0 0 0.15
2 Urban area 72.15 3 0.14 1 5.48
Industrial area 21.01 2 0.31
Agricultural area 0.04 2 0.06
Coastal artificialization 4 0.68
Sewage outfall 4 0.4
Fish farm 0 0.15
3 Urban area 28.02 3 0.14 1 4.09
Industrial area 2493 1 0.31
Agricultural area 6.77 2 0.06
Coastal artificialization 19.07 3 0.69
Sewage outfall 49.29 3 0.4
Fish farm 0 0 0.15
4 Urban area 25.03 2 0.14 1 3.58
Industrial area 18.75 2 0.31
Agricultural area 34.54 2 0.06
Coastal artificialization 21.46 2 0.68
Sewage outfall 67.63 3 0.4
Fish farm 6.77 0 0.15
5 Urban area 25.03 2 0.14 1 4
Industrial area 18.75 2 0.31
Agricultural area 34.54 4 0.06
Coastal artificialization 21.46 2 0.68
Sewage outfall 67.63 2 0.4
Fish farm 6.77 2 0.15
6 Urban area 2.1 1 0.14 1 2.81
Industrial area 28.07 3 0.31
Agricultural area 41.16 4 0.06
Coastal artificialization 0 0 0.68
Sewage outfall 34.56 3 0.4
Fish farm 7.09 2 0.15
7 Urban area 10.31 2 0.14 1 0.83
Industrial area 7.59 1 0.31
Agricultural area 40.97 4 0.06
Coastal artificialization 0 0 0.68
Sewage outfall 0 0 0.4
Fish farm 0 0 0.15
8 Urban area 6.71 1 0.14 1 4,55
Industrial area 32.66 3 0.31
Agricultural area 31.55 4 0.06
Coastal artificialization 36.18 3 0.68
Sewage outfall 47.43 3 0.4
Fish farm 0 0 0.15
9 Urban area 4.4 1 0.14 1 4.85
Industrial area 28.19 3 0.31
Agricultural area 50.86 4 0.06
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Sector Pressure % Area %Length PS R? TS HAPI
Coastal artificialization 34.83 3 0.68
Sewage outfall 32.88 3 0.4
Fish farm 13.57 2 0.15
10 Urban area 2.02 1 0.14 1 3.13
Industrial area 9.11 1 0.31
Agricultural area 12.61 2 0.06
Coastal artificialization 20.79 2 0.068
Sewage outfall 48.75 3 0.4
Fish farm 0 0 0.15
11 Urban area 11.13 2 0.14 0.8 4.09
Industrial area 0.84 1 0.31
Agricultural area 6.78 2 0.06
Coastal artificialization 20.17 2 0.68
Sewage outfall 68.83 3 0.4
Fish farm 0 0 0.15
12 Urban area 59.95 3 0.14 0.8 4.19
Industrial area 4.9 1 0.31
Agricultural area 0.93 1 0.06
Coastal artificialization 12.06 2 0.68
Sewage outfall 29.12 3 0.4
Fish farm 0 0 0.15
13 Urban area 8.28 1 0.14 0.8 3.83
Industrial area 0.75 1 0.31
Agricultural area 58.21 3 0.06
Coastal artificialization 32.74 3 0.68
Sewage outfall 5.87 1 0.4
Fish farm 0 0 0.15
14 Urban area 17.86 2 0.14 0.8 4.09
Industrial area 7.29 1 0.31
Agricultural area 10.72 2 0.06
Coastal artificialization 14.05 2 0.68
Sewage outfall 71.96 3 0.4
Fish farm 0 0 0.15
15 Urban area 12.97 2 0.14 0.8 4.44
Industrial area 0.6 1 0.31
Agricultural area 0 0 0.06
Coastal artificialization 23 2 0.68
Sewage outfall 75.59 4 0.4
Fish farm 0 0 0.15
16 Urban area 1.72 1 0.14 0.8 4.37
Industrial area 0 0 0.31
Agricultural area 11.71 2 0.06
Coastal artificialization 29.74 3 0.68
Sewage outfall 33.16 3 0.4
Fish farm 0 0 0.15
17 Urban area 0 0 0.14 0.8 0.075
Industrial area 0 0 0.31
Agricultural area 5.67 1 0.06
Coastal artificialization 0 0 0.68
Sewage outfall 0 0 0.4
Fish farm 0 0 0.15
18 Urban area 0 0 0.14 1 0.06
Industrial area 0 0 0.31
Agricultural area 4.3 1 0.06
Coastal artificialization 0 0 0.68
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Sector Pressure % Area %Length PS R? TS HAPI
Sewage outfall 0 0 0.4
Fish farm 0 0 0.15
19 Urban area 0 0 0.14 1 0.06
Industrial area 0 0 0.31
Agricultural area 4.37 1 0.06
Coastal artificialization 0 0 0.68
Sewage outfall 0 0 0.4
Fish farm 0 0 0.15
20 Urban area 2.34 1 0.14 1 1.8
Industrial area 0 0 0.31
Agricultural area 22.39 3 0.06
Coastal artificialization 3.56 1 0.68
Sewage outfall 11.13 2 0.4
Fish farm 0 0 0.15
21 Urban area 0 0 0.14 1.33 0.045
Industrial area 0 0 0.31
Agricultural area 1.17 1 0.06
Coastal artificialization 0 0 0.68
Sewage outfall 0 0 0.4
Fish farm 0 0 0.15
22 Urban area 0 0 0.14 1.33 0.044
Industrial area 0 0 0.31
Agricultural area 2.07 1 0.06
Coastal artificialization 0 0 0.68
Sewage outfall 0 0 0.4
Fish farm 0 0 0.15
23 Urban area 7.1 1 0.14 1.33 2.44
Industrial area 3.16 1 0.31
Agricultural area 47.59 4 0.06
Coastal artificialization 0 0 0.68
Sewage outfall 0 0 0.4
Fish farm 0 0 0.15
24 Urban area 10.44 1 0.14 1.33 1.93
Industrial area 10.71 1 0.31
Agricultural area 41.45 4 0.06
Coastal artificialization 4.15 1 0.68
Sewage outfall 41.74 3 0.4
Fish farm 0 0 0.15
25 Urban area 14.98 2 0.14 1.33 1.53
Industrial area 0.84 1 0.31
Agricultural area 59.7 4 0.06
Coastal artificialization 0 0 0.68
Sewage outfall 4591 3 0.4
Fish farm 0 0 0.15
26 Urban area 5.33 1 0.14 1.33 1.42
Industrial area 1.22 1 0.31
Agricultural area 39.31 4 0.06
Coastal artificialization 0 0 0.68
Sewage outfall 62.18 3 0.4
Fish farm 0 0 0.15
27 Urban area 14.55 2 0.14 1.33 2.55
Industrial area 0.48 1 0.31
Agricultural area 45.37 4 0.06
Coastal artificialization 9.99 2 0.68
Sewage outfall 67.61 3 0.4
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Sector Pressure % Area %Length PS R? TS HAPI
Fish farm 0 0 0.15

28 Urban area 13.44 2 0.14 1.33 1.52
Industrial area 5.98 1 0.31
Agricultural area 41.59 4 0.06
Coastal artificialization 0 0 0.68
Sewage outfall 42.19 3 0.4
Fish farm 0 0 0.15
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CHAPTER 3. Seasonality in the canopy structure of the endangered
brown macroalga Gongolaria abies-marina at Gran Canaria Island

(Canary Islands, eastern Atlantic).
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Abstract

Gongolaria abies-marina is a canopy-forming brown seaweed distributed along the western
Mediterranean and the adjacent Atlantic coasts, which has suffered massive declines in recent
decades, particularly in the Canary Islands. Here, we describe seasonal variation in the canopy
structure of this alga, addressing the role of environmental drivers. Four sites around the island
of Gran Canaria were investigated monthly during an entire annual cycle. Annually, the non-
fertile stage made up the majority of populations, in terms of frond density, while the fertile
stage was comparatively sparser. This fertile stage, however, had the largest biomass and reached
the longest lengths, showing significant seasonality. Best fitted GAM models included wave
action, PAR and seawater temperature, but only accounted for a moderate variation in the
seasonal frond structure of this alga. Total frond biomass, mostly fertile fronds, showed a
bimodal pattern, with a peak in spring and a less accentuated peak in late summer—early
autumn. This pattern was particularly obvious at sites with a wide annual variation in wave
action, with lower biomass at times of high wave action. The frond size-structure was dominated,
at all sites and times, by small fronds. The high frond density seems to promote intraspecific
facilitation throughout the year. These results provide fundamental knowledge to improve the

conservation and potential restoration actions for endangered populations of this alga.

Keywords: Canopy-forming seaweed; conservation; environmental drivers; frond structure;
intraspecific interactions; production; phenology.
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Introduction

Marine forests of large brown macroalgae, mostly belonging to the orders Fucales and
Laminariales, are unique habitats which support a great variety of organisms in coastal zones
worldwide and are comparable to terrestrial forests for the services they provide (Steneck et al.
2002). These canopy-forming macroalgae are very important primary producers (Mann 1973)
and increase the structural complexity where they live, providing shelter and food for associated
species (Schiel and Foster 2006; Cheminée et al. 2013), and increasing biodiversity (Chapman
1995; Steneck et al. 2002; Piazzi et al. 2018). Thus, the conservation of these habitat-forming
species is a crucial goal for ecologists and environmental managers. To achieve this, a better
understanding of the structure and dynamics of canopies of algal forests in relation to
environmental drivers and intraspecific interactions is crucial (Schiel and Foster 2006; Bennett

and Wernberg 2014; Smale et al. 2016).

Subtidal and intertidal algal forests experience large variations in their distribution, abundance
and fitness at a range of spatial and temporal scales (Martinez et al. 2012; Ferreira et al. 2014;
Yesson et al. 2015). Their structure and extent are influenced by a variety of environmental
variables, including temperature (Tuya et al. 2012), light availability (Creed et al. 1998), nutrients
(Piazzi and Ceccherelli, 2017) and wave intensity (Engelen et al. 2005). Ecological processes, such
as intraspecific and interspecific competition and facilitation, can also affect their structure and
functioning (Bennett and Wernberg, 2014). Although macroalgae are important habitat-formers
in temperate and subtropical rocky ecosystems, there are still few studies on their frond

structure, particularly in terms of their temporal dynamics (Aberg 1992; Schiel and Foster, 2006).

Seasonal changes in photoperiod are important initiating the growth of macroalgae after the
winter dormancy period. Likewise, an increase in water temperature is related to the beginning
of growth and reproduction (Graiff et al. 2015; de Bettignies et al. 2018). Normally, in temperate
seas, there is a mismatch between the period of maximum macroalgal growth and the
concentration of nutrients in the water (Ballesteros 1988; Delgado et al. 1994). For example,
Laminariales build up reserves of nitrogen (N) which are used to initiate growth in early spring,
when light levels increase (Chapman and Craigie 1977; Nielsen et al. 2014). Many Cystoseira s.l.
species can store reserves in their tophules, storage structures situated on the base of the
branches (Garcia-Fernandez and Barbara, 2016), although some species such as Gongolaria
abies-marina lack tophules or alternative structures to store reserves (Gonzalez and Afonso-

Carrillo 1990). Wave action is one of the primary factors affecting canopy structure and dynamics
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(Engelen et al. 2005; Kregting et al. 2016), including local adaptation to hydrodynamic forces (de
Bettignies et al. 2015).

Subtidal and intertidal temperate reefs are characterized by a dense cover of perennial algal
canopies (Schiel and Foster 2006), which promote positive interactions through physical stress
amelioration (Bennett and Wernberg 2014). However, competition due to resource availability
(light, nutrients, etc) can arise when living at high densities (Santelices 2004; Scrosati 2005). Both
interactions can modulate frond dynamics, and consequently the size structure may exhibit
seasonal variations. The shade effects on small individuals (or fronds) by large individuals,
particularly in peak growth season, may limit their success due to low light, resource availability
and wave action (Santelices 2004; Rivera and Scrosati 2008). The opposite effect can also occur,
i.e., high-density canopies can favour the recruitment and survival of the smallest individuals in
harsh environments, by buffering them against high radiation, temperature, desiccation and
salinity (Bulleri 2009; Bennett and Wernberg 2014). In the Mediterranean Sea and the adjacent
eastern Atlantic, brown algae of the genus Cystoseira s.l. are among the more important canopy-
forming species (Giaccone et al. 1994; Garcia-Fernandez and Barbara, 2016). Cystoseira species
occur from the intertidal down to the lower limit of the euphotic zone (Garcia-Fernandez and
Barbara 2016). Losses of Cystoseira s.|. assemblages have been reported all around the
Mediterranean and the Canary Islands, attributed to habitat destruction, eutrophication and
overgrazing by herbivores (Thibaut et al. 2005; Blanfuné et al. 2016; lvesa et al. 2016; Valdazo et
al. 2017).

Gongolaria abies-marina (S. G. Gmelin) Kuntze is a habitat-forming species, living in shallow
waters (0—20m depth), particularly in places with high wave action and solar radiation. This alga
is distributed throughout the Macaronesian region and reports from Morocco and Senegal
require confirmation. In the Mediterranean Sea G. abies-marina is restricted to the western
zone, where populations are reduced (Gonzalez and Afonso-Carrillo 1990; Ribera et al. 1992). In
the Canarian Archipelago, it used to be the most abundant and productive fucoid species
(Johnston 1969), typically forming extensive stands in the lower intertidal to shallow subtidal
zone of moderately exposed and exposed rocky reefs (Wildpret et al. 1987; Medina 1997).
Morphologically, G. abies-marina is an atypical member of the genus (Gil- Rodriguez 1978). With
no conspicuous holdfast and no stipe, G. abies-marina is a caespitose macroalgae, attached to
the substratum by small discoid haptera. The base is sympodial, formed by a creeping axis from
which multiple primary axes grow, often at points opposing the attachment structures. Branches
can reach 50 cm in length and are replaced annually, while the creeping axis is perennial (Gil-

Rodriguez 1978; Gonzdlez and Afonso-Carrillo 1990). During the reproductive season,
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receptacles (reproductive structures) develop from secondary and tertiary thorny branches,
which can reach 10 cm in length, sprouting from the apical part of branches (Gonzdlez and
Afonso-Carrillo 1990). In previous studies, populations of G. abies-marina have shown seasonal
patterns of growth and reproduction, with peaks of biomass in spring and summer and a period
of dormancy in autumn and winter (Gonzalez and Afonso-Carrillo 1990; Medina 1997). Although
many fronds are lost after the reproductive peak, the thalli never go through a total rest phase,
because branches from different seasons coexist (Gonzalez and Afonso-Carrillo, 1990). This alga
spreads through both vegetative (clonal) propagation and sexual reproduction (Medina 1997).
Similar to other species of the genus, thalli are negatively buoyant, and zygotes are heavy and
tend to sink close to the parents (Guern 1962), which gives the species/genus a low dispersal

ability (< 20 cm; Mangialajo et al. 2012).

In the 1990s, regressions of G. abies-marina forests were recorded in the Canary Islands (Medina
and Haroun 1994). Recent mapping of the distribution of G. abies-marina populations from Gran
Canaria has shown a huge regression, despite a lack of consensus on the reason for such declines
(Valdazo et al. 2017). For this reason, this alga is included in the regional catalogue of endangered
species (Canary Island Catalogue of Protected Species; Law 4/2010, 4 June 2010). Recently, the
alga was also included in the Spanish national catalogue of endangered species (TEC/596/2019,
8 April 2019).

Identifying relevant environmental drivers affecting the structure of canopies of G. abies-marina
is, therefore, of interest to quantify the ecosystem functions and services they provide (e.g.,
primary production and nurseries). In this study, we explicitly linked seasonal variation in
environmental conditions with the frond structure and reproduction of this canopy-forming
macroalga on the island of Gran Canaria through an annual cycle. We predicted that canopy
descriptors (density, biomass, length, and frond production) would vary seasonally, associated
with environmental conditions, in particular sea surface temperature, light, nutrients, and wave
energy. Finally, we analysed variations in the frond size-structure of this alga to assess the

prevalence of positive and/or negative frond interactions.

Materials and methods
Study sites and Gongolaria abies-marina canopy structure

Our study was performed at four sites on the island of Gran Canaria (Canary Islands, eastern
Atlantic, Spain; Fig. 1): two in the north, Playa Canaria (PLC) and El Confital (CON); and two in the
east, Clavellinas (CLA) and Salinetas (SAL). These sites cover a large part of G. abies-marina

distribution on the island, incorporating different types of environmental conditions, mainly in
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terms of wave action. The main environmental and anthropogenic characteristics for each site

are summarized in Table S1.
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Fig. 1. Map of Gran Canaria Island, showing study sites Playa Canaria (PLC), El Confital (CON), Salinetas
(SAL) and Clavellinas (CLA).

Gongolaria abies-marina is a clonal seaweed with modular construction (Santelices 2004) that
forms monospecific stands (Fig. 2), made up of ramets or fronds arising from creeping axes,
which are attached to the substratum by small haptera (Fig. 3). The entwinement of axes and
branching of plants makes ramets difficult to distinguish from genets (Fig. 4). Moreover, it is
difficult to accurately age individuals and ramets; in the absence of growth rings, no ageing
method is currently available (Blanfuné et al. 2016). For these reasons, we considered 'fronds' as
the sample unit. We distinguished two stages in the macroscopic life history of G. abies-marina:
non-fertile fronds (NF) (Fig. 5), and fertile fronds (F) (Fig. 6). We defined non-fertile fronds as any

primary axis without receptacles (reproductive structures). Fertile fronds, which are usually
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much branched, carry the receptacles in the distal part of branches (Fig. 7). In this study, we used
the length of the primary axis of fronds, despite their deciduous character, to describe algal

dynamics.

Figs 2—7. Gongolaria abies-marina, showing Fig. 2. monospecific stand; Fig. 3. fronds arising from

creeping axes; Fig. 4. entwined creeping axes; Figs 5, 6. non-fertile fronds; Fig. 7. fertile fronds. Scale bars
correspond to 1 cm.

Sampling and sorting

At each site, sampling was carried out at the lower limit of the intertidal zone, where G. abies-
marina forms dense monospecific stands. Subtidal populations have disappeared in Gran
Canaria (Valdazo et al. 2017). We decided to use a small sampling unit (25 cm?), because this alga
is under protection by national and regional laws. Every month, from May 2014 to April 2015
(except January and March 2015, due to bad weather), at low tide, six samples were haphazardly
collected by scraping the substrate to ensure that the creeping and erect fronds were collected
complete and intact. Algal samples were placed in sealed bags and carried to the laboratory,

where they were immediately frozen.

Once defrosted, algal samples were rinsed, and all epiphytes and sandy and rocky debris
eliminated. We first measured the length of the primary axis with a ruler. For each sample, fronds
were classified into seven size classes: 0-3, 3.1-6, 6.1-9, 9.1-12, 12.1-15, 15.1-18, and >18 cm
to describe their population size structure. The seven classes were established to describe
population frond size-structure (Aberg 1992), including non-fertile and fertile fronds. The

number of non-fertile/fertile and the total number of fronds were subsequently determined for
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each sample. We obtained the mean length of non-fertile (>3cm) and fertile fronds by measuring
at least 50% of fronds of each stage. The dry weight (dwt) of each stage was obtained after drying
fronds for two days at 80°C. As a result, the stand density (fronds m™) and the stand biomass (g
dwt m) were estimated for each stage over time for each site. Lastly, we calculated the annual

mean, including frond densities and biomasses across all sites.

Biomass production (P) was calculated, for each site, between each of two consecutive sampling
times by considering all the stages. Fronds are not perennial, and so production of G. abies-
marina was calculated using its annual biomass cycle. Then, we calculated the daily turnover
ratio (r) of fronds, using the formula (Sales and Ballesteros 2012):

r=(%+1)/4\t

P is the production attained during a given time interval (g dwt), B1 is the initial biomass (g dwt),
and At is the time length of the interval (days). We calculated the average annual production of
the four sites. Finally, we converted the biomass (g dwt) to carbon tissue content according to
previous research on a range of Cystoseira s.l. species, which indicated that carbon content is

~34% of dwt (Ballesteros 1990a; Delgado et al. 1994).

Environmental drivers

Wave exposure, sea surface temperature, light availability and nutrient concentrations
(chlorophyll a, used as a proxy) were obtained, on a monthly basis, for each site (Fig. S1). Data
on wave energy were obtained from the Enola project (www. enola.ihcantabria.com). We used
averaged monthly power (Kw m™) as a proxy for wave energy. Monthly sea surface temperature
(SST, °C), chlorophyll a (Chla, mg m™) and photosynthetically active radiation (PAR, umol m™2 d~
1) were obtained from the NASA Giovanni Data Portal (http://giovanni.gsfc.nasa.gov/giovanni).
Temperature data were monthly means from May 2014 to April 2015, using 9-km? pixel
resolution, from the Pathfinder AVHRR satellite. Chla concentration data were monthly means
from May 2014 to April 2015, using 4-km? pixel resolution, from the MODIS Aqua satellite. Since
there were no PAR data after 2010, we used, as a proxy for light availability through the study
period, monthly means from 1997 to 2010, using 9-km? pixel resolution, from the SeaWiFS

satellite.

Statistical analysis

Differences in size-frequency distributions between sites and months were tested using the non-

parametric Kolmogorov—Smirnov test (Legendre and Legendre 1998). Regression analyses

47


http://gio/

examined the relationship between densities, biomasses, and length of each of the two stages
and environmental predictors. We initially used the ‘chart.Correlation’ function in the
‘PerformanceAnalytics’ R package (Peterson and Carl 2014) to explore collinearity in predictor
variables, the relationship between response variables and environmental drivers, and
relationships between response variables. We identified a strong negative correlation between
Chla and SST (R? = -0.77), so Chla was removed. Data exploration revealed that relationships
between predictor and response variables were non-linear and, therefore, a Generalized
Additive Model (GAM) strategy was adopted (Zuur et al. 2009). All models were fitted using the
R ‘mgcv’ package (Wood 2006, 2008), which uses the default method of a ‘thin-plate regression
spline’ for smoothing and automatic selection of smoothing parameters by cross-validation. We
fitted the models with a gamma error distribution for the non-fertile stage and a Gaussian error

distribution for the fertile stage. The GAM models were conceptualized as:

Y ~ Pw + s(PAR) + s(SST)
Y is the density, biomass and length of each stage (response variables); s is the non-parametric
smoothed functions of photosynthetically active radiation (PAR) and sea surface temperature
(SST) and Pw is the parametric coefficient of wave energy. We built models with all possible
combinations of explanatory variables, then we chose the models with the best fit using the AIC
(Akaike Information Criterion) as an indicator of the best fitted model (the lower, the better). We
assessed models performance using the ‘gam. check’ function, which produces graphical
diagnostics (QQ-plots, residuals histograms, residuals versus fitted values and fitted values
versus observed values). For the models of the fertile stage (biomass, density and length), the
plots of residuals against linear predictors for the GAM model displayed some normality
problems and, therefore, the dependent variables were square root transformed. We used

partial residual plots of the models to contrast the relative influence of each predictor.

Results
Canopy structure: variation across sites

During the study, at all four sites, G. abies-marina populations were dominated by non-fertile
fronds (85,911.8 + 34,783.3 fronds m™; annual mean * SE, Fig. 8). Fertile fronds had a
comparatively lower mean annual density (9,984.4 + 433.8 fronds m™, Fig. 8). Fertile fronds,
however, carried the largest annual biomasses (2,924.1 + 175.4 gr dwt m™, Fig. 9). In terms of
mean frond length, fertile fronds were longer (14.7 + 0.1 cm) than non-fertile fronds (6.9 + 0.04

cm) (Fig. S2).
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Fig. 8. Temporal variation in Gongolaria abies-marina frond densities for Playa Canaria (PLC), El Confital
(CON), Salinetas (SAL) and Clavellinas (CLA).
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Fig. 9. Temporal variation in Gongolaria abies-marina frond biomass for Playa Canaria (PLC), El Confital
(CON), Salinetas (SAL) and Clavellinas (CLA).
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Size structure: evidence of intraspecific relationships

Within sites, no significant changes in size-frequency distributions were observed through time

(Fig. 10; Table S2). Across sites, and throughout the year, G. abies-marina stands were mostly

dominated by small-sized fronds (classes 1 and 2), so there was no direct indication of negative

interaction, even in the season when large-sized fronds increased (May to October, Fig. 10). Large

fronds (classes 6 and 7), which were mostly fertile, were always sparse and disappeared during

winter from most sites (PLC, CON and CLA) (Fig. 10).
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Fig. 10. Temporal changes in the size-frequency distribution of Gongolaria abies-marina fronds for
Clavellinas (CLA), El Confital (CON), Playa Canaria (PLC) and Salinetas (SAL). Size classes are: 1 (0—3cm), 2
(3.1-6cm), 3(6.1-9cm), 4 (9.1- 12 cm), 5(12.1-15 cm), 6 (15.1-18 cm), 7 (>18 cm). The fertile stage is

denoted in light grey, while the non-fertile stage is in dark grey.

Linking environmental variation with canopy structure

The best model explaining variation in the total density of fronds only included
photosynthetically active radiation (PAR); the model only explained 8.33% (adjusted R% = 0.07)
of the variance (Table 1 and Table S3). The models accounting for temporal variation in the
density of non-fertile fronds only explained 10.9% (adjusted R% = 0.09) (Table 1 and Table S3).
However, variation in the density of fertile fronds was explained by variation in
photosynthetically active radiation (PAR), sea surface temperature (SST) and wave power (Pw)
(Table 1 and Table S3). The model explained 55% (adjusted R? = 0.51) of the variance (Table 1).
The residual plot of PAR showed a bimodal pattern (Fig. 11a) with a higher density of fertile
fronds at high and low radiation levels, which correspond with spring (April, May, June) and
autumn (October and November). SST showed a similar pattern of residuals with a higher density
at low (< 18°C) and high (> 22°C) temperatures (Fig. 11b). Wave power was the most important
predictor, revealing a general pattern of negative residuals (i.e., low frond density) with
increasing wave power (Fig. 11c).

Table 1. GAMs explaining variation in the density and biomass of each stage of Gongolaria abies-marina
according to sea surface temperature (SST), photosynthetically active radiation (PAR) and wave power

(Pw).
Model D2 (%) Adj R2 AIC GCV
B = Total biomass (Gamma(log))
Bl ~ Pw 24.8% 0.174 -68.81 0.31
B2 ~ S(SST) 25.8% 0.241 -62.84 0.32
B3 ~ S(PAR) 25.4% 0.219 -55.48 0.33
B4 ~ s(PAR) + s(SST) 40.5% 0.326 -99.48 0.28
B5 ~ Pw + s(PAR) 42.5% 0.352 -118.77 0.26
B6 ~ Pw + s(SST) 40.8% 0.336 -119.3 0.26
B7 ~ Pw + s(PAR) + s(SST) 50.6% 0.415 -145.04 0.24
NFB = Non-fertile biomass (Gamma(log))
NFB1 ~ Pw 1.03% 0.004 -553.26 0.33
NFB2 ~ S(SST) 1.4x10%%  4.3x107  -552.64 0.33
NFB3 ~ s(PAR) 5.01% 0.006 -550.5 0.33
NFB4 ~ s(PAR) + s(SST) 14.6% 0.052 -562.39 0.32
NFB5 ~ Pw + s(PAR) 6% 0.017 -551.95 0.33
NFB6 ~ Pw + s(SST) 1.03% 0.004 -553.26 0.33
NFB7 ~ Pw + s(PAR) + s(SST) 14.5% 0.053 -562.1 0.32
FB = Fertile biomass (Gaussian)
FB1 ~ Pw 29.2% 0.29 -19.7 0.05
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FB2 ~ s(SST) 32.9% 0.31 -19.7 0.05
FB3 ~ s(PAR) 30.6% 0.28 -9.14 0.06
FB4 ~ s(PAR) + s(SST) 44.1% 0.406 -49.94 0.05
FB5 ~ Pw + s(PAR) 47.3% 0.45 -73.01 0.043
FB6 ~ Pw + s(SST) 46.8% 0.454 -77.55 0.04
FB7 ~ Pw + s(PAR) + s(SST) 55.3% 0.52 -99.33 0.038
D = Total density (Gamma (log))

D1 ~ Pw 0.008 -0.004 1258.4 0.133
D2 -~ S(SST) 6.24% 0.058 1245.2 0.127
D3 ~ s(PAR) 8.33% 0.07 1243.8 0.126
D4 ~ S(PAR) + s(SST) 8.48% 0.068 1245.1 0.127
D5 ~ Pw + s(PAR) 8.49% 0.067 12454 0.127
D6 ~ Pw + s(SST) 6.26% 0.054 1247.1 0.128
D7 ~ Pw + s(PAR) + s(SST) 7.27% 0.061 1245.7 0.127
NFD = Non-Fertile density (Gamma (log))

NFD1 ~ Pw 1.02% 0.007 1256.4 0.17
NFD2 ~ S(SST) 7.9% 0.076 12415 0.16
NFD3 ~ s(PAR) 10.9% 0.095 12384 0.158
NFD4 -~ S(PAR) + s(SST) 10.9% 0.092 12394 0.16
NFD5 ~ Pw + s(PAR) 11% 0.094 1239.9 0.16
NFD6 ~ Pw + s(SST) 8.34% 0.077 1242.3 0.16
NFD7 ~ Pw + s(PAR) + s(SST) 9.43% 0.085 1240.6 0.16
FD = Fertile density (Gaussian)

FD1 ~ Pw 35.4% 0.351 174.45 0.120
FD2 ~ S(SST) 18.7% 0.165 240.10 0.158
FD3 ~ s(PAR) 19% 0.162 242.85 0.160
FD4 ~ s(PAR) + s(SST) 31.2% 0.269 215.20 0.143
FD5 ~ Pw + s(PAR) 43.8% 0.416 157.13 0.112
FD6 ~ Pw + s(SST) 45.1% 0.428 152.63 0.110
FD7 ~ Pw + s(PAR) + s(SST) 55% 0.514 120.83 0.097
NF = Non-fertile length (Gamma)

NFL1 ~ Pw 14.8% 0.129 966.51 0.074
NFL2 ~ S(SST) 10.6% 0.066 993.29 0.082
NFL3 ~ s(PAR) 13% 0.097 985.80 0.080
NFL4 ~ s(PAR) + s(SST) 23.9% 0.179 969.68 0.075
NFL5 ~ Pw + s(PAR) 26.7% 0.229 945.70 0.068
NFL6 ~ Pw + s(SST) 26.5% 0.235 943.63 0.067
NFL7 ~ Pw + s(PAR) + s(SST) 32% 0.265 937.52 0.066
FL = Fertile Length (Gaussian)

FL1 ~ Pw 32.1% 0.318 726.86 1.2
FL2 ~ s(SST) 16.8% 0.156 780.33 15
FL3 ~ s(PAR) 20% 0.171 780.8 0.17
FL4 ~ S(SST) + s(PAR) 30.4% 0.257 760.74 1.39
FL5 ~ Pw + s(PAR) 41.9% 0.396 705.86 111
FL6 ~ Pw + s(SST) 43.3% 0.411 700.02 1.08
FL7 ~ Pw + s(PAR) + s(SST) 49% 0.453 688.93 1.03
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Fig. 11. Partial residual plots for the GAMs terms explaining variation in the density and biomass of
fertile Gongolaria abies-marina. For fertile frond density: (a) photosynthetically active radiation (PAR),
(b) sea surface temperature (SST), (c) wave power (Pw). For fertile frond biomass: (d) photosynthetically
active radiation (PAR), (e) sea surface temperature (SST), (f) wave power (Pw). Each panel plots the
values for a predictor variable (x-axis) against the partial residuals (y-axis), after removing the effects of
the other predictors. The dashed lines show the estimated 95% confidence limits. The y-axis label
indicates the estimated degrees of freedom for the smoothed spline term.

As for the density and biomass of fertile fronds, the models that best explained variation in the
length of the non-fertile and fertile stages included photosynthetically active radiation (PAR), sea
surface temperature (SST) and wave power (Pw) (Table 1 and Table S5). For the length of non-
fertile fronds, the model explained 32% of the variance (adjusted R?=0.27) (Table 1). The residual
plot of PAR showed a bimodal pattern with the higher length at low (25-27 pmol m™2 d™!) and
high (> 45 umol m™2 d7}) levels of radiation (Fig. 12a). Similarly, a bimodal pattern was observed
for SST, including positive residuals at low (SST values < 18°C) and high temperatures (> 23°C)
(Fig. 12b). A weak pattern of positive residuals (i.e., higher length) was observed under increased
wave power (Fig. 12c). In terms of the length of fertile fronds, the model explained 49% of the

variance (adjusted R? = 0.45) (Table 1). The residual plot of PAR showed a bimodal pattern with

53



the higher length at low (< 25-27 umolm™ d—1) and high (35-50 pmol m= d?) levels of radiation
(Fig. 12d). For SST, we observed a bimodal pattern, with positive residuals between 21-24°C (Fig.
12e). A clear pattern of negative residuals (i.e., low length) was observed under increased wave

power (Fig. 12f).
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Fig. 12. Partial residual plots for the GAMs terms explaining variation in the length of non-fertile and
fertile Gongolaria abies-marina. For non-fertile frond length: (a) photosynthetically active radiation
(PAR), (b) sea surface temperature (SST), (c) wave power (Pw). For fertile frond length: (d)
photosynthetically active radiation (PAR), (e) sea surface temperature (SST), (f)wave power (Pw). Each
panel plots the values for a predictor variable (x-axis) against the partial residuals (y-axis), after removing
the effects of the other predictors. The dashed lines show the estimated 95% confidence limits. The y-
axis label indicates the estimated degrees of freedom for the smoothed spline term.

Annual frond production

The mean annual frond production of G. abies-maring in Gran Canaria was 5,380 g dwt m™

(1,829.52 g C m™) (Table S6). Frond production showed two peaks, in spring and autumn, and
null values in summer and late autumn—early winter (Fig. 13). The daily turnover ratio was

highest in spring for all sites, although CON and SAL also showed high rates in autumn (Table S6).
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Fig. 13. Annual Gongolaria abies-marina frond production for each site on Gran Canaria Island: Playa
Canaria (PLC), El Confital (CON), Salinetas (SAL) and Clavellinas (CLA).

Discussion

Despite the important role that the genus Cystoseira s.l. plays as a habitat-former on Atlantic
coasts, we have a limited knowledge of the population dynamics of most species; this is
especially true for less conspicuous species such as G. abies-marina. To our knowledge, ours is
the first study to address the seasonal dynamics of macroscopic fronds of this species, providing
insight into the frond size-structure and possible intraspecific relationships of G. abies-marina.
We provide a more precise phenology than the descriptive studies carried out previously
(Gonzalez and Afonso-Carrillo 1990; Medina 1997). In particular, we linked quantitative data on
canopy structure with seasonality of environmental drivers. However, results should be

interpreted with caution, as our study is limited to four sites on one island for one year.

We found a temporal shift in the frond size structure of G. abies-marina on the island of Gran
Canaria, mainly related to the prevalence of the fertile stage, which showed the largest
variability in relation to environmental predictors. The models that best fit included three
environmental factors (Pw, PAR and SST) and explained a moderate variation in the seasonality
of the fertile stage. Two predictors (PAR and SST) did not differ much between sites, but wave
power showed considerable spatial and temporal variation. In general, the density, biomass and

length of the fertile stage decreased with increased wave power. The lower, seasonally constant,
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wave power observed at the eastern sites (SAL and CLA) seems to be connected with the highest
temporal consistency of their canopy descriptors. At these sites, in particular, we found fertile
fronds throughout the entire year. In winter, under decreased SST and PAR, the density and
biomass of fertile fronds also decreased. At PLC and CON, sites located on the more exposed
northern coast, canopy descriptors followed a more seasonal pattern, with the highest density
and biomass of fertile fronds in the months of lower wave energy, and minimum density and
biomass in the winter months, when the wave energy, mostly induced by NW swells, is

maximum, while SST and PAR are low.

Previous work on G. abies-marina from the Canarian Archipelago (Gonzalez and Afonso-Carrillo,
1990; Medina 1997) and some Cystoseira s.l. species from the Mediterranean (Ballesteros 1988,
1990a, 1990b; Delgado et al. 1994; Sales and Ballesteros 2012) showed a simple seasonal
pattern, with maximum biomass in late spring and early summer, and minimum in autumn and
winter. However, in our study, at CON, SAL and CLA, the algal biomass cycle showed a rather
bimodal pattern, with production peaking in spring and a less accentuated peak in late summer—
early autumn. This pattern is similar to that found for Gongolaria nodicaulis (Withering) Molinari
& Guiry on the north coast of Spain (Arenas et al., 1995) and Ericaria brachycarpa on the north-
western coast of France (Hoffmann et al.,, 1992). The contrasting seasonality, relative to
Mediterranean and northern Atlantic species of Cystoseira s.l., may result from the narrower
annual environmental variation around the Canarian Archipelago, in comparison with
Mediterranean and Atlantic shores (Arenas et al. 1995; Tuya et al. 2006). For example, the
seagrass Cymodocea nodosa, in the Canary Islands, shows a smoothed seasonal production
pattern compared with the Mediterranean (Tuya et al. 2006). There may be other mechanisms
which help to explain the second period of production, particularly that the modular
construction of G. abies-marina allows the plant to regrow following losses suffered in its
senescent phase, and the highly efficient nutrient uptake mechanisms (Delgado et al. 1994; Rico

and Fernandez 1997).

As previously indicated, the population structure of G. abies-marina was spatially and temporally
variable, associated with wave power, demonstrating the importance of exposure to waves in
determining algal canopy density, biomass and morphology (Hurd 2000; Engelen et al. 2005).
For many macroalgae, specimens subjected to heavy waves are typically smaller, thicker and
have stronger holdfasts than those growing in calmer waters (Hurd 2000; Thomsen and
Wernberg 2005). This morphological plasticity modulated by wave energy also reduces
hydrodynamic drag forces to minimize dislodgement (de Bettignies et al. 2015). Previous,

spatially non-replicated, work on G. abies-marina (Medina 1997) showed that canopies from an
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exposed location were larger, more branched and had greater biomass than canopies from a
less exposed location. Our results were not congruent with Medina (1997), since we found a
clear decrease in all canopy descriptors under increased wave exposure scenarios, both spatially

(i.e., inter-site differences) and temporally (i.e., in winter for each site).

In this study, we have reported a temporally stable situation in terms of frond size-structure;
small fronds (0—6 cm, class 1 and 2) predominate throughout the entire year. This finding
suggests the prevalence of positive interactions in the closed canopies of G. abies-marina. High-
density canopies favour high humidity at low tide, maintaining a low temperature and reducing
the water velocity, decreasing the amount of drag experienced by small fronds; this is in
accordance with other clonal seaweeds (Collado-Vides 2002; Scrosati 2005; Rivera and Scrosati,
2008). In G. abies-marina stands, algal biomass is concentrated in the largest fronds, which are
highly branched, so they can induce shading and/or whiplash on the understorey of smaller
fronds below. However, this effect does not seem to affect their success. In turn, strategies to
adapt to the stressful conditions of the low intertidal and upper subtidal, where crowded
conditions seem to drive facilitative relationships, may improve population persistence, as
demonstrated for other canopy-forming algal populations (Santelices 2004; Bennett and
Wernberg 2014). In any case, experimental work, at local scales, would be necessary to unravel

the direction of interactions between small and large-sized fronds.

The annual production of G. abies-marina in Gran Canaria (5,380.9 g dwt m™ year™) was higher
than that previously estimated in the Canary Islands (1,293.2 g dwt m~2 year™*; Medina 1997)
and other Mediterranean Cystoseira-dominated assemblages (Ballesteros 1988, 1990a, 1990b;
Sales and Ballesteros 2012a). The primary annual production of G. abies-marina was as large as
that observed for kelps and other fucoids around the world (Chung et al. 2011; Krumhansl and
Scheibling 2012). The dramatic decline of G. abies-marina forests in recent decades, ~9.2 km? in
Gran Canaria (Valdazo et al. 2017), means the loss of high primary production (16,831.6 Mg C
year™). Although more research is key to understanding the carbon flows from macroalgal
forests, a considerable proportion of the carbon provided by G. abies-marina forests could end
up sequestered by means of detrital export into the deep sea, or adjacent marine sediments

(Krause- Jensen and Duarte 2016).

Currently, G. abies-marina is nationally and regionally protected within the framework of the
Spanish and Canarian Catalogues of Protected Species, as over the last few decades, there has
been a massive decline across the entire Canarian archipelago (Medina and Haroun 1994;

Valdazo et al. 2017). Population dynamics are poorly understood for most of the Cystoseira s.|.
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species from Macaronesia, so better knowledge of G. abies-marina makes an important
contribution. More efforts are necessary to better understand key ecological processes shaping
these dynamics. For conservation and restoration purposes, it is necessary to know if there are
demographic constraints (e.g., Allee effects), whereby population persistence displays positive
density-dependence (Berec et al. 2007). In addition, G. abies-marina should be considered
within blue carbon conservation and restoration strategies to mitigate climate change in
response to carbon neutral strategies. These future studies will improve conservation actions

for this habitat-forming organism.
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Supplementary material

Table S1. Environmental and anthropogenic characteristics of the study sites. PAR = average annual value
of photosynthetic active radiation; SST = average annual value of sea surface temperature; Chla = average
annual value of Chlorophyll a concentration; Pw = average annual wave power; HAPI = Human Activities
and Pressures Index, according to Valdazo et al. (2017)*. Geomorphological variables according to

Ballesteros et al. (2007).

site PAR SST Chla Pw Coastline Substrate Coastline Coastline HAPI
(Ecm?s?) (°C) (mgm3) (Kwm™?) morphology constitution slope orientation

PLC 42.27 21.21 0.19 105 Low coast Basalt Horizontal Northwest 1.93

CON 40.56 21.36 0.18 12.75 Low coast Basalt Sub-vertical Northwest 3.24

SAL 41.75 21.09 0.21 4.5 Low coast Basalt Horizontal East 4

CLA 41.74 21.09 0.21 4.5 Low coast Basalt Sub-vertical East 4

*higher values mean more pressures.

Table S2. Results of the two-sample Kolmogorov-Smirnov test (D) checking for differences in size-structure

between sites and months.

Population 1

Population 2

Month D P-value

May Playa Canaria June Playa Canaria 0.286 0.963
May Playa Canaria July Playa Canaria 0.286 0.963
May Playa Canaria August Playa Canaria 0.286 0.963
May Playa Canaria September Playa Canaria 0.143 1

May Playa Canaria October Playa Canaria 0.286 0.963
May Playa Canaria November Playa Canaria 0.286 0.963
May Playa Canaria December Playa Canaria 0.428 0.541
May Playa Canaria February Playa Canaria 0.428 0.541
May Playa Canaria April Playa Canaria 0.286 0.963
June Playa Canaria July Playa Canaria 0.286 0.963
June Playa Canaria August Playa Canaria 0.286 0.963
June Playa Canaria September Playa Canaria 0.286 0.963
June Playa Canaria October Playa Canaria 0.428 0.575
June Playa Canaria November Playa Canaria 0.286 0.963
June Playa Canaria December Playa Canaria 0.286 0.937
June Playa Canaria February Playa Canaria 0.428 0.541
June Playa Canaria April Playa Canaria 0.286 0.963
July Playa Canaria August Playa Canaria 0.286 0.963
July Playa Canaria September Playa Canaria 0.286 0.963
July Playa Canaria October Playa Canaria 0.428 0.575
July Playa Canaria November Playa Canaria 0.428 0.575
July Playa Canaria December Playa Canaria 0.428 0.541
July Playa Canaria February Playa Canaria 0.571 0.203
July Playa Canaria April Playa Canaria 0.286 0.963
August Playa Canaria September Playa Canaria 0.286 0.963
August Playa Canaria October Playa Canaria 0.286 0.937
August Playa Canaria November Playa Canaria 0.143 1

August Playa Canaria December Playa Canaria 0.286 0.937
August Playa Canaria February Playa Canaria 0.286 0.937
August Playa Canaria April Playa Canaria 0.143 1
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September Playa Canaria
September Playa Canaria
September Playa Canaria
September Playa Canaria
September Playa Canaria
October Playa Canaria
October Playa Canaria
October Playa Canaria
October Playa Canaria
November Playa Canaria
November Playa Canaria
November Playa Canaria
December Playa Canaria
December Playa Canaria
February Playa Canaria
May Confital

May Confital

May Confital

May Confital

May Confital

May Confital

May Confital

May Confital

May Confital

June Confital

June Confital

June Confital

June Confital

June Confital

June Confital

June Confital

June Confital

July Confital

July Confital

July Confital

July Confital

July Confital

July Confital

July Confital

August Confital

August Confital

August Confital

August Confital

August Confital

August Confital
September Confital
September Confital
September Confital
September Confital
September Confital
October Confital
October Confital

October Playa Canaria
November Playa Canaria
December Playa Canaria
February Playa Canaria
April Playa Canaria
November Playa Canaria
December Playa Canaria
February Playa Canaria
April Playa Canaria
December Playa Canaria
February Playa Canaria
April Playa Canaria
February Playa Canaria
April Playa Canaria
April Playa Canaria
June Confital

July Confital

August Confital
September Confital
October Confital
November Confital
December Confital
February Confital

April Confital

July Confital

August Confital
September Confital
October Confital
November Confital
December Confital
February Confital

April Confital

August Confital
September Confital
October Confital
November Confital
December Confital
February Confital

April Confital
September Confital
October Confital
November Confital
December Confital
February Confital

April Confital

October Confital
November Confital
December Confital
February Confital

April Confital
November Confital
December Confital

0.285
0.285
0.428
0.428
0.285
0.285
0.143
0.285
0.286
0.143
0.286
0.143
0.143
0.286
0.286
0.428
0.286
0.428
0.571
0.286
0.286
0.428
0.286
0.286
0.286
0.571
0.571
0.428
0.571
0.428
0.428
0.285
0.428
0.571
0.428
0.428
0.428
0.428
0.286
0.286
0.286
0.143
0.428
0.143
0.428
0.286
0.286
0.428
0.286
0.571
0.286
0.286

0.963
0.963
0.541
0.541
0.963
0.963

0.937
0.937

0.937

0.937
0.937
0.575
0.963
0.575
0.212
0.963
0.963
0.541
0.963
0.963
0.963
0.212
0.212
0.575
0.212
0.541
0.575
0.962
0.575
0.212
0.575
0.575
0.575
0.575
0.963
0.963
0.963

0.541

0.575
0.963
0.963
0.541
0.963
0.212
0.963
0.937
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October Confital
October Confital
November Confital
November Confital
November Confital
December Confital
December Confital
February Confital
May Salinetas

May Salinetas

May Salinetas

May Salinetas

May Salinetas

May Salinetas

May Salinetas

May Salinetas

May Salinetas

June Salinetas

June Salinetas

June Salinetas

June Salinetas

June Salinetas

June Salinetas

June Salinetas

June Salinetas

July Salinetas

July Salinetas

July Salinetas

July Salinetas

July Salinetas

July Salinetas

July Salinetas
August Salinetas
August Salinetas
August Salinetas
August Salinetas
August Salinetas
August Salinetas
September Salinetas
September Salinetas
September Salinetas
September Salinetas
September Salinetas
October Salinetas
October Salinetas
October Salinetas
October Salinetas
November Salinetas
November Salinetas
November Salinetas
December Salinetas
December Salinetas

February Confital
April Confital
December Confital
February Confital
April Confital
February Confital
April Confital

April Confital

June Salinetas

July Salinetas
August Salinetas
September Salinetas
October Salinetas
November Salinetas
December Salinetas
February Salinetas
April Salinetas

July Salinetas
August Salinetas
September Salinetas
October Salinetas
November Salinetas
December Salinetas
February Salinetas
April Salinetas
August Salinetas
September Salinetas
October Salinetas
November Salinetas
December Salinetas
February Salinetas
April Salinetas
September Salinetas
October Salinetas
November Salinetas
December Salinetas
February Salinetas
April Salinetas
October Salinetas
November Salinetas
December Salinetas
February Salinetas
April Salinetas
November Salinetas
December Salinetas
February Salinetas
April Salinetas
December Salinetas
February Salinetas
April Salinetas
February Salinetas
April Salinetas

0.143
0.428
0.428
0.143
0.428
0.285
0.428
0.428
0.143
0.286
0.286
0.286
0.143
0.428
0.428
0.143
0.286
0.286
0.428
0.286
0.286
0.286
0.286
0.286
0.285
0.143
0.286
0.286
0.286
0.428
0.143
0.286
0.428
0.143
0.428
0.428
0.143
0.286
0.286
0.286
0.286
0.286
0.286
0.286
0.428
0.143
0.286
0.286
0.286
0.286
0.428
0.428

0.575
0.541

0.575
0.937
0.541
0.575

0.963
0.937
0.937

0.575
0.575

0.963
0.963
0.575
0.937
0.963
0.937
0.963
0.963
0.963

0.937
0.963
0.963
0.575

0.963
0.541

0.575
0.575

0.963
0.937
0.937
0.937
0.937
0.937
0.963
0.575

0.963
0.963
0.963
0.963
0.575
0.575
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February Salinetas April Salinetas 0.286 0.963
May Salinetas June Salinetas 0.286 0.963
May Salinetas July Salinetas 0.286 0.963
May Salinetas August Salinetas 0.286 0.963
May Salinetas September Salinetas 0.428 0.575
May Salinetas October Salinetas 0.286 0.963
May Salinetas November Salinetas 0.571 0.212
May Salinetas December Salinetas 0.143 1

May Salinetas February Salinetas 0.143 1

May Salinetas April Salinetas 0.286 0.937
June Salinetas July Salinetas 0.1423 1

June Salinetas August Salinetas 0.143 1

June Salinetas September Salinetas 0.428 0.575
June Salinetas October Salinetas 0.286 0.963
June Salinetas November Salinetas 0.428 0.575
June Salinetas December Salinetas 0.428 0.541
June Salinetas February Salinetas 0.286 0.963
June Salinetas April Salinetas 0.428 0.575
July Salinetas August Salinetas 0.286 0.963
July Salinetas September Salinetas 0.428 0.575
July Salinetas October Salinetas 0.286 0.963
July Salinetas November Salinetas 0.428 0.575
July Salinetas December Salinetas 0.428 0.541
July Salinetas February Salinetas 0.286 0.963
July Salinetas April Salinetas 0.428 0.575
August Salinetas September Salinetas 0.428 0.575
August Salinetas October Salinetas 0.286 0.963
August Salinetas November Salinetas 0.571 0.212
August Salinetas December Salinetas 0.428 0.541
August Salinetas February Salinetas 0.286 0.963
August Salinetas April Salinetas 0.286 0.963
September Salinetas October Salinetas 0.286 0.963
September Salinetas November Salinetas 0.286 0.963
September Salinetas December Salinetas 0.286 0.937
September Salinetas February Salinetas 0.286 0.963
September Salinetas April Salinetas 0.286 0.963
October Salinetas November Salinetas 0.428 0.575
October Salinetas December Salinetas 0.286 0.937
October Salinetas February Salinetas 0.286 0.963
October Salinetas April Salinetas 0.286 0.963
November Salinetas December Salinetas 0.428 0.541
November Salinetas February Salinetas 0.428 0.575
November Salinetas April Salinetas 0.428 0.575
December Salinetas February Salinetas 0.143 1

December Salinetas April Salinetas 0.143 1

February Salinetas April Salinetas 0.143 1

Sites

May Playa Canaria May Confital 0.286 0.963
May Playa Canaria May Salinetas 0.428 0.575
May Playa Canaria May Clavellinas 0.143 1

May Confital May Salinetas 0.286 0.963
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May Confital

May Salinetas

June Playa Canaria

June Playa Canaria

June Playa Canaria

June Confital

June Confital

June Salinetas

July Playa Canaria

July Playa Canaria

July Playa Canaria

July Confital

July Confital

July Salinetas

August Playa Canaria
August Playa Canaria
August Playa Canaria
August Confital

August Confital

August Salinetas
September Playa Canaria
September Playa Canaria
September Playa Canaria
September Confital
September Confital
September Salinetas
October Playa Canaria
October Playa Canaria
October Playa Canaria
October Confital
October Confital
October Salinetas
November Playa Canaria
November Playa Canaria
November Playa Canaria
November Confital
November Confital
November Salinetas
December Playa Canaria
December Playa Canaria
December Playa Canaria
December Confital
December Confital
December Salinetas
February Playa Canaria
February Playa Canaria
February Playa Canaria
February Confital
February Confital
February Salinetas

April Playa Canaria

April Playa Canaria

May Clavellinas

May Clavellinas

June Confital

June Salinetas

June Clavellinas

June Salinetas

June Clavellinas

June Clavellinas

July Confital

July Salinetas

July Clavellinas

July Salinetas

July Clavellinas

July Clavellinas
August Confital
August Salinetas
August Clavellinas
August Salinetas
August Clavellinas
August Clavellinas
September Confital
September Salinetas
September Clavellinas
September Salinetas
September Clavellinas
September Clavellinas
October Confital
October Salinetas
October Clavellinas
October Salinetas
October Clavellinas
October Clavellinas
November Confital
November Salinetas
November Clavellinas
November Salinetas
November Clavellinas
November Clavellinas
December Confital
December Salinetas
December Clavellinas
December Salinetas
December Clavellinas
December Clavellinas
February Confital
February Salinetas
February Clavellinas
February Salinetas
February Clavellinas
February Clavellinas
April Confital

April Salinetas

0.286
0.286
0.428
0.286
0.428
0.285
0.428
0.428
0.428
0.143
0.286
0.286
0.143
0.286
0.286
0.286
0.286
0.428
0.286
0.143
0.286
0.428
0.428
0.571
0.428
0.286
0.286
0.428
0.286
0.428
0.143
0.428
0.286
0.428
0.428
0.428
0.571
0.143
0.143
0.571
0.143
0.428
0.143
0.428
0.428
0.428
0.286
0.286
0.286
0.286
0.286
0.428

0.963
0.963
0.575
0.963
0.575
0.963
0.575
0.575
0.575

0.963
0.963

0.963
0.963
0.963
0.963
0.575
0.963

0.963
0.541
0.575
0.203
0.575
0.937
0.963
0.575
0.963
0.575

0.575
0.963
0.575
0.575
0.575
0.212

0.203

0.541

0.541
0.541
0.541
0.937
0.963
0.963
0.963
0.963
0.575
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April Playa Canaria
April Confital

April Confital

April Salinetas

April Clavellinas
April Salinetas

April Clavellinas
April Clavellinas

0.143
0.286
0.428
0.428

0.963
0.575
0.575
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Table S3. Optimal GAM models explaining annual variation in the frond density of G. abies-marina.

Models and terms Estimate df t value F value P
Total density (D3)
Intercept 2.254 99.69 <2x10716 ***
Pw - - - -
s(PAR) 4.345 2.083 0.0007 ***
s(SST) - - -
Non-fertile density (NFD5)
Intercept 2.14 84.72 <2x10716 ***
Pw - - - -
s(PAR) 4.953 2.87 5.5x10>%**
s(SST) - - -
Fertile density (FD7)
Intercept 1.36 28.18 <2x10716 ***
Pw -0.059 -10.45 <2x10Q716 ***
s(PAR) 8.125 4.893 7.10x107 ***
s(SST) 8.571 5.567 7.78x10°8 ***

*P<0.05; **P < 0.01; ***P < 0.001

Table S4. Optimal GAM models explaining annual variation in the frond biomass of G. abies-marina.

Model term Estimate df t value F value P
Total biomass (B7)
Intercept -0.429 -5.899 1.3x107 ***
Pw -0.062 -7.305 4.8x10712 **:*
s(PAR) 6.126 4,213 4x10Q7 ***
s(SST) 8.302 - 5.316 2.7x10°8 ***
Non-fertile biomass (NFB4)
Intercept -1.90 -51.81 <2x10716 ***
Pw - - - -
s(PAR) 7.427 2.741 0.0004 ***
s(SST) 7.568 2.144 0.004 **
Fertile biomass (FB7)
Intercept 0.669 22.164 <2x10716 ***
Pw -0.026 -7.341 3.9x10712 ***
s(PAR) 6.891 3.811 6.9x107° ***
s(SST) 8.509 5.027 1.8x107 ***

*P<0.05; **P < 0.01; ***P < 0.001

65



Table S5. Optimal GAM models explaining annual variation in the length of G. abies-marina.

Models and terms Estimate df T value F value P
Adult length (LA11)
Intercept 0.115 22.56 <2x10716 ***
Pw 0.004 6.691 1.7x10710 *%x*
s(PAR) 8.195 2.050 0.0065 **
s(SST) 4.687 1.382 0.0103 *
Fertile length (LF10)
Intercept 17.87 22.844 <2x10Q716 *x**
Pw -0.675 -7.446 2.1x10712 ***
s(PAR) 6.523 2.634 0.0003 ***
s(SST) 7.784 2.979 0.00015 ***

*P<0.05; **P < 0.01; ***P < 0.001

Table S6. Annual production of G. abies-marina fronds. t: time (days), B1and Bz are the biomasses (g
dwt m~) at the start and the end of each period, P: production (g dwt m=), r (daily biomass turnover
ratio).

Site Period t B B:1 P r

May 14 —Jun 14 30 6185 3033.3 . 0.024
Jun 14 - Jul 14 30 5111.7 6185.0 -
Jull4d - Aug 14 30 4460 5111.67 -
Augld —Sep 14 30 3908.3 4460.0 -

PLC Sep 14-0Oct 14 30 2811.6 3908.33 -
Oct 14 — Nov 14 30 1680.0 2811.67 -
Nov 14 — Dec 14 30 1350.0 1680.0 -
Dec 14 —Feb 15 60 1653.3 1350.0 303.3 0.003
Feb 15— Apr 15 60 2880.0 1653.3 1226.6 0.009
Annual production 4681.7
May 14 —Jun 14 30 7936.7 6295.0 1641.7 0.008
Jun 14 -Jul 14 30 8265.0 7936.7 328.3 0.001
Jull4 - Aug 14 30 6361.6 8265.0 -
Augld —Sep 14 30 2260.0 6361.6 -

CON Sep 14 -Oct 14 30 3838.3 2260.0 1578.3 0.017
Oct 14— Nov 14 30 2471.7 3838.3 -
Nov 14 — Dec 14 30 1206.7 2471.7 -
Dec 14 — Feb 15 60 1578.8 1206.7 372.1 0.004
Feb 15 — Apr 15 60 3485.0 1578.8 1906.3 0.013
Annual production 5823.7
May 14 —Jun 14 30 9063.33 7536.67 1526.66 0.006
Jun 14 - Jul 14 30 7926.67 9063.33 -
Julld - Aug 14 30 5398.33 7926.67 -

SAL Augld —Sep 14 30 7156.67 5398.33 1758.34 0.009
Sep 14-0Oct 14 30 5483.33 7156.67 -
Oct 14 — Nov 14 30 7968.33 5483.33 2485.00 0.012
Nov 14 — Dec 14 30 4475.00 7968.33 -
Dec 14 — Feb 15 60 4515 4475.00 40 0.0001
Feb 15— Apr 15 60 5248.33 4515.00 733.33 0.002
Annual production 6543.33
May 14 —Jun 14 30 6228.33 2565.00 3663.33 0.029
Jun 14 - Jul 14 30 5713.33 6288.33 -

CLA Jull4 - Aug 14 30 4348.33 5713.33 -
Augld —Sep 14 30 5010.00  4348.33 661.67 0.005
Sep 14-0Oct 14 30 4620.00 5010.00 -
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Oct 14 —Nov 14 30 4610.00 4620.00 -
Nov 14 — Dec 14 30 2236.67  4610.00 -
Dec 14 — Feb 15 60 2275.00  2236.67 38.4 0.0003
Feb 15— Apr 15 60 2386.67 2275.00 111.67 0.0008
Annual production (g dwt m™) 4475.07
Mean annual frond production (g dwt m) 5380.95
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Figure S1. Temporal changes in environmental predictors. (A) photosynthetically active radiation (PAR,
Einstein st cm); (B) sea surface temperature (SST, °C); (C) wave power (Pw, Kw m™); (D) Chlorophyll a

(Chla, mg m3).
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Abstract

Similar to other coastal regions worldwide, forests created by brown macroalgae have severely
declined in recent decades across the Macaronesian oceanic archipelagos (northeastern
Atlantic), eroding the provision of ecosystem services. However, the putative effects of natural
and anthropogenic stressors (both local and global) on such declines across spatial and temporal
scales remain unresolved. Using data collected from the oceanic island of Gran Canaria (Canary
Islands) over the last four decades, we initially investigated the relationship between time series
of global (ocean warming, marine heat waves, and solar radiation) and local anthropogenic
stressors (levels of local human activity) with changes in the distribution and extent of the
canopy-forming brown macroalgae Gongolaria abies-marina on the rocky intertidal and adjacent
shallow subtidal zones. We also quantified the presence of populations at small scales in two
types of microhabitats (“open rock” versus “refugia”). Through herbarium records, we
additionally analysed the historical variation in the thallus size of the species. Finally, we
experimentally assessed the thermotolerance of embryonic stages to warming. The main
environmental drivers explaining the regression of G. abies-marina were the increasing number
of marine heatwaves, while the number of local human impacts (quantified through the HAPI
index) also accounted for further regression in the extent of marine forests. Warming
experimentally reduced the survival and size of macroalgal embryos. A progressive
miniaturisation of the species, currently restricted to micro-habitat refuges as a survival strategy,
seems likely to be the final stage in the progressive disappearance of this macroalgae from the

island rocky shores.

Keywoord: global change; conservation; Atlantic, seaweed; habitat-forming; marine heatwaves
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Introduction

Marine forests created by canopy-forming brown macroalgae (Laminariales, Tilopteriales, and
Fucales) globally form highly productive ecosystems on rocky coastlines, increasing structural
complexity and providing habitats for associated species (Wernberg and Filbee-Dexter 2019).
Macroalgal forests, because of their high primary productivity rates, are important contributors
to the benthic carbon cycle of rocky coasts (Krause-Jensen and Duarte 2016), aside from other
relevant ecosystem services provided, such as nutrient cycling, food production, nursery habitat
and control of water quality (De La Fuente et al. 2019; Eger et al. 2023). In the past half century,
however, threats to canopy-forming brown macroalgae have increased in number and severity,
leading to a decline in their abundance in many places of temperate latitudes (Mineur et al.
2015; Krumhansl et al. 2016). The loss of macroalgal forests also implies a damage, or
impoverishment, in the provision of ecosystem services (Smale et al. 2019). Understanding the
causes in declines of macroalgal forests are essential for implementing appropriate conservation

and restoration schemes (Coleman and Wernberg 2017).

A combination of natural and anthropogenic stressors often explains the decay of macroalgal
forests around the world (Strain et al. 2014; Mineur et al. 2015; Krumhansl et al. 2016) . Among
these stressors, climate change has become one of the most importance drivers of such global
ecological change (Wernberg et al. 2016). Currently, there is evidence that climate change has
modified the distribution of species, which has altered the structure and functioning of
ecosystems (Pecl et al. 2017). Many species have changed their geographic distribution,
colonizing more favourable habitats Vergés et al. 2014; Bevilacqua et al. 2019; Alvarez-Losada
et al. 2020), while becoming extinct in areas previously occupied (Gouvéa et al. 2017; de
Bettignies et al. 2018; Gurgel et al. 2020). Extreme events of thermal anomalies, in particular
Marine Heat Waves (MHWs), have occurred with increasing intensity, frequency, and duration
around the world (Hobday et al. 2016; Oliver et al. 2018; Thoral et al. 2022), which abruptly alter
the structure and function of marine ecosystems, including forests of brown macroalgae
(Wernberg et al. 2016; Straub et al. 2019; Gupta et al. 2020; Smale 2020; Pesarrodona et al.
2021). Concurrently, local human disturbances, such as habitat destruction, pollution and
eutrophication, act cumulatively and even synergistically, amplifying the effects of climate
change on coastal habitats (Gouvéa et al. 2017; Orfanidis et al. 2021). From a conservation point
of view, it is critical to ascertain, not only the nature of varying factors involved in declines of
macroalgal forests, but also their relative contributions, and how these factors alter processes
across levels of organization, from physiological effects to ecological interactions (Coté et al.

2016; Duarte et al. 2018).
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Chronic warming and MHWs affect the phenology and physiology of macroalgal species creating
marine forests, harming their performance, growth, and size (Doney et al. 2012; Smith et al.
2023), increasing their vulnerability to other stressors, and eventually leading to population
decline and local extinction (Wernberg et al. 2010, 2016). A large body of literature has
evaluated thermal stress on the physiology and biology of brown algae, both for early and adult
stages (Andrews et al. 2014; Capdevila et al. 2019; Falace et al. 2021; Verdura et al. 2021).
Overall, the pattern that has emerged is a high sensitivity for the early life stages, and a relative
ability of adults to survive over broader temperature ranges, physiologically compensating
thermal stress (Falace et al. 2021; Verdura et al. 2021). The speed, extent and magnitude of
species’ range shifts following MHWs, as well as their capacity to recover, are highly variable
and may be dependent on species’ traits and local and regional processes (Sunday et al. 2015;
Smale et al. 2019; Smith et al. 2023). For example, corals, seaweeds, and seagrasses are more
sensitive to MHWSs than mobile species (Garrabou et al. 2009; Stipcich et al. 2022; Smith et al.
2023), often exhibiting sharp declines after exposure to anomalously high temperatures
(Garrabou et al. 2009; Wernberg et al. 2016). Often, due to warming and/or extreme events,
species find refuge in cryptic habitats, as a survival strategy, allowing their persistence and
recovery, or ultimately as a final stage before its disappearance (Franco et al. 2015; Shay et al.

2021; Verdura et al. 2021; Zarco-Perello et al. 2021; Grimaldi et al. 2023).

Brown macroalgae of the genera Cystoseira, Ericaria and Gongolaria (Fucales, Phaeophyceae),
Cystoseira sensu lato (s.lI), are key components of Mediterranean-Atlantic marine forests,
essential for biodiversity and ecosystem functioning (Tuya and Haroun 2006), which have
suffered severe declines in the last decades (Thibaut et al. 2005; Blanfuné et al. 2016; Valdazo
et al. 2017; Bernal-lIbafnez et al. 2021b). Populations of these species are particularly vulnerable
to anthropogenic impacts and, therefore, are indicators of good environmental status (Blanfuné
et al. 2017). Across the coasts of the Macaronesian oceanic archipelagos (eastern Atlantic), a
range of local human activities have altered coastal habitats (Tuya et al. 2014; Ferrer-Valero et
al. 2017; Bernal-lbafiez et al. 2021b). At the same time, ocean warming has been attributed to
have negative effects on brown seaweeds (Sansdn et al. 2013; Geppi and Riera 2022), and the
occurrence of MHWSs has become more frequent and intense in recent decades (Bernal-Ibdnez
et al. 2022). In the NE Atlantic coast, the decline and even disappearance of these species have
been reported (Friedlander et al. 2017; Valdazo et al. 2017; Bernal-lbafiez et al. 2021b; Martin-
Garcia et al. 2022), and several processes, such as herbivory by sea-urchins, human
development, extreme wave events and MHWs have been pointed in this sense (Bernal-lbanez

et al. 2021a, b; Martin-Garcia et al. 2022).

72



In this study, we collected data in the oceanic island of Gran Canaria (Canary Islands, eastern
Atlantic) through the last four decades, as a regional case-study, to initially link time series of
local (levels of local human activity) and global anthropogenic stressors (ocean warming, marine
heatwaves and solar radiation) with spatio-temporal decreases in the distribution of the brown
macroalgae Gongolaria abies-marina on the rocky intertidal and adjacent shallow subtidal. We
also compared the presence of G. abies-marina, at small-scales, according to local micro-habitat
topography (“open rock” versus “refugia”). Through herbarium sheets, we also analysed the
historical variation in the thallus size of the species to assess whether miniaturization of the
species occurs as a final stage in the regression of the macroalgae. This observational data was
then complemented with an experimental assessment of the thermo-tolerance of early stages
of this macroalgae to warming. At the end, we aimed to partition the effects of a range of
environmental and anthropogenic drivers on the progressive disappearance in marine forests

created by G. abies-marina at the island scale.

Material and Methods

Target species and historical distribution

Gongolaria abies-marina (S.G. Gmelin) Kuntze is a species of Cystoseira s.l. that thrives almost
exclusively in the NE Atlantic coasts (Macaronesia and adjacent coasts of north-western Africa)
with marginal populations in the western Mediterranean Sea (Ribera et al. 1992) . In the Canarian
Archipelago, this is a habitat-forming species that created extensive marine forests from the
lower intertidal to the shallow subtidal in coasts exposed to high wave action (Tuya and Haroun
2006; Sangil et al. 2011; Martin-Garcia et al. 2022) . This is a perennial caespitose macroalgae
with no conspicuous holdfast and no stipe, attached to the substratum by small discoid haptera
(Gil-Rodriguez et al. 1988; Gomez Garreta et al. 2000). Individuals are monoecious, with male
and female gametes housed within the same conceptacle, which are grouped in terminal (apical)
receptacles (Gil-Rodriguez et al. 1988). Reproduction is oogamic (large non-motile eggs and
biflagellate sperm) and fertilization is external (Guern 1962; Goémez-Garreta et al. 2000). After
fertilization, large and free-living zygotes (~70— 100 um) rapidly sink on the bottom, where they
are fixed during the first 12— 24 hr (Verdura et al. 2021). This gives the species a low dispersal
ability (< 20 cm; Mangialajo et al. 2012). In the study area, the growth pattern is seasonal
(Medina et al. 1997; Valdazo et al. 2021), and reproductive structures are present throughout

the entire year, but are more abundant from May to November (Valdazo et al. 2020).

Valdazo et al. (2017) presented the historical distribution of G. abies-marina in Gran Canaria

(Figs. 1A and 1B) from the 80s to 2016, which included an up-to-date current distribution through
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field surveys between 2015 and 2016. Locally, the distribution of populations was categorized
as: rare, scattered patches (small patches normally thriving in crevices), abundant patches (large
patches forming irregular belts) and continuous belts (wide and continuous belts irrespective of
local topography). All G. abies-marina populations were geo-localized and recorded on A4 aerial
photographs from the IGN (Instituto Geografico Nacional, 1:2500 scale). Changes in the
distribution (Km de coastal perimeter) and extent (occupied area in ha) over time were analysed
with the open-source QGIS (http://www.qgis.org), using a 1:2500 scale and a WGS-84/UTM Zone

28N coordinate system.
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Fig. 1 (A) Location of Gran Canaria Island in the eastern Atlantic and the distribution of the grid used to map the
temporal distribution of G. abies-marina. The blue dot corresponds to the location of Salinetas, where sample
collection of reproductive tissue took place. (B) Historical distribution of G. abies-marina around Gran Canaria.

In this study, to relate spatio-temporal changes in the distribution of populations with spatio-
temporal changes in local and global stressors, the coast was divided in a grid of (5 x 5 Km) 28
sectors (Fig. 1A), where several environmental drivers were estimated (see below). To
operationally link changes in the temporal distribution of G. abies-marina with sets of local and
global stressors, we finally considered three temporal frames: 1981-1986 (algal distribution data
provided by Wildpret et al. 1987; Valdazo et al. 2017), 1987-2007 (Rodriguez et al. 2008), and
2008-2016 (Valdazo et al. 2017).
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Small-scale distribution patterns

To describe small-scale patterns in the distribution of G. abies-marina, populations were
classified into two different micro-habitat types: “open rock” (individuals living in open rocky
areas) (Fig. 2A) and “refugia” (individuals living in topographical refuges, e.g., crevices, Fig. 2B),

as reported for other brown macroalgae (Franco et al. 2015).

Fig. 2 (A) Large intertidal patch of G. abies-marina (“open rock” micro-habitat); (B) presence of G. abies-

marina in a crevice (“refugia” micro-habitat); (C) Experimental mesocosm where early-stages of the
macroalgae were subjected to varying thermal treatments; (D) herbarium sheets of two specimens of
the studied macroalgae.

To compare temporal patterns in the local-scall distribution of G. abies-marina, we used the
proportion occupied in each micro-habitat (“open rock” vs “refugia”) in each sector around the
island. A Generalized Mixed-effects Linear Model (GLMM) then tested whether the proportion
differed between micro-habitats through times (two-way interaction, ‘time x micro-habitat’).
Sector was included as a random effect. The model was implemented in the R ‘glmmTMB’
package (Brooks et al. 2023), as a zero-inflated model with a “beta” error distribution family.
Model assumptions were checked through the R ‘performance’ package (Liidecke et al. 2021).
Also, we fitted a linear regression with local distribution data collected in 2016 to test whether
the extent (area) occupied by G. abies-marina per sector predicted the local proportion of

populations in “open rock” and “refugia”.
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Local and global environmental drivers

To explain changes in the distribution of G. abies-marina over time, we used time series of
potential environmental drivers affecting the distribution of the species, according to previous
studies on this species (Tuya and Haroun 2006; Sangil et al. 2014; Martin-Garcia et al. 2022) and
other brown canopy-forming macroalgae (Alvarez-Losada et al. 2020). Local (small-scale)
environmental drivers describe the population-level conditions throughout the study area, such
as coastal geomorphology, exposure to waves, and anthropic pressures. Whereas global
environmental drivers here refer to climatic conditions that account for global warming, extreme

events, and variation solar radiation.

Local geomorphology and wave energy

We used the digital terrain model from the eco-cartographic study of Gran Canaria Island
(M.M.A. 2001, 2005), which delimitate the type of coastal substrates between 0 and 50 m depth,
to obtain the surface and length of the rocky substrate, for each sector, as well as the slope and
orientation (eastness and northness) along the island coastal perimeter. We calculated variables
describing the structure of the shallow rocky bottom using QGIS and the R ‘sf’ (Pebesma 2023)
and ‘terra’ (Hijmans 2023) packages. Data on wave energy were obtained from Losada et al.
(2010); we used the average annual wave power (kW m), for each of the 28 sectors, by using

values at 20 m depth downscaled to a resolution of 0.05°.

Local anthropogenic drivers

Because local human activities may account for declines in the presence of brown macroalgae
(Blanfuné et al. 2017; Orfanidis et al. 2021), we used the Human Activities and Pressures Index
(HAPI, Blanfuné et al. 2017), previously adapted by Valdazo et al. (2017) to the study area. The
index includes three metrics for both terrestrial and marine human-related pressures (see Table
S1 for sources and metrics). For terrestrial pressures (presence of urban, industrial and

agricultural areas), the three metrics were calculated as the percentage area covered in each 5 x

5 Km sector (data from CORINE Land Cover, available at https://land.copernicus.eu/pan-

european/corine-land-cover). For marine pressures, we calculated the level (percentage) of

shoreline artificialization, and the level of aquaculture facilities and sewage effluents to the sea,
both calculated as the percentage of shoreline, by considering a 500 m radio circle around each
facility within each 5 x 5 Km sector. This information was obtained from the Spatial Data

Infrastructure of the Canary Islands (https://www.idecanarias.es/). The HAPI index was

calculated over the three time periods (1990, 2006 and 2018; Table S1 and Fig. S1), which

approximately correspond to the historical distribution data of G. abies-marina here considered.
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Climatic drivers

We collected long-term satellite-derived data from Copernicus Marine Environment Monitoring

Service (CMEMS, https://www.copernicus.eu/) and the European Centre for Medium-Range

Weather Forecast (ECMWEF, (https://www.ecmwf.int/) for three climatic variables: Sea Surface

Temperature (SST), Surface Solar Radiation Downwards (SSRD) and Ultraviolet Radiation (UV)
(see Table S2 for details). SST data were used, not only to describe spatio-temporal patterns in
SST (Fig. S2), but to detect monthly SST anomalies and MHWs, which were defined as periods
when daily mean temperatures exceeded the 90" percentile (relative to the baseline
climatology) for at least five consecutive days (Hobday et al. 2016; Oliver et al. 2018). We
calculated four metrics for each climatic driver: the slope, mean, standard deviation and
maximum value for each of the three time periods (1981-1986, 1987-2007 and 2008-2016) in
each of the 28 sectors (Figs. S3 to S5). In addition, daily SST was used to quantify seven key MHW
metrics: (a) the number of events in each period, (b) the duration of the events (number of days),
(c) the variability (standard deviation) of the duration (d) the mean intensity (the mean
temperature anomaly relative to the climatological, seasonally-varying, mean, in °C), (e) the
variability (standard deviation) of the intensity (f) the maximum intensity (the maximum
temperature anomaly relative to the climatological, seasonally-varying, mean, in °C) and (g) the
cumulative intensity (integrated temperature anomaly over the season/year, in °C x days) (Fig.

S6). Metrics of MHWs were calculated using the R ‘heatwaveR’ package (Schlegel and Smit 2018).

Effect of predictor variables on Gongolaria abies-marina distribution

We implemented Generalized Linear Models (GLMs) to explore the relative contribution of
predictor environmental drivers on spatio-temporal changes in the area (ha) covered by G. abies-
marina across the 28 sectors around the island perimeter. To prevent collinearity among
predictors, we selected those of a larger biological significance among those that were
significantly correlated. A cut-off threshold of 0.7 was used in all cases (Zuur et al. 2009). Firstly,
a correlation analysis was carried out between those geomorphological drivers consistent
through time (Fig. S7). Northness and eastness were not included in further modelling, as both
significantly correlated with wave power and slope. Then, separate correlation analyses were
implemented for metrics of each climatic predictor (Figs. S8 to S12) and uncorrelated metrics of
climatic predictors (Fig. S13). A final correlation matrix between each pair of predictors including
geomorphological and climatic was obtained (Fig. S14). Because mean values of UV and SSRD
significantly correlated with wave power, these metrics were not considered in the model

selection approach.
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A model selection approach was implemented, through the R ‘MuMIn’ package (Barton 2023),
by considering those uncorrelated predictors (Table 1). Initially, all possible combinations were
included using the “dredge” function (Tables S2 and S3). All models were subsequently ranked
according to the Akaike Information Criterion corrected for small sample sizes (AlCc), and
importance weights (wi) obtained for each model. Then, we estimated potential collinearity
among predictors via Variance Inflation Factors (VIF) using the ‘car’ R package (Fox and Weisberg
2008). Finally, we performed a multimodel averaging to consider model selection uncertainty
(Table S4). We also estimated the relative importance of each predictor variable, as the sum of
the Akaike weights over all possible models. All models were fitted with a “Gaussian” error
distribution family and a “log” link function. Model assumptions were checked via the R

‘performance’ package (Lidecke et al. 2021) and the Breusch-Pagan heteroscedasticity test.

Table 1. Summary of environmental predictors, obtained for each of the 28 sectors across the island perimeter of
Gran Canaria Island, finally implemented in the model selection statistical approach.

Predictors Type Variation

Surface of the rocky shore
Length of the rocky shore

Geomorphological Spatial
Wave power
Slope of the rocky shore
HAPI Index Local stressors
N2 of MHWs .
. . Spatio-temporal
SD in the duration of MHWs Global stressors

Maximum values of SSRD

Survival and growth of early stages

In October 2015, during the autumn reproductive peak of G. abies-marina (Valdazo et al. 2020),
healthy apical fronds, including ca. 3-5 cm length of mature receptacles, were collected from the
intertidal at Playa Salinetas, Gran Canaria (27°58'49.5"’N, 15°22°34.6"°0; Fig. 1). Receptacles were
wrapped with seawater-wetted towels and placed in plastic bags without seawater, and rapidly
transported to the laboratory under cold and dark conditions. The bags were then stored in the
fridge (at 4°C and dark conditions) to promote subsequent gametes liberation (Irving et al. 2009).
After 24 h, the same biomass of receptacles (~10 gr FW) was placed in fifteen 5 L aquaria, where
ten microscope slides (75 x 26 mm) were set on the bottom, as a substrate for zygote settlement.
To examine the effects of temperature on survival and growth of early stages, five temperature
treatments were established: 18, 20, 22, 24 and 25°C, with 3 replicated 5 L aquaria for each
treatment. Temperatures were chosen to reflect the annual temperature range and MHWs in

the study area (Fig. S15). The photoperiod was set to a 12:12 h light: dark cycle. Light was
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provided by two 20 W LED light bars (LD1034011, LEDBOX), supplying 125 umol m2 s, All
aquaria contained filtered seawater, which was renewed every 2 days, and was vigorously
aerated using 200 mm air stones. All tanks were immersed in a “cool bath” held at 17-18°C by a
TECO TR10 chiller unit. Except for the 18°C treatment, all aquaria kept their temperature stable
using 50 W adjustable Jager aquarium heaters, calibrated using multi-parametric sensors.

Temperature and salinity were daily monitored.

At the start of the experiment, receptacles were suspended on the surface of each aquarium
with a 1 mm plastic mesh for 24 h to induce the release of gametes; after this time, receptacles
were discarded to avoid interference with zygote settlement. After 1, 5, 11, 14 and 25 days, 2
randomly selected settlement slides were collected from each aquarium. Survival of germlings
was then evaluated, i.e., each embryo was considered either dead or alive, and the size (um?) of
10 random germlings from each slide measured (Fig. S16). Germlings that had structurally
collapsed, or failed to attach, were considered dead. The size of embryos was assessed via the
‘Image)’ software (Imagel, NIH US Department of Health and Human Services) after taking

photographs through a microscope (Leica, DM1000, Berlin, Germany).

To quantify the effect of temperature on survival and growth of germlings, we fitted GLMMs,
with a “binomial” family error distribution and a “logit” link function, and a “Gamma” family
error distribution and a “log” link function, respectively. We included date as a random factor.
Models were fitted through the R ‘glmmTMB’ package (Brooks et al. 2023). We assessed the
significance of model terms using Wald chi-squared and F tests (Zuur et al. 2009); model
assumptions were checked via the R ‘performance’ package (Lidecke et al. 2021). For multiple

comparisons, we applied the Tukey test using ‘emmeans’ package (Lenth et al. 2023).

Temporal changes in frond size

We compilated a frond size database from herbarium vouchers (Fig. 2D), deposited in the BCM

(Depart. of Biology, University of Las Palmas, http://www.geoportal.ulpgc.es/herbariobcm/),

from 1990 to 2021, which included a total of 145 measured thallus at 10 sites around Gran
Canaria Island. Thallus length was measured from the base to the apex (Riera et al. 2015; Geppi
and Riera 2022) of entire fronds with the help of the ImagelJ software. Temporal changes in frond
size were analysed using a General Additive Model (GAM), fitted using “cubic regression” splines
through the R ‘mgcv’ package (Wood 2010), which captured strong non-lineal temporal patterns.
The basis dimensions “k” of the smoothers was limited to five, to avoid overfitting and ensure

monotonic relationships. The model was visually inspected for residual patterns.
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Results
Historical distribution and drivers of decline

Overall, populations of G. abies-marina have progressively disappeared during the last four
decades around Gran Canaria Island (Fig. 1B). This alga dominated the intertidal and shallow
rocky shores of the entire island in the 1980s, where a continuous belt extended along 120.5 km
of the coastline and occupied 928 ha. In the first decade of the 21 century, fragmented
populations were found along 52.2 km of the coastline and occupied 12.6 ha. Finally, in 2016,
this species was found along 37.8 km of the coastline and occupied only 7.4 ha, mainly as

scattered patches.

Results of the model selection (Table S3, R? = 91.4%) initially identified that the surface (Estimate
=0.0009, P = 1e%) and length (Estimate = 0.0142, P = 0.046) (Table S4, Fig. 3) of the rocky coast
positively influenced the area covered by G. abies-marina, i.e., the larger the presence of rocky
habitat, the larger the area occupied. Wave power positively influenced the area covered by G.
abies-marina (Estimate = 0.02, P = 0.079), while the reverse was observed for the slope of the

rocky coast (Estimate = -0.214, P = 9e%) (Table S4, Fig. 3).

The number of MHWs affected negatively the area covered by G. abies-marina (Estimate = -
0.027, P = 2e%%), while the maximum SSRD showed a positive effect on the area (Estimate =
0.000003, P =0.0016) (Table S4, Fig. 3). Both were selected as the most important environmental
predictors driving variation in the area of G. abies-marina through scales of spatial (i.e., across
sectors) and temporal (i.e., time periods) variation. The number of local human impacts (i.e.,
HAPI index) also significantly contributed to explain the decay in the area covered by the
macroalgae across scales of spatial and temporal variation (Estimate = -0.052, P = 0.002, Table

S4, Fig. 3).
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Fig. 3 Estimates for each predictor variable of the more parsimonious model explaining spatio-temporal
variation in the area of G. abies-marina around Gran Canaria Island. Blue dots are means of coefficients
and blue bars are + 95% confidence intervals.

Small-scale distribution patterns

We observed a significant temporal change in the proportion of G. abies-marina (Fig. 4A, B) in
each micro-habitat (‘time period x micro-habitat’, P = 2.2e7'%, Table S5). While in the 1980s and
early 2000s, most individuals were locally present in “open rock”, individuals in 2016 were
majorly in “refugia”. In 2016, the local presence of G. abies-marina in “open rock” increased with
the extent (area) of the macroalgae in each sector (Fig. 4C, P = 8e™, Table S6), while a reversal

pattern was observed for the presence of the macroalgae in “refugia” (Fig. 4D, P = 8e™, Table S6).
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Fig 4 (A) Distribution and (B) proportion of G. abies-marina at two local micro-habitat types (“open rock”
and “refugia”) through time periods. Linear fit between the proportion of G. abies-marina in (C) “open
rock” and (D) “refugia” and the area (extent) occupied by the macroalgae in each of the 28 sectors
around Gran Canaria in 2016.

Survival and size of early stages

Both survival and size of algal embryos was significantly affected by sea water temperatures (P =
2.2e'®, Table S7, Fig. 5A, B). Despite the survival of embryos progressively decreased through
the experimental time for all treatments (Fig. 5A), a large reduction in survival (< 25%) was
observed for those treatments at 24° and 25°C (Fig. 5A, Table S8). Similarly, embryos at 24°C and
25°C showed smaller sizes relative to 18, 20 and 22°C (Table S9; Tukey tests, P = 0.001 for all

pairwise comparisons).
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Temporal changes in frond size

The macroalgal frond size progressively decreased through time, with the fitted GAM depicting

a sharp decrease since 2010 onwards (Table S10, Fig. 6; 9.35% of total explained deviance).
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Fig 6. Changes in G. abies-marina frond size over the last three decades in Gran Canaria Island. The blue
line represents the fitted (smooth) GAM function, and the grey shaded area a 95% confidence interval.

Discussion

Results obtained by this study has improved our knowledge on the causes of marine forests
decline in the Northeast Atlantic, where only a few algal species have been adequately evaluated
over decades, due to a lack of historical information (Blanfuné et al. 2016; Filbee-Dexter and
Wernberg 2018). Our study is relevant because historical data on the distribution and extension
of G. abies-marina, together with times series of environmental stressors and human pressures,
allowed us to elucidate the causes, and their relative weights, on such historical changes. Our
study showed that the area covered by G. abies-marina around Gran Canaria Island followed a
declining trajectory over the last decades (1987-2016), which was mainly related to a
combination of human-driven environmental stressors operating at both global and local scales.
Results from the early stages thermo-tolerance assay, together with the increased severity in
MHWs, provide solid evidence to explain declines of G. abies-marina, as reported for sibling
species from the Mediterranean (Falace et al. 2021; Verdura et al. 2021). Along most of the rocky
coasts of Gran Canaria, there is a considerable probability that G. abies-marina is functionally
near extinction, in accordance with what has occurred in other islands of the Canary (Martin-
Garcia et al. 2022) and Madeira archipelagos (Bernal-Ibafiez et al. 2021b). These fragmented
populations, in Gran Canaria Island, mostly persist in topographic micro-habitats, where they
find small-scale refugia, as reported for other large brown macroalgae (Franco et al. 2015; Shay

et al. 2021; Grimaldi et al. 2023).

According to our modelling, the most extensive forests of G. abies-marina developed along the
east and southeast of Gran Canaria, where the large surface and length of the rocky coast (i.e.,
gently slopes) receives considerable solar irradiance (SSRD). However, current populations that
persist are found in the north and northwest coast, under high wave energy regimens and low
anthropogenic pressures. Our model selection approach showed that the main environmental
predictor of temporal changes in the extent of G. abies-marina forests was the increase in the
number of MHWSs. Our best candidate model explained a considerable amount of spatio-
temporal variability (91.4%), even without including biotic drivers. However, there is sufficient
evidence that increased coastal impacts (habitat destruction, pollution, eutrophication,
overfishing, etc.), coupled with ocean warming and MHWs, increase severity of biotic drivers on
brown macroalgae, such as grazing by sea-urchins and fishes, and competition from massive turf

development (Vergés et al. 2014; Filbee-Dexter and Wernberg 2018; Roma et al. 2021; Mancuso
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et al. 2022). It is possible that, in combination with those stressors included in our model
selection approach, several biotic stressors not considered here (e.g., overgrazing, increased
competition with invasive species and turfs) are concurrently involved with additive or even

synergistic effects.

Superimposed to decadal-scale increases in mean coastal temperatures (Espino et al. 2019),
MHWs are increasing in frequency, duration, and intensity in Gran Canaria Island, with a sharp
increase in the number of events since the late 1980s (Fig. S6). In the first period (1981-1986),
the mean number of events per sector was 0.32 (0.05 events per year); in the second period
(1987-2007), the mean number of events was 37.11 (1.85 events per year); and in the last period
(2008-2016), the average number of events was 26.67 (2.67 events per year). This pattern does
not only occur for the number of MHWSs, but also for their duration and intensity (Fig. S6), with
likely effects on the physiology and phenology of G. abies-marina, impairing their performance
and increasing their vulnerability to other stressors, as pointed out for similar species (Gouvea
et al. 2017; de Bettignes et al. 2018; Bernal-lbafiez et al. 2021b). These trends are consistent with
those observed globally (Oliver et al. 2018; Thoral et al. 2021) and in the Macaronesian region
(Bernal-lbafiez et al. 2022). In addition, warming also influences the appearance of tropical
herbivorous fish (Vergés et al. 2014; Zarco-Perello et al. 2021), invasive species (Mancuso et al.
2022), the expansion of algal species with tropical affinities (Sangil et al. 2012) and the rise of
turfs that compete for space with brown macroalgae (Pesarrodona et al. 2021). In the study
region, there is a relationship between large abundances of the key herbivorous sea-urchin
Diadema africanum and overfishing of natural predators (Tuya et al. 2004a), which created large
sea-urchin barrens (Tuya et al. 2004b). In recent years, however, this herbivore has suffered

massive mortalities (Hernandez et al. 2020).

Although the HAPI index did not show significant temporal differences between the three
temporal periods, human pressures on the coast were higher in the 2000s and 2010s (Fig. S1).
Our model selection approach also included the HAPI index, mostly to explain spatial differences
in the presence of G. abies-marina. In turn, current remaining populations persist in those
sectors of the coast under less local anthropogenic pressures (north and northwest), but also
where wave exposure is maximum. The value of the HAPI index in the 1980s was calculated with
land use data corresponding to the 1990s and discharge censuses from 2003, so the value of the
HAPI index, in this first period, may be overestimated; for this reason, there is no evidence of a
temporary change in local anthropic pressures. In any case, as a result of the emergence and
rapid rise of the tourist industry, urban expansion in Gran Canaria took place at a fast pace, with

a more or less constant rate of construction since the 1960s—1970s (Garcia-Romero et al. 2023).
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The first records of the disappearance of G. abies-marina subtidal forests begin in the early 1990s
(Medina and Haroun 1994); at this time, anthropogenic pressures were already high in the
Canary Islands, because of 20-30 years of intense urban development on the coast. The
artificialization of the coast, and concurrent increased pollution and eutrophication of nearshore
waters, for example due to wastewater discharges during that time, could have affected the
resilience of G. abies-marina populations. This has been advocated to explain the erosion in the
extent of other “foundation” species in the study area, such as the seagrass Cymodocea nodosa

(Tuya et al. 2014).

We here determined the thermal tolerance thresholds of the early stages of G. abies-marina,
showing that higher temperatures affected the performance of germlings. In particular, we found
a tolerance threshold of 24°C, from which the survival and size of the embryos notably
decreased. These results agree with studies in similar shallow-water Cystoseira s.l. species from
the Mediterranean Sea, such as Ericaria selaginoides (Linnaeus) Molinari & Guiry (Campos-Caliz
et al. 2019) and Ericaria crinita (Duby) Molinari & Guiry (Verdura et al. 2021). For these species,
the tolerance threshold was 28°C; they are species adapted to higher temperatures than those
from the NE Atlantic. On the contrary, our results contrast with the thermal optimum of Ericaria
giacconei D. Seri &G. Furnari, which requires lower temperatures (12-15°C) than other Cystoseira

s.l. (Falace et al. 2021).

In general, adults of brown macroalgae are more tolerant to high temperatures than their early-
life stages (Roman et al. 2020; Verdura et al. 2021; Falace et al. 2021). However, these studies
have also pointed to the presence of thermal thresholds for adults. In the case of Ericaria crinita,
when a threshold of 28°C is surpassed, there is a sharp decline in the reproductive biomass,
which seems more sensitive to thermal stress than other parts of the thallus (Verdura et al.
2021). This is particularly relevant for intertidal macroalgae under direct contact with the
atmosphere at low tides because they can suffer simultaneous atmospheric and marine
heatwaves (Roman et al. 2020). Since G. abies-marina can thrive in the low intertidal, it is
plausible that concurrent atmospheric and marine heatwaves can notoriously erode apical
branches with receptacles, in particular if this occurs in the reproductive season, as we here
detected for MHWs (Fig. S15). This would lead to massive mortality of zygotes and embryos, thus
defeating the reproductive efforts of the species. Furthermore, the negative effects of warming
and MHWs on recruitment could be exacerbated by other stressors that have been shown to
negatively affect the early developmental stages of Cystoseira s.l., such as herbicides, pollutants
(de Caralt et al. 2020) and grazing (Monserrat et al. 2023). Successful recruitments of new

individuals may be a critical bottleneck for the population persistence of large brown seaweeds
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(Schiel and Foster 2006). If the duration and intensity of MHWs exceeds certain thresholds, it can
lead to decreased population densities, fragmentation and, ultimately, survival in refugia, as our
results seem to indicate. In this sense, the frond size of the species has been decreasing in recent
decades. Because the size of the thallus determines the species’ reproductive performance, i.e.,
the amount of biomass allocated to reproductive structures (Valdazo et al. 2020), a progressive
decrease in the size (i.e., miniaturization) of G. abies-marina puts the viability of the populations

at risk, due to a reduction in the reproductive efforts.

In conclusion, our results evidenced that increasing MHWs in a context of global warming,
coupled with increasing human activities along the coastal zone, had major impacts on
macroalgal forests created by G. abies-marina. This information is pertinent to identify
appropriate management actions at local scales to halt losses of marine forests. Reducing local
stressors, while maintaining favourable environmental conditions, and prioritizing cooler areas
of ideal habitat availability (i.e., large rocky areas with gently slopes) for conservation, are useful
management approaches. Such actions can, to some extent, reduce the susceptibility of this
habitat-forming fucoid species and their associated communities to MHWs intensification in

upcoming decades.
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Supplementary material

Table S1. Sources of information to calculate the HAPI index at different times, e.g., the Corine Land Cover
(CLC) (https://land.copernicus.eu/pan-european/corine-land-cover). The census of sewage outfalls began
in 1998, so there is no data prior to 1990, and data from the 2003 census were used as a proxy for 1987
period. For aquaculture facilities, historical data was extracted from the Strategic Plan for Aquaculture in
the Canary Islands (PEACAN, 2014-2020) and IDE Canarias (www.idecanarias.com).

Period Pressures Metric Source
CLC 1990

Historical photographs
https://idecan2.grafcan.es/ServicioWMS/Fototeca?

Terrestrial All

Artificialization

1987

Marine Aquaculture PEACAN
facilities
Sewage effluents Effluents survey 2003
Terrestrial All CLC 2006
e e Historical photographs
Artificial
2008 rtificialization https://idecan2.grafcan.es/ServicioWMS/Fototeca?
Marine Aquaculture PEACAN
facilities
Sewage effluents Effluents survey 2008
Terrestrial All CLC 2018
e e Current photographs
Artificial
2016 rtificialization https://idecanl.grafcan.es/ServicioWMS/OrtoExpress?
i A I
Marine qua.c.u.ture https://idecan2.grafcan.es/ServicioWMS/Acuicultura?
facilities
Sewage effluents Effluents survey 2021
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Figure S1. HAPI index for each of the three time periods.
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Table S2. Climatic drivers and derived metrics used in the study were provided by the Copernicus Marine
Environment Monitoring Service (CMEMS, https://www.copernicus.eu/en) and the European Centre for

Medium-Range Weather Forecast (ECMWF, (https://www.ecmwf.int/). ERA5 is the 5" generation ECMWF

atmospheric reanalysis of the global climate, covering the period from January 1940 to the present. ERA5
is produced by the Copernicus Climate Change Service (C3S) at ECMWF.

Driver Source Frequency Unit Spatial Temporal Metrics
resolution  resolution
SST Satellite Daily e 0.05° 1981/10/01- Slope, mean, standard
gap-free 2022/12/31 deviation, maximum
CMEMS value
(010_011
and
010_001
products)
SSRD ECMWEF Daily J/m? 0.25° 1981/10/01- Slope, mean, standard
Reanalysis 2022/10/31 deviation, maximum
(ERAS5) value
uv ECMWF Daily J/m? 0.25° 1981/10/01- Slope, mean, standard
Reanalysis 2022/10/31 deviation, maximum
(ERAS) value
Anomalies Derived monthly 0.05° 1981/10/01- Slope, mean, standard
of SST from 2022/12/31 deviation, maximum
CMEMS value
daily SST
MHWs Derived Daily 0.05° 1981/10/01- N events, duration,
from SST 2022/12/31 mean intensity,

maximum intensity,
cumulative intensity

SST: Sea Surface Temperature
SSRD: Surface Solar Radiation Downwards
UV: Ultraviolet Radiation

MHW: Marine Heat Waves
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Figure S2. Metrics of patterns in daily SST for each of the three time periods.
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Figure S3. Metrics of patterns in monthly SST anomalies for each of the three time periods.
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Figure S4. Metrics for patterns in UV radiation for each of the three time periods.
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Figure S5. Metrics for patterns in SSRD for each of the three time periods.
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Figure S6. Metrics of patterns in MHWs for each of the three time periods.
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Figure S7. Correlation analysis of geomorphological predictor variables.
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Figure S8. Correlation analysis of daily SST metrics.
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Figure S9. Correlation analysis of monthly SST anomalies.
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Figure S10. Correlation analysis of UV radiation metrics.
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Figure S12. Correlation analysis of MHWSs metrics.
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Figure S13. Correlation analysis of climatic metrics.
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Figure S14. Correlation analysis of geomorphological and climatic variables.
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Figure S15. Annual mean climatology for the last 40 years in Gran Canaria Island. Thresholds to
define MHWs are included with red and green dots showing the maximum and mean sea water
temperatures (pooled by months), respectively.
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Figure S16. Algal embryos after (A) 1, (B) 5, (C) 14 and (D) 25 days.
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Table S3. Results of the model selection approach using the “dredge” function from the ‘MuMIn’ package.
The 20 most parsimonious models are included, ranked according to the AlCc, for a total combination of
256 models.

Models . Weight
Df LoglLik AlCc A
& (W)

Surface + Length + Slope + Wave power + Hapi index + N2
MHW + Maximum of SSRD

Surface + Length + Slope + Wave power + Hapi index + N2
MHW + Maximum of SSRD + SD of duration of MHW
Surface + Length + Slope + Hapi index + N@ MHW +
Maximum of SSRD + SD of duration of MHW

Surface + Slope + Wave power + Hapi index + N2 MHW +
Maximum of SSRD +

Surface + Length + Slope + Hapi index + N2 MHW +
Maximum of SSRD

Surface + Slope + Wave power + Hapi index + N2 MHW +
Maximum of SSRD + SD of duration of MHW

Surface + Length + Slope + Hapi index + N@ MHW + SD of
duration of MHW

Surface + Slope + Hapi index + N2 MHW + Maximum of
SSRD + SD of duration of MHW

Surface + Slope + Hapi index + N@ MHW + Maximum of
SSRD

Surface + Slope + Hapi index + N@ MHW + SD of duration
of MHW

9 8.048 55 0.00 0.538

10 8.780 6.9 143 0.264

9 5981 9.6 4.14 0.068

8 4254 103 4381 0.049

8 3933 110 545 0.035

9 4949 117 6.20 0.024

8 2293 142 8.73 0.007

8 1.848 151 9.62 0.004

7 0.218 16.6 11.09 0.002

7 0.377 169 11.40 0.002

Table S4. Results of the multimodel averaging following model selection to address the relative
importance of environmental variables to predict spatio-temporal variation in the area occupied by G.
abies-marina along the coastal perimeter of Gran Canaria Island. Significant predictors (P < 0.05) are
highlighted in bold.

Estimate Adjusted Z value P-value . Relative
SE importance
Surface 0.0009 0.00017 5.353 1e? 1.00
Slope -0.214 0.0545 3.924 9e% 1.00
N2 MHWs -0.027 0.000314 8.503 2e’16 1.00
HAPI index -0.052 0.0145 3.598 0.0003 1.00
Maximum of SSRD 0.000003 0.000001 3.212 0.001 0.99
Length 0.014 0.007 1.994 0.046 0.92
Wave power 0.02 0.0114 1.758 0.079 0.88
SD in the duration of MHWS -0.00188 0.0035 0.0537 0.591 0.37
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Table S5. Summary of GLMMs testing whether the proportion of G. abies-marina populations differed
between micro-habitats (“open rock” and “refugia”) through the three time periods (1987, 2008 y 2016).
Significant results (P < 0.05) are highlighted in bold.

Model DF x> P-value
Time period 2 0.006 0.997
Micro-habitat 1 18.332 1.856e %
Time period x microhabitat 2 104.871 2.2e16

Table S6. Lineal models testing whether the extent (area) of G. abies-marina in 2016 predicts the
proportion of the macroalgae in each micro-habitat (“open rock” and “refugia’”). Significant results (P <
0.05) are highlighted in bold.

“Open rock” Estimate SE t-value P-value
Intercept 0.078 6.26 0.013 0.99
Extent 36.35 8.50 4.28 0.0008
“Refugia”
Intercept 99.92 6.26 15.96 2.23e
Extent -36.35 8.50 -4.28 0.0008

Table S7. Summary of the GLMMs testing the effect of temperature on survival and growth of G. abies-
marina embryos.

Response DF x> P-value
Survival 4 1087.5 2.2e16
Growth 4 530.29 2.2e%6
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Table S8. Pairwise comparisons (Tukey test) for the survival of G. abies-marina embryos.

Contrast Estimate SE Z ratio P-value
18°-20°C 1.292 0.08095 14.440 <.0001
18°-22°C 1.708 0.0904 18.892 <.0001
18°-24°C 2.098 0.0896 23.418 <.0001
18°-25°C 2.951 0.0962 30.686 <.0001
200-22°C 0.416 0.0684 6.089 <.0001
200°-24°C 0.806 0.0665 12.114 <.0001
200-25°C 1.659 0.0751 22.085 <.0001
220-24°C 0.389 0.0684 5.691 <.0001
220-25°C 1.243 0.0767 16.205 <.0001
24°-25°C 0.854 0.0742 11.508 <0.001
Table S9. Pairwise comparisons (Tukey test) for the size of G. abies-marina embryos.
Contrast Estimate SE Z ratio P-value
18°-20°C 0.01544 0.0123 1.251 0.7215
18°-22°C 0.01191 0.0127 0.937 0.8826
18°-24°C 0.18335 0.0142 12.896 <.0001
180°-25°C 0.28531 0.0154 18.896 <.0001
200-22°C -0.00353 0.0126 -0.279 0.9987
200-24°C 0.16792 0.0141 11.903 <.0001
200-25°C 0.26988 0.0153 17.642 <.0001
220-24°C 0.17145 0.0144 11.875 <.0001
220-25°C 0.27340 0.0156 17.533 <.0001
24°-25°C 0.10196 0.0167 6.105 <0.001

Table $10. Summary of the GAM testing the effect of temporal changes in frond size of G. abies-marina

embryos.

Parametric coefficients

Estimate Std Error Z-value P-value
Intercept 2.23 0.027 81.29 <2et®
Approximate significance of smooth
terms Edf Ref.df Chi.sq  P-value
S(year) 2.95 2.99 28.79 1.92¢16
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CHAPTER 5. Conclusions

1. Changes in the distribution and extent of Gongolaria abies-marina on the island of Gran
Canaria over the last few decades are evident and dramatic. In the late 1980s, G. abies-
marina occupied 928 ha (12.84% of the rocky bottoms) and now it only covers 7.4 ha (0.1%).
This decline of G. abies-marina forests was mainly related to a combination of human-
driven environmental stressors operating at both global and local scales.

2. We found a temporal shift in the frond size structure of Gongolaria abies-marina on the
island of Gran Canaria, mainly related to the prevalence of the fertile stage, which showed
the largest variability in relation to environmental predictors.

3. The population structure of G. abies-marina was spatially and temporally variable,
associated with wave power, demonstrating the importance of exposure to waves in
determining algal canopy density, biomass and morphology.

4. The annual production of G. abies-maring in Gran Canaria (5,380.9 g dwt m™ year™) was
higher than that previously estimated in the Canary Islands (1,293.2 g dwt m™ year™) and
other Mediterranean Cystoseira-dominated assemblages. The primary annual production
of G. abies-marina was as large as that observed for kelps and other fucoids around the
world. The dramatic decline of G. abies-marina forests in recent decades, 928 ha in Gran
Canaria, means the loss of high primary production (16,831.6 Mg C year™).

5. Results from the early stages thermo-tolerance assay, together with the increased severity
in MHWs, provide solid evidence to explain declines of G. abies-marina.

6. The fragmented populations of G. abies-marina on Gran Canaria Island mostly persist in
topographic microhabitats in the lower eulittoral (i.e., as scattered patches with
underdeveloped branches), where they find small-scale refugia, as has been reported for

other large brown macroalgae.
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RESUMEN EN ESPANOL

Los bosques marinos de grandes macroalgas pardas, en su mayoria pertenecientes a los érdenes
Fucales y Laminariales, son habitats Unicos que sostienen una gran variedad de organismos en
zonas costeras de todo el mundo, y son comparables a los bosques terrestres por los servicios
ecosistémicos que proporcionan (Steneck et al. 2002). Estas macroalgas que forman dosel son
productores primarios muy importantes (Mann 1973). Aumentan la complejidad estructural
donde viven, proporcionando refugio y alimento para las especies asociadas (Schiel y Foster
2006; Cheminée et al. 2013) y aumentando la biodiversidad (Chapman 1995; Steneck et al. 2002;
Piazzi et al. 2018). Sin embargo, en el ultimo medio siglo, las amenazas para las macroalgas
pardas que forman dosel han aumentado en nimero y gravedad, lo que ha llevado a una
disminucién de su abundancia en muchos lugares de latitudes templadas (Mineur et al. 2015;
Krumhansl et al. 2016). La pérdida de los bosques de macroalgas también implica un dafio o
empobrecimiento en la prestacién de servicios ecosistémicos (Smale et al. 2019). Por lo tanto, la
conservacion de estas especies que forman habitats es un objetivo crucial para ecdlogos y
gestores ambientales. Para lograrlo, es fundamental comprender mejor la estructura y dinamica
del dosel de los bosques de algas en relacién con los factores ambientales y las interacciones
intraespecificas (Schiel y Foster 2006; Bennett y Wernberg 2014; Smale et al. 2016). Ademas,
entender las causas de la disminuciéon de los bosques de macroalgas es esencial para

implementar programas adecuados de conservacién y restauraciéon (Coleman y Wernberg 2017).

Los bosques de algas submareales e intermareales experimentan grandes variaciones en su
distribucidn, abundancia y comportamiento en una variedad de escalas espaciales y temporales
(Martinez et al. 2012; Ferreira et al. 2014; Yesson et al. 2015). Su estructura y extensidn se ven
influenciadas por diversas variables ambientales, incluyendo la temperatura (Tuya et al. 2012),
la disponibilidad de luz (Creed et al. 1998), los nutrientes (Piazzi y Ceccherelli 2017) y la
exposicidon al oleaje (Engelen et al. 2005). Procesos ecoldgicos, como la competencia y la
facilitacion intraespecifica e interespecifica, también pueden afectar su estructura vy
funcionamiento (Bennett y Wernberg 2014). Aunque las macroalgas son importantes
formadoras de habitat en los ecosistemas rocosos de zonas templadas y subtropicales, todavia
hay pocos estudios sobre la estructura del dosel, especialmente en términos de su dindmica

temporal (Aberg 1992; Schiel y Foster 2006).

Los cambios estacionales en el fotoperiodo son importantes para iniciar el crecimiento de las
macroalgas después del periodo de letargo invernal. De manera similar, un aumento en la

temperatura del agua esta relacionado con el inicio del crecimiento y la reproduccion (Graiff et
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al. 2015; de Bettignies et al. 2018). Normalmente, en mares templados, no existe un
acoplamiento entre el periodo de crecimiento maximo de las macroalgas y la concentracién de
nutrientes en el agua (Ballesteros 1988; Delgado et al. 1994). Por este motivo, las algas pardas
del orden de las Laminariales acumulan reservas de nitrégeno en invierno que se utilizan para
iniciar el crecimiento a principios de la primavera, cuando aumentan los niveles de luz (Chapman
y Craigie 1977; Nielsen et al. 2014). Muchas especies de Cystoseira pueden almacenar reservas
en sus toéfulos, estructuras de almacenamiento situadas en la base de las ramas (Garcia-
Fernandez y Barbara 2016), aunque algunas especies como Gongolaria abies-marina carecen de
téfulos u otras estructuras alternativas para almacenar reservas (Gonzdlez y Afonso-Carrillo
1990). Por otro lado, la exposicidn al oleaje es uno de los principales factores que afectan a la
estructura y dinamica del dosel (Engelen et al. 2005; Kregting et al. 2016), incluida la adaptacion

local a las fuerzas hidrodinamicas (de Bettignies et al. 2015).

Una combinacion de factores de estrés naturales y antropogénicos a menudo explica el deterioro
de los bosques de macroalgas en todo el mundo (Strain et al. 2014; Mineur et al. 2015;
Krumhansl et al. 2016). Entre estos factores de estrés, el cambio climatico se ha convertido en
uno de los impulsores mas importantes de este cambio ecoldgico global (Wernberg et al. 2016).
Actualmente, existen evidencias de que el cambio climdtico ha modificado la distribucién de las
especies, lo que ha alterado la estructura y el funcionamiento de los ecosistemas (Pecl et al.
2017). Muchas especies han cambiado su distribucién geografica, colonizando habitats mas
favorables (Vergés et al. 2014; Bevilacqua et al. 2019; Alvarez-Losada et al. 2020), mientras que
se han extinguido en dreas previamente ocupadas (Gouvéa et al. 2017; de Bettignies et al. 2018;
Gurgel et al. 2020). Eventos extremos de anomalias térmicas, en particular las olas de calor
marina (MHWs, por sus siglas en inglés), han ocurrido con una intensidad, frecuencia y duracion
crecientes en todo el mundo (Hobday et al. 2016; Oliver et al. 2018; Thoral et al. 2022), alterando
abruptamente la estructura y funcién de los ecosistemas marinos, incluyendo los bosques de
macroalgas pardas (Wernberg et al. 2016; Straub et al. 2019; Gupta et al. 2020; Smale 2020;
Pesarrodona et al. 2021). Simultaneamente, las perturbaciones humanas locales, como la
destruccién del habitat, la contaminacion y la eutrofizacion, actian de manera acumulativa e
incluso sinérgica, amplificando los efectos del cambio climatico en los habitats costeros (Gouvéa
et al. 2017; Orfanidis et al. 2021). Desde el punto de vista de la conservacién, es crucial
determinar no solo la naturaleza de los diferentes factores involucrados en el declive de los
bosques de macroalgas, sino también sus contribuciones relativas y cémo estos factores alteran
los procesos en diferentes niveles de organizacion, desde efectos fisioldgicos hasta interacciones

ecoldgicas (Coté et al. 2016; Duarte et al. 2018).
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Las macroalgas pardas de los géneros Cystoseira, Ericaria y Gongolaria (Fucales, Phaeophyceae),
Cystoseira sensu lato (s.l.), son componentes clave de los bosques marinos del Mediterraneo-
Atlantico, esenciales para la biodiversidad y el funcionamiento del ecosistema (Tuya y Haroun
2006), los cuales han experimentado declives severos en las Ultimas décadas (Thibaut et al. 2005;
Blanfuné et al. 2016; Valdazo et al. 2017; Bernal-lbanez et al. 2021b). Debido a su alta
sensibilidad a los impactos antropogénicos, varias especies de Cystoseira son indicadoras de
aguas de alta calidad y facilitan la implementacién de la Directiva Marco Europea del Agua
(2000/60/CE) (Ballesteros et al. 2007, Blanfuné et al. 2016b, 2017). Todas las especies del
Mediterraneo del género Cystoseira s.l., excepto C. compressa, han sido protegidas bajo el Anexo
Il de la Convencién de Barcelona (2010). Cinco especies, Ericaria amentacea, Ericaria
mediterranea, Ericaria sedoides, Gongolaria montagnei y Ericaria zosteroides, estan protegidas
bajo la Convencion de Berna (Anexo |, 1979). Ademas, todas las especies mediterraneas de
Cystoseira estan bajo supervision de organizaciones internacionales, como la UICN, RAP/ASP y
MedPan (Thibaut et al. 2014). Por ultimo, las especies de Cystoseira s.|. son consideradas
"formadoras de habitat" y, por lo tanto, se consideran habitats de interés de la UE (Micheli et al.

2013).

El género Cystoseira C. Agardh fue descrito en 1820 y es muy diverso; incluye 37 especies, y su
taxonomia y nomenclatura ha experimentado muchos cambios desde entonces (Garcia-
Fernandez y Barbara 2016). Las razones de estos cambios radican en el hecho de que la
variabilidad en este género ocurre no solo entre especies, sino también entre individuos de una
misma especie, incluso estacionalmente dentro del mismo individuo. En los ultimos afios, con el
objetivo de completar el conocimiento del género Cystoseira, su taxonomia, origen y evolucion,
se han realizado varios estudios (Draisma et al. 2010; Orellana et al. 2019; Neiva et al. 2022).
Especificamente, Orellana et al. (2019) estudiaron la diversidad y filogenia del género Cystoseira
s.l. en el Mediterraneo y el Atlantico Este, y como resultado de sus estudios, realizaron cambios
en los nombres de algunas especies, incluyendo nuestra especie de estudio, Cystoseira abies-
marina (S.G. Gemelin) C. Agardh, que fue renombrada como Treptacantha abies-marina (S.G.
Gmelin) Kitzing. Sin embargo, Molinary y Guiry (2020) demostraron que el género Gongolaria
Boehmer tenia prioridad nomenclatural sobre este nombre, y actualmente, nuestra especie de

estudio se denomina Gongolaria abies-marina (S.G. Gemelin) Kuntze.

El presente estudio se centra en Gongolaria abies-marina (S.G. Gemelin) Kuntze, esta especie ha
sido considerada la especie fucal mds abundante en las costas rocosas del Archipiélago Canario
(Wildpret et al. 1987; Tuya y Haroun 2006), y sus poblaciones suelen formar extensas

comunidades tanto en el eulitoral como en el sublitoral somero, principalmente en zonas rocosas
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expuestas al oleaje (Wildpret et al. 1987; Medina y Haroun 1993). Esta es una de las macroalgas
mas productivas en las Islas Canarias (Johnston 1969), y a finales del verano, después del pico
maximo de reproduccién, es posible encontrar una gran cantidad de restos, llamados
arribazones, en las playas provenientes de bosques cercanos (Portillo-Hahnefeld 2008). Las
poblaciones de G. abies-marina muestran una estructura compleja, lo que permite la presencia

de muchas especies asociadas, tanto vegetales como animales.

G. abies-marina es una macroalga cespitosa con numerosas ramas erectas, de hasta 50 cm de
longitud. Al igual que otras especies del género Cystoseira, esta especie experimenta una pérdida
anual de su talo a finales del verano, cuando una alta proporciéon de las frondas se desprenden
después del periodo reproductivo. Las hapterios adheridos al sustrato y pequefias frondes
sobreviven al invierno y de ellos vuelve a surgir el dosel al afio siguiente. De esta manera, la
planta nunca pasa por una fase de descanso total, ya que, durante los meses desfavorables, las
frondes de diferentes estaciones coexisten (Gonzalez-Rodriguez y Afonso-Carrillo 1990). Por lo
tanto, aunque los individuos son perennes, los talos son anuales (Buonomo et al. 2017). Esta
especie se propaga tanto a través de la propagacion vegetativa como de la reproduccién sexual
(Medina 1997). Al igual que otras especies del género, los talos tienen una flotabilidad negativa,
y los propdgulos normalmente se asientan a menos de 20-40 cm de la poblacién fuente
(Mangialajo et al. 2012), lo que le otorga a la especie una capacidad de dispersion limitada

(Bulleri et al. 2002).

Alo largo de las costas de los archipiélagos oceanicos de Azores y Webbnesia (Atlantico oriental),
diversas actividades humanas locales han alterado los habitats costeros (Tuya et al. 2014; Ferrer-
Valero et al. 2017; Bernal-lbafiez et al. 2021b). Al mismo tiempo, se ha atribuido al calentamiento
del océano efectos negativos en las algas pardas (Sansoén et al. 2013; Geppi y Riera 2022), y la
aparicion de olas de calor marina se ha vuelto mas frecuente e intensa en las ultimas décadas en
el Atlantico oriental (Bernal-lbafiez et al. 2022). En la costa del noreste Atlantico, se ha informado
sobre la disminucién e incluso la desaparicion de bosques de algas pardas (Friedlander et al.
2017; Bernal-lbafiez et al. 2021b; Martin-Garcia et al. 2022), y se han sefialado varios procesos
en este sentido, como la herbivoria de los erizos de mar, el desarrollo humano, eventos extremos
de oleaje y las olas de calor marina (Bernal-lbafiez et al. 20213, b; Martin-Garcia et al. 2022). En
la década de 1990, se registraron retrocesos de los bosques de Gongolaria abies-marina en las
Islas Canarias (Medina y Haroun 1994). En la década de 2000, Rodriguez et al. (2008) registraron
una gran erosidn de las poblaciones de Gongolaria abies-marina en todo el archipiélago canario.
Ademads, en la década de 2010, Martin-Garcia et al. (2022) registraron una disminucion del 90%

en las poblaciones de G. abies-marina en las islas occidentales (Tenerife, La Gomera, La Palmay
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El Hierro). Por esta razdn, esta alga esta incluida en el catdlogo regional de especies en peligro
de extincion (Catdlogo Canario de Especies Protegidas; Ley 4/2010, 4 de junio de 2010).
Recientemente, esta especie también fue incluida en el Catdlogo Espaiiol de Especies

amenazadas (Orden TEC/596/2019, 8 de abril de 2019).

Objetivos

En las Ultimas décadas, los bosques de Gongolaria abies-marina han experimentado un declive
significativo en muchas areas costeras de los archipiélagos de Azores y Webbnesia. La existencia
de registros histéricos de esta especie en las Islas Canarias permite evaluar los cambios
temporales en su distribucién y relacionarlos con series temporales de variables antropogénicas
locales y globales. Ademas, existen pocos estudios sobre la fenologia y la estructura del dosel de
esta especie en las Islas Canarias. Por estas razones, y tomando la isla de Gran Canaria como area

de estudio, los principales objetivos de esta tesis son:

1. Proporcionar una evaluacién actualizada de la distribucién y extensién actual de
Gongolaria abies-marina y facilitar una comparacion con datos histéricos, incluyendo

poblaciones de ciertos lugares.

2. Vincular la variaciéon estacional en las condiciones ambientales con la estructura del
dosel y la reproduccion de esta macroalga en la isla de Gran Canaria a lo largo de un ciclo

anual.

3. Evaluar los efectos de una variedad de factores de estrés ambientales y
antropogénicos en la distribucion temporal de los bosques marinos creados por

Gongolaria abies-marina a nivel de la isla.
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Conclusiones

1. Los cambios en la distribucién y extensién de Gongolaria abies-marina en la isla de Gran
Canaria en las ultimas décadas son evidentes y dramaticos. A finales de la década de
1980, G. abies-marina ocupaba 928 hectareas (12.84% del fondo rocoso) y ahora solo
cubre 7.4 hectareas (0.1%). Este declive de los bosques de G. abies-marina estuvo
principalmente relacionado con una combinacién de factores de estrés ambientales
impulsados por actividades humanas a nivel global y local.

2. Encontramos un cambio temporal en la estructura del tamano de las frondas de G. abies-
marina en la isla de Gran Canaria, principalmente relacionado con la prevalencia de Ia
etapa fértil, que mostrd la mayor variabilidad en relacién con los factores ambientales.

3. Laestructura de la poblacién de G. abies-marina fue variable espacial y temporalmente,
asociada a la potencia de las olas, lo que demuestra la importancia de la exposicién a las
olas en la densidad, biomasa y morfologia del dosel algal.

4. Laproduccién anual de G. abies-marina en Gran Canaria (5,380.9 g de peso seco m? afio’
1) fue mayor que la estimada previamente en las Islas Canarias (1,293.2 g de peso seco
m=2 afio?) y en otros ensamblajes dominados por Cystoseira en el Mediterraneo. La
produccién anual primaria de G. abies-marina fue tan grande como la observada en algas
pardas y otras fucales en todo el mundo. La dramdtica disminucidn de los bosques de G.
abies-marina en las uUltimas décadas, 928 hectareas en Gran Canaria, significa la pérdida
de una alta produccién primaria (16,831.6 Mg C afio™?).

5. Los resultados del ensayo de termotolerancia en las etapas tempranas, junto con el
aumento en la severidad de las olas de calor marina, proporcionan evidencia sdlida para
explicar el declive de G. abies-marina.

6. Las poblaciones fragmentadas de G. abies-marina en la isla de Gran Canaria en su
mayoria persisten en microhabitats topograficos en el eulitoral inferior (es decir, como
parches dispersos con ramas poco desarrolladas), donde encuentran refugios a pequefia

escala, como se ha informado para otras macroalgas pardas grandes.
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