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1UMR 7035 ECOSEAS, Université Côte d’Azur, CNRS, Nice, France, 2GRMAR, Institut of Aquatic
Ecology, University of Girona, Girona, Spain, 3Department of Biology, University of Naples Federico II,
Naples, Italy, 4National Biodiversity Future Centre, Palermo, Italy, 5Research Unit (RU) Phycology, Blue
Biodiversity & Biotechnology, URL CNRST 10 – Laboratory of Plant Biotechnology, Ecology and
Ecosystem Valorization, Faculty of Sciences, University Chouaïb Doukkali, El Jadida, Morocco,
6Dipartimento di Scienze della Vita e dell’Ambiente, Università Politecnica delle Marche, Ancona, Italy,
7Aix-Marseille University, Mediterranean Institute of Oceanography (MIO), CNRS/INSU, IRD, UM 110,
Marseille, France, 8Department of Integrative Marine Ecology, Stazione Zoologica Anton Dohrn,
Naples, Italy, 9Sicily Marine Centre, Stazione Zoologica Anton Dohrn, Lungomare Cristoforo Colombo
(complesso Roosevelt), Palermo, Italy, 10Center for Marine Research, Ruđer Bošković Institute,
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The worldwide decline of macroalgal forests is raising major concerns for the

potentially negative consequences on biodiversity and ecosystem functions,

pushing for the definition of specific conservation and restoration measures.

Protecting and restoring these habitats requires detailed information on their

distribution, ecological status, and drivers of decline. Here, we provide the most

updated available information on the distribution of Mediterranean Cystoseira s.l.

forests by conducting a comprehensive bibliographic survey of literature

published from 2009 to 2021, complemented by unpublished data. We also

provide insights into the ecological status of these forests and the stressors

affecting them across the Mediterranean basin. Our results show that most

Mediterranean coasts remain un(der)studied and that the available information

is concentrated in spatially limited coastal areas, restricted to very few species.

When the ecological status is reported, data is highly heterogeneous, making any

comparisons problematic, what claims for the description and use of easy and

standardized monitoring methods for comparative purposes. Drivers of decline
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of Cystoseira s.l. forest have been even less investigated and, therefore, still

poorly characterized. Our results highlight that our current knowledge is still

insufficient to implement effective conservation and restoration strategies at the

basin scale but also regionally. We call for the urgent need for mapping and

standardized monitoring of Cystoseira s.l. forests to obtain baseline information

for future management strategies involving their conservation, the mitigation of

the stressors threatening them and the restoration of the degraded forests.
KEYWORDS

Cystoseira sensu lato, Mediterranean marine forests, marine threats, macroalgal
restoration, macroalgal conservation, macroalgal distribution, ecological status,
site prioritization
1 Introduction

Marine algal forests are typically dominated by brown canopy-

forming macroalgae from the Orders Laminariales, Fucales,

Tilopteridales and Desmarestiales. These habitats produce

important biomass and create 3D structures of high fractal

complexity that host and feed a myriad of associated species (e.g.,

Cheminée et al., 2013; Teagle et al., 2017). Thus, these forests

represent some of the most productive and biodiverse coastal

marine ecosystems in temperate and polar regions on the planet

(Mann, 1973; Steneck et al., 2002) while also providing essential

ecosystem goods and services for human society (Smale et al., 2013).

Canopy-forming macroalgal species exhibit a great diversity of

growth forms, life strategies and environmental requirements;

therefore, forest-forming species vary among regions worldwide.

Temperate and Arctic rocky coastlines are mostly dominated by

different species of kelps (Laminariales) (Wernberg et al., 2019). In

the Mediterranean Sea, different macroalgal (Fucales) species,

mainly of the genera Cystoseira, Ericaria and Gongolaria

(Orellana et al., 2019; Molinari-Novoa and Guiry, 2020)

(hereafter reported as Cystoseira s.l.) shape rocky seascapes from

the upper infralittoral to the upper circalittoral zones (Giaccone and

Bruni, 1973).

Globally, many brown canopy-forming macroalgal species are

increasingly affected in several regions by the cumulative impacts of

local and global anthropogenic stressors which raises major concern

for their conservation (e.g., Johnson et al., 2011; Smale and

Wernberg, 2013; Wernberg et al., 2013; Thibaut et al., 2015;

Araújo et al., 2016; Smale, 2020). Their loss often triggers a

transition towards less diverse and productive habitats, such as

sea urchin barrens or turf-dominated grounds, in which stabilizing

feedback processes reinforce their persistence (Thibaut et al., 2005;

Ling et al., 2015; Filbee-Dexter and Wernberg, 2018). Specifically,

Cystoseira s.l. species are highly vulnerable to several human

disturbances. Indeed, widespread declines in their distribution

throughout the Mediterranean basin have been reported, mainly

linked to habitat destruction, overgrazing and deterioration in water

quality (Munda, 1993; Thibaut et al., 2005; Bianchi et al., 2014;

Mariani et al., 2019). Some (if not many) species may also be
02
sensitive to global change, for example, ocean warming (e.g.,

Verdura et al., 2021; Mulas et al., 2022). In response, since the

1980s and 1990s, some efforts aimed at the conservation of

Cystoseira s.l. forests have been made, such as stablishing

protection status (e.g., being listed as threatened or endangered

species in the Annex II of the Barcelona Convention; UNEP/MAP,

2013), or requiring the local mitigation of human pressures (e.g.,

sewage treatment management plans; Pinedo et al., 2013). However,

despite these efforts, the natural recovery of Cystoseira s.l. forests is

frequently unachievable. Although isolated instances of natural

recolonization have been documented (Ives ̌a et al., 2016;

Zavodnik et al., 2020), the overall limited dispersal ability of these

species and the scarcity of nearby propagules likely impede this

process (Ivesǎ et al., 2016; Zavodnik et al., 2020), suggesting the

need for active restoration.

With the increasing awareness of the need for natural

ecosystems conservation and concern about human threats,

ecological restoration has been included in the policy agenda at

global, regional, and national levels, especially following the

objectives of different initiatives, such as the UN decade on

Ecosystem Restoration (Waltham et al., 2020) or the EU

Biodiversity Strategy for 2030 (EC, 2020) and the proposed UE

Nature Restoration Law (EC, 2022). Macroalgal restoration

attempts are less common than those for other marine habitats

(Duarte et al., 2020; Fraschetti et al., 2021). However, during the last

decade, macroalgae restoration knowledge has significantly

progressed through an increasing number of funded projects in

the Mediterranean Sea (e.g., AFRIMED, ROC-POPLife or MERCES

EU projects), as well as in other areas of the world (e.g., the Green

Gravel or Operation Crayweed projects). These projects have

provided different methodologies and protocols leading to the

recovery of structural habitat-forming species (e.g., Cystoseira s.l.,

Phyllospora comosa or Saccharina latissima) as a herald for the

recovery of overall associated biodiversity and ecosystem functions,

showing active restoration as a potential successful tool to recover

marine forests (Layton et al., 2020; Cebrian et al., 2021; Eger et al.,

2022; Galobart et al., 2023).

Site prioritization is one of the first challenges for successful

restoration outcomes (McDonald et al., 2016). Site selection can be
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crucial in marine ecosystems to achieving the restoration targets

and reducing costs (Bayraktarov et al., 2016; Fraschetti et al., 2021).

The primary eligibility criteria for spatial prioritizing restoration

sites should be based on the historical presence of the habitat or

species targeted for restoration. Equal importance should be given

to assessing the suitability of the current and future biotic

conditions, such as the presence of potentially harmful invasive

species or herbivory pressure, as well as abiotic conditions, such as

bottom type, hydrodynamics, or sea-water temperature, within the

selected area (Fabbrizzi et al., 2023; Smith et al., 2023). Crucial

information to consider thus includes fine-scale data on the past

and present distribution of the species, as well as the ecological

status of populations. It is also important to identify the causal

stressor/s responsible for population declines (Gann et al., 2019).

Nonetheless, comprehensive knowledge concerning marine forests

is generally limited to a few species and regions with mostly short-

time data series, primarily due to the scarcity of long-term

monitoring and limited cartographic information about these

habitats (Krumhansl et al., 2016).

The Mediterranean Sea is not exempt from this prevailing

trend. Remarkable efforts have been dedicated to the compilation

of historical and contemporary records in specific regions of France

(Thibaut et al., 2005; Thibaut et al., 2014; Thibaut et al., 2015;

Thibaut et al., 2016; Blanfuné et al., 2016a, Blanfuné et al., 2019),

Catalonia (Mariani et al., 2019), Italy (Tamburello et al., 2022;

Rendina et al., 2023), Croatia (Ivesǎ et al., 2014, Ivesǎ et al., 2016)

and Montenegro (Mačić and Antolić, 2015). The information

acquired holds significant value; however, the process of data

acquisition is often arduous due to the need for screening

technical reports, monitoring programs, herbarium specimens,

scientific literature, and unpublished data from experts and

projects. Regrettably, the only studies collecting and mapping all

available data (considering historical and present records from 1985

to 2018) regarding the occurrences of Cystoseira s.l. forests across

the Mediterranean Sea, indicate that such knowledge is only

accessible for approximately 15% of the Mediterranean coasts

(Fabbrizzi et al., 2020; Fabbrizzi et al., 2023). In this context,

despite having a broad view of the historical and current

distribution knowledge, a comprehensive overview of the

available and updated knowledge on Cystoseira species’ current

distribution, ecological status, and the stressing factors contributing

to their decline across the Mediterranean basin is lacking.

Furthermore, the distribution and intensity of local and global

stressors responsible for population collapse have rarely been

validated on case-by-case (Mancuso et al., 2018; Mariani et al.,

2019). Finally, this critical knowledge gap across Mediterranean

regions hampers our capacity to effectively manage and restore

these habitats in a rapidly changing ocean.

In this context, through a systematic scientific literature review

and the exploitation of unpublished data together with expert

judgment, this work provides a picture of the updated (from

2009) and accessible knowledge about Cystoseira s.l. forests at the

Mediterranean scale. More especially, we aim to (1) provide a

complete overview of the updated available information on the

distribution and ecological status of Cystoseira s.l. forests, (2)

identify the drivers of Cystoseira s.l. forests loss, and (3)
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determine any geographic pattern of these drivers. With the final

aim to optimize future management, conservation, and restoration

efforts on these ecosystems, our results may be used as an essential

baseline to determine which features (e.g., species, stressors, etc.)

and areas show major gaps, allowing the identification of where

more investments are needed to allocate funds, monitoring and

sampling effort (e.g., mapping; Fabbrizzi et al., 2020; Fabbrizzi et al.,

2023). Moreover, it can also assist in determining where to focus on

impact mitigation and where restoration and conservation plans

should be prioritized.
2 Materials and methods

2.1 Information search

2.1.1 Systematic bibliographic assessment
We performed a systematic literature review consisting of (1)

relevant article identification, (2) eligibility evaluation and (3)

detailed revision of selected articles. The article identification was

conducted using three databases: Web of Science (WoS), SCOPUS,

and ScienceDirect, limiting the search to peer-reviewed articles

published from 2009 to 2021 (cut-off dates 1st January 2009 and

31st December 2021 specifically). The starting cut-off date was

decided according to the aim of assessing the current state of

Cystoseira s.l. forests, and thus, avoiding older publications that

might contain outdated data. WoS facilitates access to different

databases and searches the parameters screening in the Title, the

Abstract and the Keywords. SCOPUS and ScienceDirect were used

to search the parameters within the Title, the Abstract, the

Keywords, and the Text. The search query used was the same for

the three databases. It was designed to return generic results:

(“Cystoseira” AND “Mediterranean”) OR (“Canopy” AND

“Algae” AND “Mediterranean”).

Given the fact that the taxonomy of Cystoseira s.l. has been in

constant change during the last few years (Orellana et al., 2019;

Molinari-Novoa and Guiry, 2020; Neiva et al., 2022), we performed

four consecutive searches each time replacing the word “Cystoseira”

by “Carpodesmia”, “Treptacantha”, “Ericaria” and “Gongolaria”.

Due to this reinstatement, most of the species’ names used in the

revised publications before 2020 are no longer accepted, and thus

accepted species names, according to AlgaeBase (Molinari-Novoa

and Guiry, 2020), are used in the present study.

The articles identified by the different searches and databases

were combined, and duplicates were excluded manually using the

EndNote software. After that, we conducted an eligibility evaluation

to assess the articles’ suitability for data extraction. This step

consisted of screening the abstract, where a first assessment was

carried out, and if favourable, an in-depth check of the articles

followed. Articles were excluded when: (a) the study area was not

within the Mediterranean Sea, (b) the article studied canopy-

forming algae other than Cystoseira s.l., (c) no specific

geographical information of Cystoseira s.l. populations was

provided, and (d) authors used the same sampling site to conduct

different studies and published more than one article. When the

latter was detected, the articles were regarded as duplicates; hence,
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only one of the different articles was kept for data extraction. As a

result, 138 articles were used for data extraction.

2.1.2 Complementary search and
personal communications

Some areas of the Mediterranean Sea were underrepresented in

terms of data availability. This unbalance might be due to certain

studies being published in local or regional journals (often non-

indexed) or/and in the country’s official language and, therefore,

may have gone unnoticed by the databases used in the first

systematic search. To balance these differences, subsequent

searches using Google Scholar and targeting those specific areas

were carried out. Citations in the articles reviewed were also

checked when considered relevant. This search added 15 articles

to those previously selected.

Lastly, all authors contributed data, encompassing extensions of

existing datasets from prior publications or technical reports. These

data sources encompassed a broad spectrum, including information

from monitoring programs and frequently sampled areas from

various national and international projects.
2.2 Data extraction

To map the reported knowledge on the distribution, ecological

status, and stressors of Cystoseira s.l. forests, key information was

extracted from each article when available: Cystoseira s.l. species,

geographical information (including coordinates, site name, region,

country), ecological status (Good, Moderate, Bad), presence of

stressors and stressor type, dynamics of the population

(Increased, Stable, Decreased abundance) and sampling year.

When coordinates were not provided, location names were

searched on websites and georeferenced using QGIS 3.26 software,

allowing the extraction of coordinates with the same program.

When sampling points were only provided in a figure map,

points were manually georeferenced using QGIS 3.26 software. To

identify regional geographical differences, the Mediterranean Sea

was divided into eight sub-basins, following the framework

proposed by Teruzzi et al. (2011) with a few minor modifications.

These adjustments were made considering the regional

identification from our bibliographic research, where Adriatic Sea

is considered as a single sub-basin and the entire Balearic

archipelago is considered into the same sub-basin.

The ecological status of populations was derived from different

types of variables. Some articles used numerical variables, while

others used categorical ones. Categorical data consisted of

descriptions and were highly heterogeneous. As a rule, if a

population was described as “forest”, “continuous belt”, or

“dominant”, it was classified as Good; if it was described as

“patches”, it was classified as Moderate; and if it was described as

“Scattered individuals”, “Barren ground”, or “Absent after a

population extinction” it was classified as Bad. The georeferenced

points reporting the absence of Cystoseira s.l. species but not

specifying the reason, were excluded from this analysis. The

numerical variables were wet weight per unit area, density

(number of thalli per surface), or percentage cover of individuals,
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the latter being the most common. Different thresholds were set for

each of these variables to classify the numeric values into the three

established categories in this study. The criteria details used to

classify the extracted data into the three categories of ecological

status (Good, Moderate, or Bad) are described in Table 1.

Information about the presence or absence and the type of

stressors affecting Cystoseira s.l. populations were also extracted

from the articles, when available. Different types of stressors were

classified into different categories, defined in Table 2.
2.3 Data processing and representation

The resulting database consisted of georeferenced points with

different attributes. These points were projected into a map using

the Geographic Information System (GIS) software QGIS 3.26. The

coordinate representation system used was WGS84 (EPSG: 4326).

The spatial data were processed using ArcGIS Pro 3.0.0 software,

and all graphics were generated using ggplot2 package (Wickham,

2016) in the statistical environment R (R Core Team, 2019). The

spatial analysis consisted of assessing (1) data availability, (2)

ecological status, and (3) stressor occurrence.

2.3.1 Data availability
To study the spatial availability of the compiled data, a grid of

10 km x 10 km was projected on a map of the Mediterranean Sea,

and then only the cells that intersected with the coastline were kept.

Each cell was assigned a distinct colour based on the number of

georeferenced points it encompassed (Figure 1). The number of

occurrences (presence, absence, and extinction) per Cystoseira s.l.

species was also represented in a bar plot (Figure 2).

2.3.2 Ecological status
The points that contained information about the ecological

status of Cystoseira s.l. assemblages were classified as Poor,

Moderate or Good (Table 1), as explained above. A numerical

value was given for each ecological status category; the locations

with “Poor” ecological status were given a value of 1, “Moderate” a

value of 2, and “Good” a value of 3. Using the same grid described in
TABLE 1 Criteria used to classify the different data obtained through
different variables within the three ecological states established in this
study: Poor, Moderate, and Good.

Ecological status

Measure Poor Moderate Good

Cover (%) 0-10 10-50 50-100

Wet weight (g/
m2)

0-100 100-500 ≥ 500

Density
(Individuals/m2)

0-1 2-3 ≥ 4

Descriptive

“Scattered individuals”
“Absent after population

extinction”
“Barren ground”

“Patches”

“Forest”
“Continuous

belts”
“Dominant”
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the Data availability section (2.3.1), the average ecological status was

calculated in each cell (Figure 3). The values obtained were rounded

to the closest integer. Supplementary Materials S4 contains more

detailed maps of occurrences with associated ecological

information. Specifically, for regions exhibiting a higher density

of points, the ecological value attributed to each individual point is

presented. Finally, the number of points of each ecological status

category and the number of points without ecological status

information (Unknown category) were also represented per sub-

basins in a bar plot (Figure 4).
2.3.3 Stressor occurrence and expected trends
We identified 590 points reporting information about stressors

(or their absence) impacting Cystoseira s.l. populations. It is worth

noting that one point could be impacted by more than one stressor

category. To study the density of each stressor at a Mediterranean

scale, we conducted a Kernel density estimation of each stressor.

Kernel density estimation is a technique used to estimate the

probability density function of a set of data points (Silverman,

1998). It fits a smoothly curved surface over each point, where the

surface value is the highest at the point location and decreases

moving away from it until reaching the Search radius (r). The

search radius defines the area around each point considered

statistically significant for the analysis.

The density at a given location (x,y) is calculated by adding the

values of all the kernel surfaces overlaying that location. The result is a

continuous surface representing the data points’ density, with higher

densities represented by higher surface values (Silverman, 1998).
TABLE 2 Classification of the different reported stressors within the
established “stressor categories” in this study.

Stressor
categories

Reported stressors that have been included
within each category

Water quality

Sewage outfall/chemical pollution, water turbidity,
sedimentation, eutrophication (e.g., aquaculture farming or
mariculture), freshwater inputs, agriculture, eutrophication,
anthropization

Habitat
destruction

Habitat destruction, harbour facilities, urbanisation, trawling,
anthropization

Overgrazing
by sea urchins

Overgrazing by Paracentrotus lividus and/or Arbacia lixula

Overgrazing
by native fish

Overgrazing by Sarpa salpa

Overgrazing
by invasive
fish

Overgrazing by Siganus spp.

Climate
change

Seawater warming, marine heatwaves, acidification*, and/or
storms

Others

Species competence (including, invasive algae, mussels, turf
species); Natural events (including hydrodynamics, strong
winds, hydrothermal activity); Mechanical damage (including
boat anchoring, ghost nets).

No-Stressor Absence of stressor confirmed

Unknown/Not
reported

Stressor either not reported in the study or unknown
*Ocean acidification on Cystoseira s.l. species are uncertain (Celis-Plá et al., 2017; Porzio et al.,
2011), although negative effects have been observed in laboratory experiments on early life
stages (Monserrat et al., 2022).
FIGURE 1

Data availability. Distribution of all sampled points of Cystoseira s.l. populations along the Mediterranean basin that have been obtained in the data
extraction process. In the map, each square encompasses an area of 10 km2, the colour of which represents the number of sampling points within
the given area. The different divisions represent the Mediterranean sub-basins defined in this study (modified from Terruzi et al., 2011): Alb: Alboran
Sea, NWM: North-Western Mediterranean, SWM: South-Western Mediterranean, Tyr: Tyrrhenian Sea, Adr: Adriatic Sea, Ion: Ionian Sea, Aeg: Aegean
Sea, Lev: Levantine Sea.
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The analysis was conducted using the “Kernel Density” tool,

included in the “Spatial Analyst Tools” package of ArcGIS Pro 3.0.0,

which is based on the quartic kernel function described in

Silverman, 1998 [(Silverman, 1998), p.76, equation 4.5].

The formula determining the density in a particular location (x,

y) is defined as follows:

Density   =  
1
r2o

n

i−1

3
p
  ·   1 −

di
r

� �2� �2
" #

For di   <   r

Where di  is the distance between point i and the location (x,y).

To calculate the search radius around each point, the following

formula was used:

r   =   0:9   ·  min   SD,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

ln(2)
  ·  Dm

r
 

� �
  ·   n−0:2

Where SD is the standard distance, Dm is the median distance

from the mean centre, and n is the number of points.

The Standard Distance is calculated using the following

formula:
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SD   =  

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
on

i=1(xi − �X)2

n
  +  o

n
i=1(yi − �Y)2

n

s

Where n is the number of points, xi, yi are the coordinates for

feature i, and �X, �Y are the coordinates of the mean centre of the

group of points.

The representation of the results was restricted to 25 km from

the coastline for a better interpretation.

Finally, we illustrate the occurrence of primary stressors (those

frequently reported or considered to have substantial implications)

in each sub-basin and outline their expected impact trends over the

next 50 years (referred to as the mid-term). To do so, we combined

the information collected in the present study with expert

consensus in each sub-basin. Further details on collecting and

evaluating expert perceptions of stressors’ future trends can be

found in Supplementary Materials S1.
3 Results

The information search, including the bibliographic search and

the personal information from 2009 to 2021, resulted in 1536
FIGURE 2

Number of reported occurrences (including past and present presence and absence) of Cystoseira s.l. species, based on the available data.
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FIGURE 3

Ecological status. Distribution of the sampling points reporting information regarding the ecological status of Cystoseira s.l. populations along the
Mediterranean basin that have been obtained in the data extraction process. Each square encompasses an area of 10 km2, the colour of which
shows the mean ecological status of the different points within the given area. The mean ecological status value has been obtained from the
average value of the ecological status of the different sampling points that are located within the area of each square. The different divisions
represent the Mediterranean sub-basins defined in this study (modified from Terruzi et al., 2011): Alb: Alboran Sea, NWM: North-Western
Mediterranean, SWM: South-Western Mediterranean, Tyr: Tyrrhenian Sea, Adr: Adriatic Sea, Ion: Ionian Sea, Aeg: Aegean Sea, Lev: Levantine Sea.
FIGURE 4

Number of points reporting the past or present presence of Cystoseira s.l. forest in the different sub-basins classified within the different categories
of ecological status (Good, Moderate and Poor), based on the extracted data. Those points reporting the presence of Cystoseira s.l. forest but not
mentioning the ecological status of the forest are classified within “Unknown” category in the graph. Alb: Alboran Sea, NWM: North-Western
Mediterranean, SWM: South-Western Mediterranean, Tyr: Tyrrhenian Sea, Adr: Adriatic Sea, Ion: Ionian Sea, Aeg: Aegean Sea, Lev: Levantine Sea.
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geographical points reporting the occurrence of Cystoseira s.l.

species. The complete list of the articles reviewed is presented in

Supplementary Materials S2. Based on the number of records in the

literature and personal information, our results indicate that

Cystoseira s.l. forests have been increasingly studied through the

years (Supplementary Materials S3). However, our data also show

that available information is still scarce, characterized by geographic

and taxonomic bias, with a concentration in specific areas and on a

limited number of species. For most Mediterranean coasts, there are

no available or updated (after 2008) data on the presence or absence

of Cystoseira s.l. forests. When available, data are concentrated

especially in the Catalan and the Balearic coasts, some regions of the

French Mediterranean coast, the north-west coasts of Corsica

(NWS sub-basin), the Istrian coast (northern Adriatic Sea), and

the coasts of Cyclades Islands (Aegean Sea) and Malta (Ionian Sea).

Some information is available in other areas, such as the central

region of the Algerian coast, some parts of the Italian, Lebanese and

Cyprus coasts, and the southern shores of Spain, although with

fewer reports (Figure 1). On the other hand, with few exceptions,

such as the Aegean Sea, the Island of Malta, and the Israeli coast, the

eastern part of the basin is the most underrepresented, especially the

Ionian Sea, and the southern coasts of the Levantine Sea, which

present a scarcity of sampled points (Figure 1).

Of the 1536 georeferenced points, 1361 reported the presence of

at least one Cytoseira s.l. species. The absence of Cystoseira s.l.

species was explicitly mentioned in 175 points. Among these, 50

points specifically indicated the absence of Cystoseira s.l. spp. as a

result of local extinction, while the remaining 125 data points do not

provide explicit information regarding whether the absence is

attributable to natural factors or population decline. Concerning

the taxonomic data quality, it is worth noting that 32% of the

georeferenced points reporting past or present Cystoseira s.l.

presence (450 out of 1411), are not based on species-level

identification but are reported simply as Cystoseira sp. or spp.

The remaining points (961 out of 1411) reported the presence or

absence (due to decline) of at least one Cystoseira s.l. species, with

several points reporting the occurrence of more than one species.

This resulted in a total of 2382 past or present occurrences. Out of

36 Cystoseira s.l. species present in the Mediterranean Sea (Oliveras-

Pla and Gómez-Garreta, 1989), we obtained occurrences for 32

species. Cystoseira compressa, Ericaria amentacea, and E. crinita

were the most frequently reported species (with 353, 308 and 249

records, respectively), representing 48% of the total obtained

occurrences reporting species-level information (1895 records),

while 86% was reached by records of only 14 species (Figure 2).

Ericaria funkii, Cystoseira masoudii and C. jabukae were the species

least frequently reported, each reported only in one

location (Figure 2).

Of the 1411 points reporting the present or past presence of

Cystoseira s.l. forests, 1179 (83%) had available information on the

ecological status of the Cystoseira s.l. populations (concerning any

of the variables previously described, Table 1), among which 510

(36%) were classified as in Good ecological status, 311 (22%)

Moderate, and 358 (25%) Poor (Figures 3, 4). Generally, forests in

different ecological status categories have been reported in all sub-

basins. However, in some sub-basins, such as the Adriatic Sea, the
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Aegean Sea and the Levantine Sea, the number of forests in poor

ecological status predominates (Figure 4). Conversely, in the NWM,

the sub-basin containing the highest number of occurrences, forests

considered good ecological status are the most reported (Figure 4).

For a more comprehensive view with a higher resolution of

occurrences reporting ecological information and the ecological

value assigned to each individual point, please refer to

Supplementary Materials S4.

Information regarding stressors was the least reported in

articles or personal communications. Only 590 (38%) of the

occurrences (1536) provided specific information on the presence

and/or the type of stressors affecting the population, while in only

5% (76) of the cases Cystoseira s.l. populations were recognized as

not being threatened by any stressor. Multiple stressors were

identified and grouped into different categories (see Table 2).

Impacts related to water quality and habitat loss were the most

reported, followed by overgrazing by sea urchins and overgrazing by

invasive fishes (i.e., Siganus spp.). Despite increasing in recent years,

impacts associated with climate change were reported less if

compared to the aforementioned stressors, as well as other

impacts, such as overgrazing by native fishes (e.g., Sarpa salpa),

species competition, strong winds, and mechanical damage.

Certain spatial patterns can be observed when looking at the

Kernel Density Estimations (KDE) of the reported stressors

(Figure 5). Some stressors, such as water quality and habitat loss,

have low-density values and are widespread along the

Mediterranean coasts and follow a fairly comparable distribution:

their highest occurrence was detected in the western part of the

Mediterranean Sea (SWM and NWM sub-basins), but some cases

were also detected at the easternmost part of the Mediterranean Sea,

and in the western part of the Aegean sub-basin in the case of water

quality. Despite being also somewhat scattered, the heat map

indicated a higher concentration of reports on overgrazing by sea

urchins in some regions of the NWM, southeastern Adriatic Sea,

and the southern parts of the Aegean Sea. Finally, stressors related

to climate change and overgrazing by invasive species showed a

strong zonation pattern, especially the latter, which was restricted to

a small area of the Cyclades Islands (Aegean Sea) and the northern

Israeli coast. KDE values of overgrazing are not necessarily

representative of the true extent of grazing pressure and are

associated with the high availability of data in the Cyclades

Islands (Sala et al., 2011; Nikolaou et al., 2023). KDE values show

that climate change has higher density values in the Levantine part

of the Mediterranean Sea, but also in the northern part of the

Adriatic Sea, coinciding with the northernmost and coldest part of

the Mediterranean Sea (Bianchi and Morri, 2000) and of the

distribution of Cystoseira s.l. species. It is imperative to emphasize

that in Figure 5, the areas depicted as lacking a specific stressor do

not necessarily indicate its absence, as this outcome may also be

attributed to the lack of documentation of the said stressor.

In terms of stressor presence and their expected impacts, none

of the sub-basins is expected to witness an amelioration in any of

the considered stressors, except for overgrazing by Sarpa salpa in

the Aegean sub-basin, likely due to the out-competence with

invasive fish species (Figure 6). Furthermore, there is a prevailing

perception that the effects of global stressors will intensify across the
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entire Mediterranean Sea, with particular emphasis on the

easternmost basins (Figure 6).
4 Discussion

4.1 The need for cross-basin
monitoring efforts

This study highlighted the challenge of establishing reliable

baselines of the present distribution, ecological status, and stressors

currently threatening Cystoseira s.l. forests in the Mediterranean

Sea. Although essential for any regional conservation or restoration

action, this information is generally scarce. Our results indicated

that knowledge is highly limited, spatially skewed and biased to a

few species. Although certain regions have received more attention

in terms of research effort [e.g. Italy (Porzio et al., 2020; Tamburello

et al., 2022; Rendina et al., 2023), Catalonia (Mariani et al., 2019)

and the Mediterranean French coast (Thibaut et al., 2014; Thibaut

et al., 2015; Blanfuné et al., 2016a), respective information and long-

term monitoring for much of the remaining Mediterranean
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coastline is lacking (Rilov et al., 2020). Indeed, most available

information mainly relies on surveys that provide scattered spatial

data without information on the population area/extension (e.g., X,

Y coordinates of sampling points; Giakoumi et al., 2012).

Frequently, the reported data points exhibited a low spatial

resolution. For instance, sampling sites were often represented as

dots on image maps of the study area. Furthermore, these data

points were frequently derived from studies with objectives

unrelated to the distribution of Cystoseira s.l. forests (e.g., Sales

et al., 2012).

Additionally, regardless of the overall diversity of Cystoseira s.l.

species found in the Mediterranean Sea, a significant portion of the

existing information focuses on a few broadly distributed, shallow-

water species that are more easily accessible to researchers, such as

C. compressa, E. crinita, and E. amentacea (Sales and Ballesteros,

2010; Thibaut et al., 2014; Blanfuné et al., 2016a). A large part of the

available information concerning shallow Cystoseira s.l. species,

such as the case of E. amentacea, is frequently derived from the

widespread implementation of the CARLIT Index throughout the

Mediterranean Sea (e.g., Asnaghi et al., 2009; Bermejo et al., 2013;

Nikolic et al., 2013; Torras et al., 2016; Blanfuné et al., 2016b;
FIGURE 5

Stressors. Kernel density map of the main reported stressors of Cystoseira s.l. population along the Mediterranean Sea, based on the available data.
The red colour on each map indicates the highest density associated with the areas with the highest reporting frequency and intensity of each
stressor, from left to right and from top to bottom: Water quality, Habitat destruction, Climate change, Overgrazing by all species, Overgrazing by
sea urchins and Overgrazing by invasive fish species. It is important to note that areas depicted as lacking a specific stressor do not necessarily
indicate its absence, as this outcome may also be attributed to the lack of documentation of the said stressor.
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Badreddine et al., 2018; De La Fuente et al., 2018). The CARLIT

method uses the cartography of littoral upper-sublittoral

macroalgal-dominated communities along rocky shores to assess

the ecological status of coastal waters (Ballesteros et al., 2007).

Nevertheless, these studies primarily report the obtained ecological

status at the surveyed locations, while the detailed data

encompassing information on macroalgal communities (e.g.,

occurrence and abundance) is often not included in the findings

(Asnaghi et al., 2009; Nikolic et al., 2013). The creation or the use of

existing databases (e.g. EMODnet) should be considered to

consolidate data obtained through the widespread application and

standardized methodology of this approach. At the same time,

public repositories (eventually centralized) would facilitate data

sharing, collaboration, and transparency among researchers. By

making the database accessible to the public or upon request, it

would serve as a valuable resource for the scientific community,

policymakers, and stakeholders involved in research, restoration,

conservation, and decision-making processes.

Information regarding the ecological status of the targeted

populations was obtained from most of the collected occurrences.

Overall, we found great variability in the ecological status of the

populations within all sub-basins, suggesting that changes or

alterations in the ecological status of analyzed populations are

mainly attributed to local stressors rather than processes acting at

the Mediterranean basin scale. However, these data must be

considered carefully since the collected information is sourced

from studies with vastly differing objectives, sampling periods,

and ecological variables (e.g., density, cover, or descriptive
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variables), making comparisons difficult. It is also crucial to bear

in mind that the ecological status map (Figure 3) does not depict the

current ecological status of Cystoseira s.l. forests in the

Mediterranean Sea, but instead reflects the restricted scope of

knowledge currently made accessible.
4.2 Threats to Cystoseira s.l.
Mediterranean forests

Overall, the lack of baseline knowledge on the distribution,

health and threats of Cystoseira s.l. forests hinders our ability to

detect present or future changes in the ecological status of the

populations, such as population decline or recovery. It also makes it

challenging to identify the stressors leading to these alterations. This

raises the need to develop coordinated and standardized methods,

user-friendly, to evaluate and compare these habitats’ ecological

status through regions and time. In this line, the limited availability

of mid/long-term monitoring studies may account for the fact that

only a third of the existing research provides information on

stressors affecting Cystoseira s.l. forests. Moreover, even among

the studies that do address this aspect, the causal relationship

between the identified factors and population declines is generally

lacking. As a result, despite efforts to experimentally understand the

direct effects of different stressors on Cystoseira s.l. species and life

stages (Irving et al., 2009; Sala et al., 2011; de Caralt et al., 2020;

Monserrat et al., 2022), in general, cause-effects relationships

behind population declines remain unknown, unproven, or
FIGURE 6

Presence of the reported stressors per sub-basin and expected direction of change based on the extracted data and expert judgment. Alb: Alboran
Sea, NWM: North-Western Mediterranean, SWM: South-Western Mediterranean, Tyr: Tyrrhenian Sea, Adr: Adriatic Sea, Ion: Ionian Sea, Aeg: Aegean
Sea, Lev: Levantine Sea.
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poorly understood, with interactive and/or cumulative effects,

probably being the most likely drivers of population loss

(Tamburello et al., 2022; Cebrian et al., 2021).

Among the available information, as it has been historically

mentioned, habitat destruction (e.g., Mangialajo et al., 2008; Rindi

et al., 2020), changes in water quality such as sedimentation or

pollution (e.g., Pinedo et al., 2015), and overgrazing by native species

(e.g., Sala et al., 1998; Vergés et al., 2009; Giakoumi et al., 2012; Gianni

et al., 2017), are the most frequently attributed stressors to the

deforestation of the Mediterranean Sea (Gros, 1978; Munda, 1982;

Thibaut et al., 2005). Such stressors, driven mainly by the lack of

optimal local management practices, can result in local-level effects.

Nevertheless, as they have been extensively documented across the

entire Mediterranean basin, they pose a significant challenge to the

basin-wide conservation of these habitats. More recently, overgrazing

by invasive species (e.g., Sala et al., 2011; Giakoumi, 2014; Vergés

et al., 2014; Nikolaou et al., 2023) has been added to this list, along

with the direct effects of climate-driven impacts (e.g., marine

heatwaves; Verdura et al., 2021; Mulas et al., 2022). Specifically, the

effects of invasive alien species are concentrated in the eastern

Mediterranean Sea, where Cystoseira s.l. population declines due to

overgrazing by the Lessepsian fishes Siganus luridus and Siganus

rivulatus are pronounced. Siganus spp. are thermophilous species;

thus, their distribution is restricted by temperature (Ragkousis et al.,

2023). In contrast to the extensively documented mass mortality

events related to marine heatwaves for benthic invertebrates

(Garrabou et al., 2022), reports of temperature-induced collapses of

Cystoseira s.l. forests are relatively scarce and primarily reported in

the easternmost and warmest regions of the Mediterranean basin,

although some isolated cases have also been reported in the northern

Adriatic Sea and the Gulf of Lions (NWM) (Verdura et al., 2021;

Ivesǎ unpublished obs.). To make predictions on the vulnerability of

Cystoseira s.l. species to further ocean warming (and marine

heatwaves), experimental work is needed, but so far, this has been

extremely scarce (but see Capdevila et al., 2019; Verdura et al., 2021;

Monserrat et al., 2022). Recent experimental work did, however, show

the high thermal vulnerability of Gongolaria rayssiae, a species

endemic only to the coasts of Lebanon and Israel, the hottest and

fastest-warming part of the Mediterranean, where this species may

become (globally) extinct under business-as-usual climate change

scenarios (Mulas et al., 2022).

Although global stressors, such as ocean warming, have

received less attention, their interaction with pre-existing local

stressors is expected to have far-reaching consequences (Strain

et al., 2014). In this context, the effects of marine heatwaves on

already locally threatened populations have been identified as a

critical driver for Cystoseira s.l. forest collapse, even in the coldest

locations of Cystoseira s.l. species distribution (e.g., Verdura et al.,

2021; Ivesǎ unpublished obs.). These results are consistent with

other studies that suggest global stressors on temperate macroalgal

forests can be modulated by other factors or processes at the local

scale (Bennett et al., 2015; Krumhansl et al., 2016). Therefore, given

the current context of climate change (Lejeusne et al., 2010), studies

examining the combined effects of local and global stressors on the

resistance and resilience of these species are crucial for preserving

these habitats (Gissi et al., 2021; Monserrat et al., 2022).
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Based on the compiled expert opinions (Figure 6), there is a

prevailing consensus that locally manageable stressors are likely to

maintain their current impact levels or experience marginal

increases in the near future. This trend is exemplified by the case

of water quality, which has witnessed significant improvements in

many regions over the past few decades (Soltan et al., 2001; Pinedo

et al., 2013; Ivesǎ et al., 2016). Concerning habitat destruction,

although coastal urbanization is expected to persist, environmental

considerations are foreseen to accompany this process, resulting in

a slight increase in its impact. In line with numerous scientific

studies (Lejeusne et al., 2010) there is also a consensus that climate

change will intensify its effects throughout the entire Mediterranean

Sea, particularly in the easternmost basins. The perception of

herbivory patterns among the asked experts is not consistently

uniform. In certain sub-basins, a slight or medium increase is

anticipated, possibly attributed to an increase in herbivore

abundance (Gianni et al., 2017) or alterations in herbivory-plant

interaction influenced by temperature increase (Mannino et al.,

2016; Buñuel et al., 2021). However, no change or even a reduction

in herbivory is expected in other sub-basins. Further research

should be conducted to understand better the impact of

overgrazing on Cystoseira s.l. forests, particularly by Salemas.

Moreover, the impact of invasive fish species, such as Siganus

spp., is projected to increase in sub-basins where they are already

present. In the Adriatic region, where these species are currently

uncommon, there is a growing perception that they may become

more prevalent in the near future. However, in the western basins,

these species are not expected to arrive within the given timeframe.

Nevertheless, niche modelling studies provide evidence that Siganus

spp. will likely spread across the Mediterranean Sea by the end of

the century under different climatic scenarios (Schickele et al.,

2021). Therefore, lessons learned from their impacts in the

eastern basin should be considered before this almost certain

invasion occurs in the west.

The limited available knowledge on Cystoseira s.l. forests could be

attributed to several contributing factors. On one hand, despite

international agreements, such as the Barcelona Convention

(UNEP/MAP, 2013) and European legislation such as the

European Union’s Habitats Directive Habitats Directive 1992 (92/

43/E; Habitats Directive 1992) and the Marine Strategy Framework

Directive (MSFD, 2009), encouraging the mapping and monitoring

of priority habitats, Cystoseira s.l. forests were not identified as

priority habitats by the Habitat Directive (Verlaque et al., 2019).

This fact means that Mediterranean canopy-forming macroalgae (as

well as kelp beds in temperate oceanic coasts) are not distinguished

from other marine habitats, such as erect macroalgae, turfs or barren

grounds, and are all included in the same habitat type: Reefs (Habitat

Type 1170). As a result, while existing cartographies are helpful for

mapping EU-defined macrophyte-dominated habitats, such as

Posidonia oceanica meadows [Habitat type 1120: P. oceanica beds –

Posidonion oceanicae; (Telesca et al., 2015)], they do not provide

accurate information, nor do they offer high-resolution maps about

other habitats, such as Cystoseira s.l. forests. On the other hand,

difficulties in taxonomic identification within the Cystoseira s.l.

complex (Neiva et al., 2022) may also contribute to the lack of

spatial and ecological-related data on these habitats.
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By considering both the previously published habitat suitability

map for Cystoseira s.l. species (Fabbrizzi et al., 2020) and the

updated map of Cystoseira s.l. forest distribution that we present

in this study (Figure 1), it becomes apparent that there is a

compelling need to explore and investigate understudied areas

within the basin in the future. Excluding areas identified as

unsuitable for the growth of these forests, such as the Gulf of

Lion, Gulf of Venice, and Gulf of Gabes (Fabbrizzi et al., 2020),

numerous regions of almost all sub-basins necessitate more

comprehensive surveys. Remarkably, there is a pressing need to

prioritize thorough investigations in the south Ionian and Levantine

sub-basins. Additionally, attention should be given to other areas,

including the Eastern Adriatic Sea’s central part, Italy’s western

coasts, and Corsica and Sardinia’s eastern coasts. Moreover,

significant efforts should be dedicated to mapping and surveying

deep-water Cystoseira s.l. species across the Mediterranean basin, as

limited information about these species exists (but see, Ballesteros,

1990; Ballesteros et al., 1998; Hereu et al., 2008; Ballesteros et al.,

2009; Capdevila et al., 2015).

Only by gathering this knowledge together with an accurate

understanding of the stressors currently threatening these

populations we will be able to establish ecosystem-based

management of marine forests, in which mitigation of both local

and global stressors, such as water quality and herbivory pressure,

should be a critical step of the process. Appropriate management

and threats mitigation are pre-requisite in any conservation and

restoration plan, and we can draw inspiration from the few

examples of naturally recovered Cystoseira s.l. populations after

reduced eutrophication or pollution levels in seawater (Ivesǎ et al.,

2016; Ricart et al., 2018) and herbivory (Guarnieri et al., 2020).

Climate change already affects some populations and represents a

challenging factor that cannot be easily mitigated (Bevilacqua et al.,

2019). However, promoting the resilience of healthy Cystoseira s.l.

populations, more tolerant species and populations, localizing

potential areas that can serve as climate change refugia for

thermally sensitive species or determining which areas are

expected to be more severely impacted by human activities, are

among the leading research challenges in conserving

macroalgal forests.

There is a need to allocate efforts and resources to accurately

collect distributional, ecological and environmental data for

mapping and monitoring Cystoseira s.l. populations and assessing

their ecological status. Acquiring this knowledge is crucial for

achieving the EU’s Biodiversity Strategy 2030 goals, aiming to

protect and restore biodiversity and enhance ecosystem resilience

to climate change. As previously highlighted (Verlaque et al., 2019;

Tamburello et al., 2022), it is urgent to prioritize Cystoseira s.l.

forests as one of the main objectives of the protection and

management of the Mediterranean marine environment. We also

recommend reconsidering the inclusion of Cystoseira s.l. species in

international and European agreements and conventions. Legal

protection measures would be critical for implementing

conservation and restoration strategies for these canopy-forming

macroalgae and their associated marine habitats.
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T. (2010). Climate change effects on a miniature ocean: the highly diverse, highly
impacted Mediterranean Sea. Trends Ecol. Evol. 25, 250–260. doi: 10.1016/
j.tree.2009.10.009

Ling, S. D., Scheibling, R. E., Rassweiler, A., Johnson, C. R., Shears, N., Connell, S. D.,
et al. (2015). Global regime shift dynamics of catastrophic sea urchin overgrazing.
Philos. Trans. R. Soc B 370, 20130269. doi: 10.1098/rstb.2013.0269
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