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Abstract

Macroalgae are essential components of marine ecosystems, supporting biodiversity, pri-
mary productivity, and the functioning of coastal habitats. In the northeast Atlantic Mac-
aronesian archipelagos (Azores, Madeira, Selvagens, Canary Islands, Cabo Verde), they
hold significant ecological and economic value and have recently emerged as key indica-
tors of environmental change. This oceanic region faces increasing pressure from multiple
stressors, including climate change, invasive species, habitat degradation, and other an-
thropogenic impacts, driving shifts in coastal ecosystems and the simplification of struc-
turally complex habitats such as marine forests. To assess the current state of knowledge
on Macaronesian macroalgae and identify gaps relevant to conservation and manage-
ment, we conducted a systematic literature review following PRISMA guidelines. Our re-
sults show strong but uneven foundational knowledge, with the Azores and Canary Is-
lands accounting for roughly 80% of publications. Research is dominated by fundamental
studies in ecology and taxonomy, while applied research (e.g., resource exploitation, ag-
uaculture, toxicology, and climate-change impacts) remains limited. Red algae and a few
dominant orders (Ceramiales, Fucales, Dictyotales) are well represented, whereas green
algae and less conspicuous taxa are understudied. Future research should expand geo-
graphic coverage, broaden taxonomic scope using molecular tools, strengthen applied re-
search, standardize monitoring frameworks, and align scientific output with management
needs.
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1. Introduction

Oceanicislands act as natural laboratories, as their isolation and uniquely assembled
biotas provide the empirical foundation for core concepts in biogeography, ecology, evo-
lutionary biology, and conservation science [1,2]. The Macaronesian region exemplifies
this paradigm. Its five volcanic archipelagos, Azores, Madeira, Selvagens, the Canary Is-
lands, and Cabo Verde, emerged from the ocean floor and lie far from continental margins
[3]. Scientific interest in these islands dates back to the pioneering naturalists of the 18th
and 19th centuries, like von Humboldt, Hartung, Feulliee, Berthelott, Webb, or Hooker,
whose early observations laid the foundations for contemporary island-based research [3].
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The Macaronesian archipelagos span a broad latitudinal gradient, from the Azores at
39° N to Cabo Verde near 15° N, thus being subjected to marked climatic contrasts [4].
They also exhibit varying degrees of isolation from continental coastlines, ranging from
roughly 1400 km (the shortest distance from the Azorean islands to the European conti-
nent) to about 100 Km (the shortest distance from the Canary Islands to north Africa).
Because all these islands are volcanic and have not been geologically linked to continental
landmasses, biogeographers generally agree that their marine flora and fauna arrived pri-
marily via long-distance oceanic dispersal, a process strongly mediated by prevailing cur-
rents and the distances to the nearest mainland or shallow seamount [5-7]. Consequently,
these oceanographic and climatic factors are pivotal in shaping the region’s algal biodi-
versity [4,6-9].

Macroalgae are essential components of marine ecosystems, contributing to biodi-
versity, primary production, and the functioning of coastal habitats [10,11]. They are the
base of the intertidal and infralittoral food webs, and are also habitat structuring species,
providing shelter, food, and nursery areas for several species, including fishes and inver-
tebrates of commercial interest [12-15]. Humans have recognized their importance for
thousands of years, with the first records of macroalgal use for water carrier manufacture
in Tasmania 37,000 years ago [16], as well as use as food and medicine in Chile 14,000
years ago [17].

In the Macaronesian archipelagos, macroalgae provide essential ecological functions
and socio-economic support but are also undergoing severe changes which cascade into
impacts across the ecosystems, and as such they are important indicators of environmen-
tal change [6,18-20]. This region is experiencing increasing pressures and threats from
multiple fronts, including climate change impacts from marine heatwaves [21] or ocean
acidification [22]; invasive species such as Acrothamnion preissii [23] or more recently Ru-
gulopetryx okamurae [24-26]; habitat degradation [27], and other natural and anthropo-
genic impacts [28]. The combined effects of human activities, such as coastal urban devel-
opment that destroys habitat and overfishing that disrupts the food web, create imbal-
ances that allow grazers like Diadema africanum to proliferate [28]. These stressors are driv-
ing shifts in coastal ecosystems, often resulting in the simplification of structurally com-
plex habitats such as marine forests [29] or in tropicalization processes [30,31].

Macroalgae are thus important components of the much-needed ecosystem-based
management (EBM) approach to the sustainable management of marine resources and in
mitigating the impacts of the new challenges driven by climate change [32] in this region.
However, such a goal requires good ecological knowledge of these key ecosystem com-
ponents. Phycological studies in Macaronesia evolved significantly since the early studies.
Yet, at present, there is no systematized assessment of such knowledge, nor are there sig-
nificant knowledge gaps in the face of the needs for the various disciplines involved in
EBM.

Systematic reviews synthesize the existing body of knowledge within a field, thereby
revealing gaps and shaping future research agendas. By integrating findings across mul-
tiple studies, they can answer questions that single investigations cannot, expose method-
ological shortcomings that warrant correction, and develop or test theoretical frameworks
explaining observed phenomena [33]. In this context, the present study conducts a sys-
tematic review of the current state of knowledge on phycology in Macaronesia, with a
particular focus on seaweed (macroalgae) research. Specifically, the objectives were to (i)
map the distribution of research output across the constituent islands, (ii) identify the taxa
and thematic areas that have received the greatest and the least attention, and (iii) eluci-
date historical evolution in regional phycology and the geographic biases in the literature.
By evaluating which archipelagos and disciplinary domains are least extensively repre-
sented, we also aim to pinpoint those critical knowledge gaps that warrant further
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investigation. In particular, the identification of knowledge gaps of priority to support the
decision regarding management actions that can address and mitigate the main chal-
lenges posed by climate change and other human-induced threats (e.g., topicalization,
marine heatwaves, and introduced species) to the macroalgae species and habitats that
they form in Macaronesia.

2. Materials and Methods
2.1. Study Area

Macaronesia historically refers to the biogeographic region that comprises the vol-
canic archipelagos of the northeast Atlantic, extending from the southernmost islands of
Cabo Verde, through the Canary Islands (an autonomous community of Spain), Sel-
vagens, Madeira, and finally to the northernmost Azores (the latter three forming auton-
omous regions of Portugal). The term was first introduced by Philip Barker-Webb in 1845,
but in recent decades, its utility as a biogeographic and phytogeographic unit has been
debated [34]. Some authors argue for the exclusion of Cabo Verde [7], while others con-
sider it a different marine bioregion from the remaining archipelagos [35]. Nevertheless,
contemporary research has adopted a more unified view towards considering these archi-
pelagos as a single region in order to conform to coordinated political initiatives for man-
agement purposes, including the European Union nature conservation policies [1,36,37].
Accordingly, the present study adopts the conventional grouping of the five archipelagos
(Azores, Madeira, Selvagens, Canary Islands, and Cabo Verde) as a unified marine biore-
gion under Macaronesia.

The five archipelagos differ markedly in age, size, and distance from the continental
mainland, environmental factors that shape their biotic assemblages and vulnerability to
human activities [1,7,38]. The oldest islands (age of the oldest emerged island) are the
Selvagens (27 Myr), the Canary Islands (21 Myr), and Cabo Verde (16 Myr), which are also
situated relatively close to the continental coasts of Africa (between 96 and 571 km),
whereas the younger Azores (8 Myr) lie farthest from any continent (approx. 1400 km
from Europe). Madeira occupies an intermediate position geologically and geographically
(14 Myr and 630 km from the African continent) [39] (see Figure 1). These gradients trans-
late into distinct bioregional characteristics [1,40].

30°wW

Figure 1. Map of the Macaronesian archipelagos.
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Correspondingly, anthropogenic pressures vary across the region. The densely pop-
ulated Canary Islands and Madeira experience intense coastal development and tourism
pressure, which leads to overfishing, pollution, and habitat degradation and fragmenta-
tion [41—44]. In Cabo Verde, lower human density does not preclude pressure; overexploi-
tation of marine resources and an increase in tourism are major concerns [45]. The Azores,
with a modest permanent population, face challenges associated with fisheries, shipping,
the continual arrival of non-indigenous species, and the recent growth in tourism [46].
The Selvagens Islands, lacking permanent residents, retain a larger proportion of rela-
tively undisturbed habitats and were the first marine protected area of Portugal, desig-
nated in 1971, and presently a fully marine protected area [18]. In addition, all these ar-
chipelagos are subject to the impacts of climate change [21,43,47].

2.2. Method of Systematic Literature Review

We conducted a systematic literature review in accordance with the Preferred Re-
porting Items for Systematic reviews and Meta-Analyses (PRISMA) 2020 statement guide-
lines [33,48]. Originally published in 2009 and updated in 2020, this statement was de-
signed to help systematic reviewers present a clear, transparent account of their review’s
purpose, methodology, and findings. To maximize the review’s usefulness for readers,
authors should provide a thorough and precise description of the rationale behind the
review, the process used to locate and select studies, and the outcomes uncovered, includ-
ing detailed study characteristics and the results of any meta-analyses [33].

No protocol was prepared for this review, and the review was not registered in a
public registry.

Following these guidelines, we first defined our keywords regarding the aim of the
study and region (Table 1) to identify the records of all the peer-reviewed online literature
up to June 2025 in two bibliographic citation databases: Scopus (https://www.scopus.com,
accessed on 3 July 2025) and Web of Science (https://www.webofscience.com, accessed on
3 July 2025). We performed the search on the title, abstract, and keywords, considering
only publications in English, Portuguese, and Spanish, obtaining a total of 1008 publica-
tions for Scopus and 972 for Web of Science, which resulted in an overall 1227 publications
after removal of duplicates (Figure 2).

‘ Identification of studies via databases and registers

—
§ Z{etc%rds identified from two Records removed before
g aiEbases: screening
o Scopus search
§ (n = 1008 records) Duplicat d d
3 ‘Web of science database UE ;:5636 fecords remove
= search (n = 972 records) (n=753)
-
— :
Records screened Records excluded by the title and
(n=1227) 7| abstract analysis following the
exclusion and inclusion criteria
(n=799)
o
£
;
@
Reports assessed for eligibility Reports excluded by:
(n=428) The full-text analysis
following the exclusion and
inclusion criteria (n = 38)
If the publication was not
available (n = 14)
Non target language (n = 1)
-
—
§ Studies included in review
E (n=375)

Figure 2. Flow diagram for the study selection process across the different phases of the systematic
review, adapted from PRISMA 2020 statement [33].
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Table 1. Search terms selected for systematic literature review within the different variables (aim of
study and region). The asterisk (*) was used as a wildcard in the search strategy to include all de-

rived forms of the terms.

Aim of Study Region

“Macaronesia*” OR “Canary Islands” OR  “Canarias” OR “Ca-

“alga*” OR “macroalga*” OR “seaweed*” OR “phycology*” OR  naries” OR “Azores” OR “Agores” OR “Madeira” OR “Cape
“Phaeophy*” OR “Rhodophy*” OR “Chlorophy*” Verde” OR “Cabo Verde” OR “selvagens” OR “savage islands”

OR “salvage islands” OR “salvajes”))

We then defined our inclusion and exclusion criteria (Table 2) for the screening of the
publications and to ensure that we would select all relevant publications for this study.

Table 2. Inclusion and exclusion criteria used for the literature search in the systematic review.

Inclusion Criteria Exclusion Criteria
Macaronesian archipelagos Non Macaronesian studies
Marine Algae Freshwater algae, Seagrasses, or Lichens
Macroalgae Microalgae, Cyanobacteria, or Phytoplankton
Specifically regarding seaweed Other organisms than macroalgae (e.g., invertebrates)
Articles in English, Portuguese, or Spanish Macroalgae are not the main focus of any part of the study

The selection process was conducted in two phases. In the first phase, we carried out
an initial screening for the eligibility of all selected papers (n = 1226) based on the title and
abstract after the exclusion/inclusion criteria, excluding a total of 799 records.

In the second phase, 428 full-text articles were assessed for eligibility. A total of 53
records were excluded: 43 records were excluded by the full-text analysis following the
exclusion and inclusion criteria, 15 records were excluded because the publication was
not available, and 1 was excluded because it was written in a non target language. In total,
375 publications were finally included in the analysis (Figure 2).

Data Analysis

The bibliographic data was extracted independently by the first two authors, and
each article was coded for publication year, thematic category, geographic origin, and tax-
onomic focus.

° Thematic classification:

We organized the literature into eleven topics grouped under two overarching do-
mains:

Fundamental science—Taxonomy and systematic (including morphology and anat-
omy), biology and physiology, genetics and genomics, ecology, biogeography (species
distribution and checklists), and paleoecology and paleophycology.

Applied science — Uses: biotech applications (pharmacy, cosmetics, medical, and nu-
tritional) and resource exploitation: aquaculture and natural harvesting; and impacts:
non-indigenous species (NIS), climate change, and toxicology.
¢  Geographic scope:

The study area includes every region explicitly cited in the source material: the
Azores, Madeira, the Selvagens, the Canary Islands, and Cabo Verde. In addition, when
the research adopts a truly Macaronesian perspective, examining the archipelagos as a
single, cohesive unit rather than dissecting them into separate sub-regions, the broader
Macaronesian region is also incorporated. In this sense, “Macaronesia” denotes studies
that treat the five archipelagos collectively, focusing on processes, patterns, or phenomena
that span the entire island complex (e.g., shared biogeography). Thus, the Macaronesian
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component of the study captures investigations that view the archipelagos as an inte-
grated whole, rather than as isolated case studies of individual islands.

° Taxonomic treatment:

We extracted and documented the species reported in each paper, provided that such
taxonomic information was available. When a publication does not name a specific spe-
cies, we assign the observation to the highest taxonomic rank reported (genus, family,
etc.). Each article was screened for mentions of individual species names, and every ex-
plicit citation of a species was recorded as a single occurrence. Duplicate mentions of the
same species within a single article were counted only once to avoid inflating prevalence
estimates. We used the taxonomic classification provided by AlgaeBase (https://www.al-
gaebase.org, accessed on 7 October 2025) and updated it to reflect the currently accepted
names where necessary. Individual species were excluded from our analysis when the
study treated them collectively —as part of an ecological community, as seaweed habitats,
or as functional groups—or when the work presented a taxonomic checklist. In this con-
text, a taxonomic checklist is understood as a curated, systematic inventory of all taxa
(species, subspecies, genera, families, and higher ranks) documented within a defined ge-
ographic area, habitat, or taxonomic grouping. Consequently, records were classified into
one of three mutually exclusive categories: (1) community-based assemblages, (2) func-
tional-group descriptions, or (3) taxonomic checklists.

These classifications formed the basis for subsequent quantitative and qualitative
syntheses.

All calculations and analyses were carried out in RStudio (Posit Software, PBC, Bos-
ton, MA, USA; v. 2025.09.2 Build 418).

3. Results

This review included 375 studies in the analysis (Table S1), with the earliest phyco-
logical work dating back to 1874, when a seaweed checklist was compiled for Cabo Verde
[49] (Figures 3 and 4). Subsequent pioneering studies were carried out in the Canary Is-
lands in 1969, the Azores in 1988, Madeira in 1997, and the Selvagens in 2014 (Figure 4).
The first comprehensive study covering the broader Macaronesia region appeared in 1988.
From the late 1960s through the 1980s, only a limited number of investigations were con-
ducted. Figure 3 shows a steady accumulation of publications from the late 1980s to the
present, with several annual peaks, including a maximum of 26 papers in 2024.

w
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n
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Figure 3. Number of publications about macroalgae of Macaronesia (see selection criteria in meth-

ods) per year (blue bars) and cumulative number of publications (red line).
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Figure 4. Cumulative progression of publications about macroalgae of Macaronesia (see selection

criteria in methods) per region.

At the regional scale, the cumulative publication record (up to 2025) shows a large
difference between archipelagos (Figure 4). The Canary Islands and the Azores together
account for more than 80% of the total, followed by Madeira with 12%. These three archi-
pelagos each initiated a distinct period of growth in different decades: the Canary Islands
began their earliest surge in the 1990s and have accumulated 223 papers; the Azores en-
tered their expansion phase in the early 2000s, reaching 122 cumulative publications; and
Madeira’s increase started in the mid-2010s, resulting in 50 papers to date. Smaller con-
tributors to the overall Macaronesian output include Cabo Verde (20 publications), the
broader Macaronesia aggregate (13 publications), and the Selvagens (5 publications) (Fig-
ure 4).

When analyzed per research theme (Figure 5), a pronounced imbalance emerges be-
tween fundamental and applied science. With the exception of paleocology (15 records),
all fundamental science topics dominate over applied science, accounting for a total of 505
publications. In contrast, applied studies comprise 132 records, of which 84 address envi-
ronmental impacts and 48 focus on practical uses. Within the fundamental domain, ecol-
ogy and taxonomy are the most represented themes, each exceeding 100 publications. Bi-
ogeography, genetics, and biology follow, each falling within the 50-100 publication
range. Within applied science, research on NIS and biotechnology is predominant. Con-
versely, the least explored topics are resource exploitation, climate change, and toxicol-
ogy, each contributing fewer than 25 studies (Figure 5).

Figure 6 displays a Sankey diagram that quantifies the distribution of peer-reviewed
publications across the Macaronesian archipelagos and the aggregated “Macaronesia” re-
gion by thematic areas. The width of each flow is proportional to the number of papers
linking a given region to a specific research theme. The Canary Islands exhibit the broad-
est and most evenly distributed flows, with substantial contributions to taxonomy, ecol-
ogy, genetics, and biology, reflecting the 223 papers published for this archipelago. In the
Azores, the dominant flows connect to ecology and taxonomy, followed by biogeography
and NIS research, within the 122 publications identified for this area. Madeira’s pattern is
characterized by strong links to ecology and biogeography and a smaller yet evident flow
toward NIS, corresponding to its 50-paper output. For the Macaronesia aggregate, only a
thin band appears for biogeography, indicating that the 13 aggregated publications on
this region are relatively sparse. Additionally, much narrower flows represent the contri-
butions from Cabo Verde (20 papers) and the Selvagens (5 papers).
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Figure 5. Total publications about macroalgae of Macaronesia (see selection criteria in methods) by

research topic.

The distribution of studies across algal phyla reveals a pronounced bias toward red
algae (Rhodophyta), which accounts for approximately 56% of the publications (Figure 7).
Brown algae (Phaeophyceae, Phylum Ochrophyta) comprise the next largest proportion
at 29%, followed by green algae (Chloprophyta) at 15%. When the data are examined at
the order level, three orders dominate the literature: the red order Ceramiales (26% of
studies) and the brown orders Fucales (12%) and Dictyotales (10%). Together, these three
orders represent nearly half of all investigations (Figure 7). It should be noted that 7% of
the total studies involve multiple species (community-based assemblages, checklists, and
functional groups) and were excluded from the calculations presented before (see Figure
7).
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Figure 6. Sankey diagram of topics about macroalgae of Macaronesia studied per region.

The analysis of research effort across algal orders (Figures 8 and 9) revealed a con-
centration of publications within a limited set of taxa. Across all eleven thematic areas,
Ceramiales consistently occupied a leading position, accounting for the highest number
of studies in biogeography, biotechnology, biology, climate change, ecology, exploitation
of resources, genetics, non-indigenous-species investigations, and taxonomy. Its domi-
nance is especially evident in taxonomy (177 records) and genetics (98 records). Fucales
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was the foremost order in toxicology (35 records) and emerged as the second most fre-
quently examined order, contributing substantially to biotechnology, ecology, and genet-
ics. Dictyotales was the third most frequently examined order; it featured prominently in
biogeography, biotechnology, ecology, genetics, taxonomy, and toxicology.

Dictyotales

9.9%

Fucales
11.6%

Figure 7. Treemap representing the percentage of phycological studies in Macaronesia by order.
Colors represent the different phyla: red for Rhodophyta, green for Chlorophyta, and brown for
Phaeophyceae.

Secondary contributors included Bryopsidales, which appeared in studies on biol-
ogy, climate change, resource exploitation, and non-indigenous species. Orders such as
Corallinales, Hapalidiales, and Bonnemaisoniales were also best represented, though
within a narrow range of topics, primarily paleoecology, taxonomy, or non-indigenous-
species research.
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Figure 8. Studies about macroalgae of Macaronesia by order and topic.
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Figure 9. Number of species in each of the orders of macroalgae of Macaronesia studied per region.

The regional distribution of species-level investigations (Figure 10) also shows the
same pronounced skew towards a few algal orders, with the very species-rich order
Ceramiales emerging as the most intensively studied across the majority of locations, fol-
lowed by species of Fucales and Dictyotales. In the Azores, Ceramiales alone accounts for
159 species records, far exceeding the next most studied groups, Bonnemaisoniales (37)
and Bryopsidales (36). A similar pattern is observed in the Canary Islands, where
Ceramiales again dominates with 171 species records, followed by substantial contribu-
tions from Fucales (89) and Dictyotales (81). Madeira follows this trend, with records of
species of Ceramiales (52) outnumbering both Dictyotales (32) and Fucales (31). Even in
the sparsely sampled Selvagens archipelago, Ceramiales (22) represents most species rec-
ords relative to the modest Fucales presence (2). In Cabo Verde, the major research effort
at the species level is evenly split among four orders (Cladophorales, Dictyotales, Coralli-
nales, and Bonnemaisionales), each contributing between five and eight studies. In the
broader Macaronesia grouping, Fucales (20) is the most frequently recorded, yet
Ceramiales (14) and Dictyotales (10) remain well represented.

The most frequently studied species are represented in Figure 10, which shows that
the main taxa under investigation are multispecies as community-based assemblages, fol-
lowed by Asparagopsis taxiformis and Gongolaria abies-marina. Checklists and functional-
group analyses also rank among the ten most frequently investigated taxa. Additional
species receiving considerable attention include Asparagopsis armata, Cystoseira humilis,
Pterocladiella capillacea, Halopteris scoparia, Padina pavonica, Rugulopteryx okamurae, Lobo-
phpora variegata, and Gelidium canariense (Figure 10).
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Figure 10. Ten most frequently studied species of macroalgae in Macaronesia. Color bars represent
different groups: grey for multitaxa, red for Rhodophyta, and yellow for Phaeophyceae.

4. Discussion

Our review provides the first integrated assessment of how phycological research
has developed across the Macaronesian archipelagos, placing the region’s scientific out-
put into a coherent historical, geographical, thematic, and taxonomic context. By synthe-
sizing 375 peer-reviewed studies published over the last 150 years, we demonstrate a
marked shift from early, sporadic floristic inventories to a more diversified and method-
ologically mature research landscape that now sustains a consistent annual output. Alt-
hough a previous attempt to review phycological research in Macaronesia was published
in 2014 [38], its restricted accessibility and methodological limitations prevented it from
delivering a comprehensive or up-to-date synthesis. Our study builds on that early effort
by offering a fully systematic, reproducible, and region-wide assessment that captures re-
cent advances and provides the most complete overview to date. In addressing our three
objectives, several patterns emerge, most notably strong geographic asymmetries, uneven
representation of taxa, and thematic imbalances, that together reveal how scientific effort
has been distributed and where critical knowledge gaps persist. These patterns provide
the foundation for interpreting the drivers of research bias in the region and their impli-
cations for biogeography and coastal management.

The historical development of phycological research in Macaronesia reveals a shift
from opportunistic documentation to a structured and increasingly diversified scientific
effort. The earliest record, a seaweed checklist from Cabo Verde published in 1874, illus-
trates the exploratory period that characterized the late nineteenth and early twentieth
centuries, when marine botany had limited institutional support and remained peripheral
within broader marine science. The sparse output until the mid-1960s parallels global pat-
terns in which phycology lagged behind zoological and oceanographic research owing to
logistical constraints, limited taxonomic expertise, and the absence of dedicated research
programs [50,51]. Only a small number of contributions were published between 1874 and
the mid-1960s, reflecting a regional scientific landscape with limited capacity and few ded-
icated specialists. A marked inflection occurs in the late 1980s, when annual publication
output begins to increase steadily. This shift aligns with broader global trends in phycol-
ogy and coincides with technological and institutional developments that transformed the
field. The introduction of accessible diving techniques (including early narguilé systems
and SCUBA) expanded the range of subtidal habitats that could be surveyed, while the
diffusion of molecular tools such as PCR and DNA sequencing (e.g., [52]) opened new
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avenues in taxonomy, phylogeography, and population genetics. These advancements
aligned with the establishment of active phycological research groups in the Canary Is-
lands and the Azores (e.g., [38], which provided stable institutional bases, training oppor-
tunities, and long-term research programs. The upward trajectory intensifies in the last
decade, culminating in 2024 with 26 publications, more than twice the long-term annual
average, indicating sustained and expanding scientific activity across the region.

Geographically, research output is strongly dominated by the Canary Islands and the
Azores (see Figures 4 and 6), each following its own growth trajectory shaped largely by
institutional development. In the Canary Islands, the longstanding presence of the Uni-
versity of La Laguna (founded in 1927) and the introduction of marine botany into its
curriculum in the 1980s appear to have catalyzed the first major surge in publications dur-
ing the 1990s. The Azores experienced a comparable rise in the early 2000s with the for-
mation of a dedicated phycology group at the University of the Azores, which consoli-
dated taxonomic expertise and promoted ecological and biogeographic studies through-
out the archipelago. Madeira occupies an intermediate position: its more recent increase
in productivity, beginning in the 2010s, could correspond to the creation of MARE-Ma-
deira, which provided the first stable institutional platform for phycological research on
the island. In contrast, Cabo Verde, the Selvagens, and work addressing Macaronesia as a
unified bioregion collectively account for less than 10% of total publications. Several struc-
tural constraints likely contribute to this pattern: limited national research funding, the
absence of permanent phycologists in Cabo Verde [38], and the logistical difficulty of sam-
pling in the Selvagens, an uninhabited fully protected archipelago with restricted access
[18]. Nevertheless, the presence of even a small number of studies suggests a nascent but
growing research interest that could be strengthened through collaborative networks, tar-
geted capacity building, and improved regional coordination. The fact that a very limited
number of publications treat Macaronesia as a coherent marine biogeographic unit further
underscores the need for integrated approaches capable of capturing cross-archipelago
patterns and processes.

Beyond the historical and geographic asymmetries described above, our review also
reveals pronounced taxonomic and thematic biases that further shape the current land-
scape of phycological knowledge in Macaronesia. Rhodophyta and several prominent or-
ders, especially Ceramiales, Fucales, and Dictyotales, dominate the literature. While this
pattern partly reflects true species richness and ecological prominence, it also emerges
from methodological convenience, historical taxonomic interest, and the ecological visi-
bility of structurally complex, canopy-forming species. Several factors contribute to these
biases. First, the morphological complexity and high species richness of Ceramiales have
long motivated intensive taxonomic revisions and molecular phylogenetic work. Second,
many brown algae, particularly species within Cystoseira sensu lato, form ecologically im-
portant, canopy-forming assemblages that are both conspicuous and readily surveyed,
making them frequent research targets. Third, the recent invasion of Rugulopteryx okamu-
rae, a member of the Dictyotales, has triggered a surge of studies addressing its biology,
ecology, and invasive dynamics. The prominence of invasive species among the most
studied taxa, including R. okamurae and two Asparagopsis species, reflects their high eco-
logical impact and, in some cases, also the commercial relevance of the genus Asparagopsis.
However, this focus risks reinforcing a taxonomic attention cycle that diverts effort away
from understudied native groups. The comparatively poor representation of green algae
and other inconspicuous taxa represents a substantive gap, particularly given their roles
in cryptic diversity, primary production, and early successional dynamics. Their system-
atic underrepresentation also limits our understanding of ecosystem functioning at the
regional scale and generates geographic knowledge gaps, as their distributions remain
poorly resolved across islands and archipelagos. This imbalance constrains biogeographic

https://doi.org/10.3390/phycology6010024



Phycology 2026, 6, 24

13 of 17

analyses, reduces the robustness of ecological inferences, and may ultimately hinder the
design of effective conservation and management strategies. Deliberately incorporating
these overlooked taxa into future surveys will therefore be essential for producing a more
accurate and representative picture of algal diversity in the Macaronesian region.

Our synthesis also highlights a strong thematic imbalance. Fundamental sciences,
particularly ecology and taxonomy/systematics, dominate Macaronesian phycology. Ap-
plied research is comparatively limited, though two areas are increasingly prominent: NIS
and biotechnology. This disparity reflects the historical focus of Macaronesian phycology
on biodiversity documentation, systematics, and ecological interactions, fields that form
the foundation for future applied outcomes. The strong representation of NIS reflects their
accelerating ecological impacts, while the prominence of biotechnology contrasts with the
relatively low number of studies focused on resource exploitation and aquaculture. In the
domain of environmental impacts, NIS research is relatively well developed, but toxicol-
ogy and climate-change responses remain severely underrepresented. This gap is con-
cerning given the increasing frequency of marine heatwaves, warming anomalies, and
other climatic stressors affecting the Northeast Atlantic [53-56]. In the context of acceler-
ating ocean warming, biological invasions, and expanding coastal development in the re-
gion, broadening applied research streams is essential to support evidence-based man-
agement and the sustainable use of algal resources. Long-term monitoring of canopy-
forming assemblages and the systematic assessment of invasive species should therefore
be prioritized to ensure preparedness for future ecological shifts. Differences in thematic
emphasis among archipelagos reflect local drivers: invasive species research is particu-
larly active in the Azores and Madeira due to recent introductions, whereas the Canary
Islands host the broadest thematic spectrum owing to their longer institutional history
and higher research capacity. These patterns underscore that regional agendas are shaped
as much by local socio-environmental context as by scientific tradition.

This review is subject to several limitations. The exclusion of grey literature, regional
reports, and academic theses may underrepresent locally relevant observations, especially
for the most poorly studied islands. Similarly, the decision to omit multispecific studies
when calculating order-level proportions may slightly underestimate the contribution of
community-based research. Finally, database indexing biases inevitably favor English-
language journals, raising the possibility that relevant Portuguese and Spanish works re-
main underdetected.

5. Conclusions and Future Research Directions

Phycological research in Macaronesia has evolved from isolated, largely descriptive
studies to a more integrated, multidisciplinary enterprise. Our systematic review reveals
that foundational knowledge in taxonomy, systematics, and ecology is solid, yet unevenly
distributed: the Canary Islands and the Azores account for nearly 80% of publications,
while other archipelagos remain underrepresented. Fundamental investigations domi-
nate the literature, particularly on ecology and taxonomy, whereas applied research, es-
pecially on resource exploitation/aquaculture, toxicology, and climate-change impacts, is
comparatively scarce. Red algae (Rhodophyta) and a few dominant orders (Ceramiales,
Fucales, Dictyotales) are heavily studied, whereas green algae and less conspicuous taxa
remain underrepresented. Among the most studied species, several are invasive (Rugulop-
teryx okamurae and Asparagopsis spp.), and some have commercial relevance, reflecting
both ecological and economic drivers of research focus. Despite the review limitations, the
synthesis provides a comprehensive overview of the geographic, taxonomic, and thematic
patterns in Macaronesian phycology.

Based on these findings, several priorities emerge for future research. First, geo-
graphic coverage should be expanded to understudied regions, with collaborative field
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campaigns and shared data initiatives targeting Madeira, Cabo Verde, and Selvagens. Sec-
ond, applied research should be strengthened, particularly in areas where fundamental
knowledge exists but practical utilization is limited, with the goal of conserving and not
impacting the local ecosystem, such as the exploitation of invasive species to promote their
removal or the aquaculture of native species to promote their sustainable use without af-
fecting natural ecosystems. Third, taxonomic breadth should be increased by incorporat-
ing understudied algal lineages, leveraging high-throughput sequencing and molecular
tools to uncover cryptic diversity and endemicity. Fourth, monitoring efforts should be
standardized across islands to allow detection of long-term trends, assessment of ecosys-
tem health, and early identification of emerging threats such as invasive species and cli-
mate-change impacts. In this regard, it would be strategic to ensure the deployment of a
regional cross-border monitoring program using equivalent methodology (e.g., in situ
UVCs with photoquadrats with taxonomic identification) to produce periodic estimates
of diversity, abundance, and canopy coverage in selected sites across the archipelagos,
ecological conditions, and vulnerability to accumulated human impacts. The existence of
different local programs and research teams in several of these regions would be a good
starting point. Finally, research priorities should still address fundamental scientific
knowledge, which is the basis for scientific and applied innovation, while ensuring the
information targeted at needs with socio-economic relevance, aligning scientific output
with management needs. By advancing these priorities, the Macaronesian phycological
community may help reduce existing knowledge gaps, enhance inter-archipelago collab-
oration, and contribute to a more robust framework for the conservation and sustainable
management of the region’s marine algal ecosystems.
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