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A B S T R A C T

We analyzed the occurrence and status of infralittoral fringe populations of Cystoseira spp. (Fucales) at thirteen
rocky sites around the Italian coastline, and explored the relationships with relevant environmental and an-
thropogenic variables. We found Cystoseira populations at 11 sites: most were scattered and comprised mono-
specific stands of C. compressa, and only 6 sites also supported sparse specimens of either C. amentacea var. stricta
or C. brachycarpa. Coastal human population density, Chlorophyll a seawater concentrations, sea surface tem-
perature, annual range of sea surface temperature and wave fetch explained most of the variation of the status of
C. compressa. We hypothesize a generally unhealthy state of the Italian Cystoseira infralittoral fringe populations
and identify multiple co-occurring anthropogenic stressors as the likely drivers of these poor conditions.
Extensive baseline monitoring is needed to describe how Cystoseira populations are changing, and implement a
management framework for the conservation of these valuable but vulnerable habitats.

1. Introduction

Shallow coastal areas comprise some of the most productive, diverse
and at the same time threatened marine ecosystems (Harley et al.,
2006; Airoldi and Beck, 2007). Pollution, overfishing, habitat destruc-
tion, coastal development, and the introduction of alien species have all
severely affected shallow marine ecosystems (Airoldi and Beck, 2007;
Crain et al., 2009; Claudet and Fraschetti, 2010; Coll et al., 2010).
Fragmentation and loss are further exacerbated by global climatic
changes, such as acidification, increased sea-surface temperatures and
increased the frequency of extreme events (Micheli et al., 2013). These
escalating impacts require identification of the factors enhancing or
inhibiting the future persistence of coastal ecosystems (Brown et al.,
2013, 2014; Giakoumi et al., 2015), so that adequate management can
be put in place. Amount of remaining biogenic habitat, physical setting,
and local-scale stressors are some of the factors most frequently iden-
tified as critical in promoting or preventing the capability of marine
ecosystems to respond to increasing cumulative disturbances (O'Leary
et al., 2017).

Canopy-forming algae form some of the most diverse, productive
and valuable ecosystems along intertidal and shallow subtidal rocky
coasts (Steneck et al., 2002). In the Mediterranean Sea, canopy-forming

algae are mainly comprised of species of the genus Cystoseira C. Agardh
(Fucales, Phaeophyceae). Their distribution is controlled by several
environmental variables including depth, water temperature, sub-
stratum characteristics, coastline geomorphology, wave exposure and
nutrient concentrations (Giaccone and Bruni, 1973; Ballesteros, 1990;
Falace et al., 2005; Ballesteros et al., 2007; Sales and Ballesteros, 2009;
Nikolić et al., 2013; Lasinio et al., 2017). Further, human pressures are
increasingly limiting their distribution (Chryssovergis and Panayotidis,
1995; Rodríguez-Prieto and Polo, 1996; Soltan et al., 2001; Arevalo
et al., 2007; Sales et al., 2011). During the last decades Cystoseira po-
pulations have retracted their ranges considerably particularly close to
urban areas (Benedetti-Cecchi et al., 2001; Soltan et al., 2001; Thibaut
et al., 2005, 2015; Ballesteros et al., 2007; Mangialajo et al., 2007,
2008; Perkol-Finkel and Airoldi, 2010), being replaced by structurally
less complex communities dominated by turf-forming, or other
ephemeral seaweeds, mussels (Benedetti-Cecchi et al., 2001; Connell
et al., 2014; Strain et al., 2014) or sea urchin barrens (Agnetta et al.,
2015). The sensitivity of Cystoseira populations and other canopy algae
to a variety of anthropogenic stressors is increasingly well understood
(Ballesteros et al., 2007; Mangialajo et al., 2007; Asnaghi et al., 2009;
Sales et al., 2011), making these systems useful indicators of water and
ecosystem quality according to the Water Framework Directive (2000/
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60/EC) (Commission, E., 2000). Nevertheless, the factors ultimately
explaining their distribution and capability to persist have been harder
to identify (Sales and Ballesteros, 2009; Perkol-Finkel and Airoldi,
2010; Strain et al., 2015; Buonomo et al., 2017b), probably involving
many interacting environmental, biological and anthropogenic vari-
ables (Strain et al., 2014). Indeed, while many regions have experi-
enced dramatic loss of these ecosystems (Airoldi et al., 2014 and re-
ferences therein; Thibaut et al., 2015), in other regions losses have been
limited to the most severely impacted sites and some populations have
surprisingly persisted in a relatively healthy status (Thibaut et al.,
2014). Understanding what factors or combinations of factors control
the ultimate distribution and conditions of these ecosystems is a key
priority to establish effective conservation measures.

Several species of Cystoseira typically contribute to form dense,
narrow (about 20–30 cm in height) fringing belts along the microtidal
Mediterranean rocky coastline. Lying between the littoral and the
sublittoral zones, this infralittoral fringe is a particularly vulnerable
area, being subject to a range of natural as well as anthropogenic dis-
turbances originating from both the land and the sea (Thompson et al.,
2002). Despite its recognized value and vulnerability, data on the dis-
tribution and status of this habitat are surprisingly limited. Descriptions
are available for some areas or regions, but broader-scale ecological
analyses are rare.

We analyzed the distribution and abundance of infralittoral fringe
populations of Cystoseira at 13 rocky coast localities along the Italian
coastline, covering a range of biogeographic location, environmental
characteristics and levels of anthropogenic pressures. For the most
common species, C. compressa, we described its ecological status as a
combination of percentage cover, density, morphometric character-
istics, and abundance of epiphytes. Thallus height and branches length
are typically affected by a variety of factors including temperature,
photoperiod, and wave exposure (Gómez-Garreta et al., 2002; Falace
et al., 2005), thereby providing relevant ecological indications, and low
cover, density or excess coverage by epibiota can be reflective of un-
healthy conditions (Reference). We further tested whether any varia-
tion in these “ecological status” descriptors was related to environ-
mental and anthropogenic factors potentially relevant for the growth
and/or distribution of macroalgae in the infralittoral fringe, including
wave exposure, photosynthetic active radiation, salinity, tidal range,
seawater temperature, annual range of sea surface temperature, marine
Chlorophyll a, nitrate and phosphate concentrations, distance from
nearest urban centre and coastal human population density. Light
conditions can influence the growth of C. compressa, and wave exposure
can affect its morphology (Gómez-Garreta et al., 2002; Falace et al.,
2005). Seawater temperature and its variations can have profound ef-
fects on seaweeds, affecting the growth, reproduction, survival and
distribution of macroalgae (Graiff et al., 2015; Martínez et al., 2015).
Salinity was reported to affect the phenotypic variability of Fucus ve-
siculosus (Ruuskanen and Bäck, 1999), while the morphology of the
intertidal fucoid Hormosira banksii changed with tidal regime (Mueller
et al., 2015). Rarefaction and/or disappearance of Cystoseira species
(Mangialajo et al., 2008; Sales and Ballesteros, 2009) have been related
to high anthropogenic pressures and concentrations of nutrients
(Chlorophyll a, nitrate and phosphate). We discuss our results in light of
previous findings of Cystoseira along the Italian coasts to explore on-
going trends and suggest priority areas of intervention.

2. Materials and methods

2.1. Study sites, species and environmental and anthropogenic factors

The Italian peninsula and its islands extend> 950 km from north to
south into the central Mediterranean basin, with a coastline of ap-
proximately 7600 km. Flat sandy shores alternate with high rocky
coasts along the peninsula that is surrounded by four different seas
(Fig. 1). Despite the presence of several Marine Protected Areas (MPA),

the Italian coast is generally overexploited, as the long and narrow
shape and the mountainous geography tend to concentrate the large
population along the coasts.

We sampled the infralittoral fringe, from mean sea level MSL to
extreme low water of spring tides ELWS, ≈−30 cm. Few species of
Cystoseira can potentially colonize this zone along the Italian coasts: C.
amentacea (C. Agardh) Bory and its variety C. amentacea var. stricta
Montagne, C. mediterranea Sauvageau, C. tamariscifolia (Hudson)
Papenfuss, C. compressa (Esper) Gerloff&Nizamuddin and more rarely
C. brachycarpa J. Agardh and C. humilis Schousboe ex Kützing (Giaccone
and Bruni, 1973; Ballesteros and Romero, 1988; Giaccone et al., 1992,
1993, 1994; Gómez-Garreta et al., 2002; Piazzi and Cinelli, 2002; Piazzi
et al., 2009; Furnari et al., 2010). C. amentacea, C. compressa, C. bra-
chycarpa and C. humilis can potentially occur in many regions around
the Italian coasts, while C. mediterranea and C. tamariscifolia are limited
to few areas (Furnari et al., 2010). C. compressa is the most common
species, being relatively tolerant to some environmental and anthro-
pogenic stressors compared to other species of Cystoseira (Thibaut et al.,
2005; Mangialajo et al., 2008).

Sampling was carried out at 13 locations (hereafter referred to as
sites; Fig. 1; Table S1), characterized by the presence of extensive rocky
shores and accessible from the coast without using a boat. The sites were
selected to represent a variety of different conditions along the Italian
peninsula and to cover a wide latitudinal gradient. The final choice was
also dictated by the proximity to oceanographic buoys, which were
needed to access important environmental parameters. All sites pre-
sented naturally exposed, gently sloping to sub-vertical rocky platforms,
typically favorable for the growth of Cystoseira spp. (Lasinio et al., 2017).
The main environmental and anthropogenic characteristics for each site
are summarised in Table 1 and described as part of the results.

Fig. 1. Location of the 13 rocky study sites along the Italian coastline (black dots). TS:
Trieste (Grignano), AN: Ancona (Portonovo), LI: Livorno (Calafuria), Ob: Orbetello (Santo
Stefano), Or: Ortona (Punta Aderci), Ga: Gaeta (Torre San Vito), Pn: Palinuro (Faracchio),
Ot: Otranto (Santa Cesarea Terme), TA: Taranto (Leporano Marina), KR: Crotone (Le
Castella), PA: Palermo (Altavilla), Mz: Trapani (Mazara del Vallo), Pp: Siracusa
(Portopalo di Capo Passero). The position of the ISPRA buoys is indicated by the blue
squares. Geographic coordinates of the sites and ISPRA buoys are reported in Table S1.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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For each study site, we collected data relative to 9 environmental
(mean sea surface temperature SST, annual range of sea surface tem-
perature SST-range - calculated as difference between the mean tem-
peratures of the warmest and coldest months of the year - tidal range,
photosynthetic active radiation PAR, salinity, wave action, and sea-
water concentrations of Chlorophyll a, nitrate and phosphate) and 2
anthropogenic (population density and distance from nearest town)
variables (Table 1) that could potentially affect Cystoseira populations.
Whenever available, we retrieved data over at least 10 years. Estimates
of SST, SST-range and tidal range were derived by the closest ISPRA
(Istituto Superiore per la Protezione e Ricerca Ambientale, www.
mareografico.it, temporal range 2000–2012) buoy to the site of in-
terest (Fig. 1). The annual mean marine Chlorophyll a concentration,
PAR and salinity at each site were obtained from the Environmental
Marine Information System (EMIS, mcc.jrc.ec.europa.eu/emis/, tem-
poral range 2003–2012, spatial resolution 4 km) using the “EMISR” R
package (Dubroca, 2014). Annual means of nitrate and phosphate
concentrations were obtained from the “biogeochemical model and
data assimilation of surface Chlorophyll concentration” based on sa-
tellite data OPATM-BFM (Generated using CMEMS products, http://
marine.copernicus.eu/, temporal range 2002–2012). Wave fetch was
calculated as the sum of fetch values in the cells (200 m) defined by 16
angular sectors (22.5° each) and expressed as log10 (Burrows et al.,
2008). This method provides an objective measure of wave exposure
and allows to separate the effects of wave exposure from the variation
due to other factors (Burrows et al., 2008; Burrows, 2012). High wave
exposure can increase density, cover, morphology of canopy-forming
algae, also reducing epiphyte load and increase nutrient exchange
(Pedersen et al., 2012; Smale and Moore, 2017). Coastal population
density in a radius of 10 km from each site of interest was derived from
ISTAT (Istituto Nazionale di Statistica, data series 2011). The distance
along a straight line to the nearest urban center was calculated using a
geographical information system (GIS) taking the distance from the site
to the nearest “centro abitato” (meaning “urban center”) polygon, using
the shapefile “Sezioni litoranee” provided by ISTAT.

2.2. Ecological status of Cystoseira populations

Sampling was carried out from 24 June to 23 July 2013, when the
erect fronds of Cystoseira (a genus with vegetative seasonality) were still
well present at all study sites where we could find the species. At each
site, we visually explored an area encompassing about 50 m of rocky
shore. If the species was not found, we further expanded the area to
check for the species presence up to around 300 m of coast. At each site
where we could find Cystoseira, we identified the species and estimated
their percentage cover and density at low tide, using 6, randomly lo-
cated quadrats (30 × 30 cm). Where we could not find Cystoseira, cover
and density were set as zero. These values do not imply that the species
is not present elsewhere in the region, but still suggest a limited oc-
currence and potentially depleted status. Cover was estimated as de-
scribed by Dethier et al. (1993), using a frame divided into 25 equal
squares: we attributed a cover score from 0 to 4 to each square, and
then summed up scores where the taxon was present. Organisms
filling< 1⁄4 square were given the value of 0.5. The density of each
species of Cystoseira was estimated as the number of individuals per
quadrat.

C. compressa was the only species common enough to test for pos-
sible relationships between its ecological status (described as a com-
bination of percentage cover, density, morphometric characteristics,
and abundance of epiphytes) and environmental/anthropogenic factors
across sites. At each site, we randomly collected 10 thalli of this species,
which were fixed in a 4% formalin seawater solution for subsequent
laboratory morphometric measurements (Falace et al., 2005). These
measures included: thallus height, from the basal disc to the tip of the
frond; frond width, measured as major lateral distance of the thallus
placed on a plane surface; average length and diameter of primary andTa
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secondary branches (n = 4); and ash-free dry weight (AFDW), mea-
sured after immersing the thalli in a HCl solution (5%, v/v) for 24 h to
remove possible calcareous epiphytes, drying them at 60 °C for 48 h and
then placing them in a muffle furnace at 500 °C for 4 h (Stein-Taylor
et al., 1985).

We also recorded the abundance and composition of the most
common epibiota of C. compressa, which could directly or indirectly
affect their hosts (see Discussion). For each thallus, epibionts were re-
moved, weighed (wet weight) and identified to the lowest possible
taxonomic level, compatibly with the small sizes and/or the absence of
characters facilitating their identification (e.g. reproductive structures).

2.3. Data analyses

For each site, we calculated the average of percentage covers
(n = 6), densities (n = 6), morphometric measures (n = 10) and
amounts of epiphytes (n = 10) of C. compressa (Table 2). We then ex-
plored if there was any relationship between the set of “status” de-
scriptors and the set of key local environmental and anthropogenic
variables across sites. We used the “chart.Correlation” function in the
“PerformanceAnalytics” R package (Peterson and Carl, 2014) to detect
strong correlations between or possible skewness of environmental and
anthropogenic variables. We corrected for right-skewness by applying a
log(x + 1) transformation to nitrate, phosphate and Chlorophyll a
concentrations, and a square root transformation of distance to the
nearest urban center and coastal human population density. Due to the
high correlation of phosphate concentration with tidal range
(cor. = 0.91) we removed phosphate concentrations from the sub-
sequent analyses (Fig. S2). Moreover, we removed salinity because
highly correlated with Chlorophyll a concentration (cor. =−0.92) and
sea surface temperature (cor. = −0.91), and Distance from urban
center because high related with Chlorophyll a concentration
(cor. = 0.92) (Fig. S1). Similarly, we investigated possible skewness
and/or strong correlation among pairs of descriptors of the ecological
status of C. compressa. We applied a square-root transformation to
AFDW, thallus height, weight of epiphytes, cover and density of C.
compressa to correct for right-skewness (Fig. S1). We retained variables
with a correlation below 0.90: AFDW, frond width, branches diameter
of the second order, weight of epiphytes and density of C. compressa
(Fig. S2). We normalized the set of descriptors of the ecological status of
C. compressa as they were expressed in different scales, and we created a
Euclidean distance matrix to test the relationships with the environ-
mental and anthropogenic parameters using a DistLM analysis
(Legendre and Anderson, 1999). We performed this analysis using
PERMANOVA+ (Anderson et al., 2008) in PRIMER v.6 (Clarke and
Gorley, 2006). We used Best and Bayesian Information Criterion (BIC)

as selection procedure and selection criterion respectively (9999 per-
mutations), to find a reduced model that retained only variables with
good explanatory power. BIC includes a more severe penalty for the
inclusion of extraneous prediction variables, compared to the other
selection criterion (es. R2, adjusted R2, AIC and AICc), and was pre-
ferred due to the small number of data points relative to the number of
variables of this study, a problem known as Freedman's paradox
(Anderson et al., 2008; Lukacs et al., 2010). We used a distance-based
redundancy analysis (db-RDA) to visualize the reduced model obtained.
Moreover, we superimposed vectors of the variable of the ecological
status of C. compressa showing highest correlation (Pearson correlation)
with the set of environmental and anthropogenic factors selected
(Anderson et al., 2008).

3. Results

3.1. Environmental and anthropogenic variables

All sites were moderately exposed to exposed to waves, with fetch
values> 3 log10 (cells). For most sites, average annual tides were
≈20–30 cm, except TS with average tides of ≈90 cm. Annual average
seawater salinities were around 39 psu, with values< 37 psu at two
sites only (AN and TS). Two sites, TS and AN presented the highest
concentrations of nitrate (22.89 mmol/m3 and 7.27 mmol/m3 respec-
tively) and Chlorophyll a (1.13 mg/m3, 1.90 mg/m3 respectively),
while Or presented a value of 1.28 mg/m3 of Chlorophyll a. At the other
sites nitrate and Chlorophyll a concentrations were< 0.62 mmol/m3

and< 0.79 mg/m3, respectively, with the minimum values registered
for nitrates at Pp (0.07 mmol/m3) and for Chlorophyll a at Pn
(0.17 mg/m3). Phosphate concentration ranged from 0.01 mmol/m3 at
Pp and Ga to 0.07 mmol/m3 at TS. PAR and mean SST decreased with
latitude (Fig. S3 A–B), with PAR ranging between ≈39 E/m2/day and
≈31 E/m2/day and SST ranging between 20 °C and 16 °C. An opposite
trend was observed for the SST-range, that increased at northern sites as
opposed to southern locations (Fig. S3 C). Six sites, KR, Mz, Ob, PA, Pp,
and TA, were within an urban center section, while AN was the most
distant site ~6 km. The coastal human population densities within a
radius of 10 km ranged from ≈50 n° ind/Km2 at LI, Or and Ot to
≈800 n° ind/Km2 at TS.

3.2. Cover, density morphology and epibiota of Cystoseira spp.

At the 13 study sites we found 3 species of Cystoseira: C. amentacea
var. stricta, C. compressa and C. brachycarpa. The three species were
never simultaneously observed at any sites. Seven sites (KR, Ga, LI, Ot,
Pn, Pp and Mz) presented combinations of two species, four sites (AN,

Table 2
Descriptors of the ecological status of C. compressa. Values are means ± SD (n = 6–10). Cover = percentage cover of C. compressa; Density = density of C. compressa; AFDW = ash free
dry weight; Th_h = thallus height; Fr_w = frond width; Bl_1 = first order branch length; Bl_2 = second order branch length; Bd_1 = first order branch diameter; Bd_2 = second order
branch diameter; w_epi = total weight of epiphytes; n_epi = total number of epiphyte species. Site codes as in Fig. 1 and Table S1.

Site Cover (%/30cm2) Density (n° ind/30cm2) AFDW (gr) Th_h (mm) Fr_w (mm) Bl_1 (mm) Bl_2 (mm) Bd_1 (mm) Bd_2 (mm) w_epi (gr) n_epi (n° ind)

TS 0 0 0 0 0 0 0 0 0 0 0
AN 25.0 ± 20.0 3 ± 2 0.72 ± 0.2 92.9 ± 22.8 28.2 ± 7.1 53.7 ± 17.7 28 ± 3.4 1.7 ± 0.2 0.9 ± 0.1 8.02 2
LI 18.3 ± 7.8 5 ± 2 1.62 ± 0.4 96.1 ± 13.9 46.7 ± 8.3 54.5 ± 10 22.6 ± 2.8 1.7 ± 0.2 1.2 ± 0.2 0.26 1
Ob 0.5 ± 0.8 0 ± 1 0.52 ± 0 43.8 ± 1.7 48 ± 12.6 43 ± 4.4 17.4 ± 4.5 2.6 ± 0.5 2 ± 0 0 0
Or 23.0 ± 11.4 3 ± 0 3.43 ± 1.9 222.3 ± 7.8 43.2 ± 7.1 81.1 ± 24.7 37.1 ± 7 1.6 ± 0.1 1.2 ± 0.2 3.79 2
Ga 15.5 ± 18.0 2 ± 2 1.23 ± 0.6 95 ± 15.6 37.8 ± 12.9 61.8 ± 16.9 23.4 ± 2.1 1.6 ± 0.1 1.1 ± 0.1 4.02 2
TA 0 0 0 0 0 0 0 0 0 0 0
Ot 12.8 ± 17.4 1 ± 2 0.49 ± 0.3 53.1 ± 17.8 39.1 ± 11.2 36.4 ± 11 17.8 ± 4.1 1.3 ± 0.1 0.9 ± 0.1 0 0
Pn 0.3 ± 0.5 0 ± 1 0.47 ± 0.1 35.4 ± 5.8 50.1 ± 9 35.9 ± 4.4 15.1 ± 2.8 3 ± 0.8 2.6 ± 0.5 0 0
KR 37.7 ± 22.3 5 ± 3 1.67 ± 0.9 147.6 ± 33.4 57.6 ± 13.2 76.5 ± 15.8 24.5 ± 5.9 1.3 ± 0.2 0.8 ± 0.1 0 0
PA 7.5 ± 8.4 2 ± 1 0.3 ± 0.1 59 ± 13 47.9 ± 11.1 27.5 ± 4.7 13.3 ± 3.3 1 ± 0.2 0.6 ± 0.1 0.03 1
Mz 27.1 ± 22.3 3 ± 1 3.39 ± 1.3 165.3 ± 23.1 47.1 ± 6.9 77.2 ± 9.1 27.7 ± 4.4 1.5 ± 0.1 1.1 ± 0.1 0.31 1
Pp 6.6 ± 8.4 1 ± 2 3.61 ± 0.8 107.9 ± 27.2 63 ± 6.8 61.1 ± 11.3 27.5 ± 4.2 1.4 ± 0.1 1 ± 0.1 0.09 1
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Or, Ob and PA) presented one species only, while at two sites (TA and
TS) we did not find any Cystoseira. Percentage cover and density dif-
fered largely both among and within sites (Fig. 2A and B). C. amentacea
was found at 5 sites, with average percentage cover ranging from 5% at
Ga to 24% at Mz. C. brachycarpa was found at 2 sites with an average
cover of 30–38%. C. compressa was the most widespread species, oc-
curring at 11 sites, but average percentage cover was always< 38%
(Fig. 2A). The maximal average density was 5 individuals per plot
(900 cm2), reached by C. compressa at two sites, KR and LI, followed by
C. brachycarpa with 4 individuals at Pp and LI, while C. amentacea
reached 3 individuals only at KR (Fig. 2B).

The morphometric measures of C. compressa differed among sites
(Table 2). For example, thallus length (Th_h) ranged from
35.4 ± 5.8 mm to 222.3 ± 7.8 mm at Pn and Or, respectively. Length
of first-order branches (Bl_1) ranged from 27.5 ± 4.7 at PA to
81.1 ± 24.7 at Or, while the length of second-order branches (Bl_2)
ranged from 13.3 ± 3.3 at PA to 37.1 ± 7 at Or. Only two sites, Ob
and Pn, presented individuals of C. compressa with branch diameter
(Bd_1, Bd_2)> 2 mm, while little variation was found among the other
sites, with average values about 1.5 mm. Biomasses (AFDW) were
highest at Pp, Mz and Or, with 3.61 ± 0.8 g, 3.43 ± 1.9 g and
3.39 ± 1.3 g respectively, and lowest at Ot, Pn and PA, with
0.49 ± 0.3 g, 0.47 ± 0.1 and 0.3 ± 0.1 g respectively.

In total 22 epibiont taxa were identified on C. compressa (Table S2).

They mostly comprised filamentous red algae (Rhodophyta). Animal
epibionts mostly comprised mussels (Mytilus galloprovincialis) and were
present only in a few locations (LI, AN, GA and Or). AN, GA and Or
presented higher weights of epibiota (Table S2).

3.3. Relationship between the ecological status of C. compressa and
environmental and anthropogenic variables

Density of coastal human population, wave fetch, tidal range, and
nitrate seawater concentration significantly explained 29%, 23%, 21%
and 18% of the variability in the set of descriptors of the ecological
status of C. compressa, respectively, while other factors did not show
significant relationships when tested individually (Table 3A). When
Best selection was used, the best single variable for modelling the
ecological status of C. compressa remained coastal human density
(Table 3B), while the combination of environmental and anthropogenic
parameters best explaining overall variation included 5 variables:
Chlorophyll a, wave fetch, SST, SST-range and coastal human popula-
tion density (Table 3C). The first two axes of the dbRDA ordination
triplot cumulatively explained 87% of the fitted and 68% of the total
variation in the ecological status of C. compressa populations (Fig. 3).
The variable contributing most to the first dbRDA axis was coastal
human population density (+0.718), while Chlorophyll a seawater
concentration was the variable most related to the second axis

Fig. 2. Percentage cover (A) and density (B) of the 3 infralittoral fringe species of Cystoseira found at the 13 study sites. Data are averages ± 1 SE (n= 6). Site codes as in Fig. 1 and
Table S1.
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(−0.512). Wave fetch and SST-range were related with both first and
second axes (Fig. 3, Table S3), while SST was more related (+0.491)
with the second dbRDA axis (Fig. 3, Table S3). All descriptors of the
ecological status of C. compressa were negatively related to the first axis
of dbRDA. Therefore, they showed a negative relationship with coastal
human population and SST-range (Fig. 3, Table S4). The abundance of
epiphytes was positively related to Chlorophyll a concentration, while
the density of C. compressa was positively related to increasing wave
fetch (Fig. 3, Table S4).

4. Discussion

Although limited in spatial extent (small stretches of coast at 13 sites)
and temporal coverage (one snapshot sampling), our assessment sets a
starting baseline of the current condition of infralittoral fringe popula-
tions of Cystoseira along the Italian coasts and identifies some of the most

likely underlying factors. We found only three species of Cystoseira (C.
amentacea, C. compressa and C. brachycarpa) out of the six potentially
belonging to the species pool of the study sites (Furnari et al., 2010,
Table S1). C. compressa was the most common species, being found at
eleven sites, but hardly with covers above 25%. Coastal human popu-
lation density, used as a proxy of urbanization, explained most of the
variation in the ecological status of C. compressa, followed by wave fetch,
SST, SST-range and Chlorophyll a seawater concentration.

Although populations of Cystoseira persist along some of the
Mediterranean coastline (Thibaut et al., 2014; Berov et al., 2015), re-
markable declines of these species have been reported both in subtidal
and intertidal areas (Airoldi et al., 2014). Along the Italian coasts, there
are few data on the past distribution of Cystoseira populations, and most
are from qualitative floristic studies, which hampers quantitative ana-
lyses of historical changes and losses. Available records show that di-
verse species of Cystoseira used to flourish in the upper subtidal/

Table 3
Results of DistLM analysis of the status of C. compressa: (A) Marginal tests, (B) Best result for each number of variables, (C) Overall best solutions. SS (trace) = portion of sum of
squares related to the analyzed predictor variable; Pseudo-F = F value by permutation; P = Significant (pperm < 0.05) predictor variables are in bold; Prop = the proportion of
the status of C. compressa explained by each environmental and anthropogenic parameters; BIC = Bayesian Information Criterion; RSS = residual sum of squares;
No.Vars = number of variables; Selection = variables selected. Variable: 1 = log.Chla, log of Chlorophyll a seawater concentration; 2 = PAR, Photosynthetic Active Radiation;
3 = Fetch, wave fetch; 4 = SST, mean sea surface temperature; 5 = SST-range, average annual range of sea surface temperature; 6 = Tide, tidal range; 7 = log.N, log of nitrate
seawater concentration; 8 = sqrt.Dens.pop.10 km, square-root of coastal human population density within 10 km of the site.

(A) Marginal test

Variable SS (trace) Pseudo-F P Prop.

log.Chla 11.181 2.5194 0.056 0.18635
PAR 8.289 1.7632 0.1561 0.13815
Fetch 13.588 3.2206 0.0231 0.22647
SST 8.6944 1.8641 0.1273 0.14491
SST.range 8.4109 1.7934 0.1549 0.14018
Tide 12.862 3.0015 0.0369 0.21437
log.N 10.614 2.3641 0.0468 0.1769
sqrt.Dens.pop.10 km 17.332 4.4683 0.0092 0.28887

(B) Best solution for each number of variables

BIC R^2 RSS No.Va-
rs

Selectio-
ns

20.58 0.28887 42.668 1 8
19.301 0.47092 31.745 2 1,8
18.188 0.60131 23.921 3 1,3,8
16.917 0.70316 17.81 4 1,3,5,8
16.55 0.76311 14.214 5 1,3–5,8
17.663 0.78814 12.712 6 1–5,8
18.815 0.80996 11.403 7 1–6,8
19.964 0.82958 10.225 8 All

(C) Overall best solutions

BIC R^2 RSS No.Va-
rs

Selectio-
ns

16.55 0.76311 14.214 5 1,3–5,8
16.917 0.70316 17.81 4 1,3,5,8
17.663 0.78814 12.712 6 1–5,8
17.933 0.67903 19.258 4 1,3,4,8
17.985 0.78282 13.031 6 1,3–6,8
18.009 0.78243 13.054 6 1,3–5,7-

,8
18.188 0.60131 23.921 3 1,3,8
18.252 0.72996 16.202 5 1–4,8
18.306 0.72884 16.27 5 1–3,5,8
18.657 0.72141 16.715 5 1,3,5,6,-

8
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infralittoral fringe (Pignatti and Giaccone, 1967; Cinelli, 1969;
Giaccone, 1969; Cinelli et al., 1976; Giaccone et al., 1985), while
nowadays remaining populations are sparse (Benedetti-Cecchi et al.,
2001; Serio et al., 2006; Mangialajo et al., 2008; Falace et al., 2010;
Perkol-Finkel and Airoldi, 2010; Fraschetti et al., 2012). At TS, for
example, in the 1960's, two species of Cystoseira were reported on the
infralittoral fringe, C. amentacea var. stricta (as C. spicata) and C. com-
pressa (as C. abrotanifolia) (Pignatti and Giaccone, 1967). In 2007 only
C. compressa was recorded, while in the present study we could not find
any Cystoseira, even if we cannot exclude its occurrence at other sites in
the region. At AN, in the 1940'–1960's, five species of Cystoseira were
recorded, one from the infralittoral fringe, C. compressa, and four from
the upper subtidal zone, C. barbata, C. crinita, C. foeniculacea (as C.
discors), and C. elegans (Romagnoli and Solazzi, 2003). Since the 1990's,
only two species, C. compressa and C. barbata, were found in the region
(Perkol-Finkel and Airoldi, 2010). Currently, C. barbata has severely
retracted, and in our study we only reported C. compressa. Further, in
the following year 2014 we could not find any species left at the same
study site (Mancuso pers. obs). At Pp, Giaccone et al. (1992) reported
dense patches of three species: C. compressa, C. brachycarpa and C.
humilis. In contrast, during our survey, we found only C. compressa and
C. brachycarpa and recorded a notable decrease in the cover of C.
compressa (from 20% to 7%) compared to past data. At LI, Piazzi et al.
(2009) reported four infralittoral fringe/shallow subtidal species,
comprising C. compressa, C. brachycarpa, C. humilis and C. crinita, al-
ready suggesting the loss of C. amentacea var. stricta reported from the
past (Cinelli, 1969). In our study, we only found two species, C. com-
pressa and C. brachycarpa. Providing an assessment of the extinction risk
of these populations was beyond the scopes of the current work and
would require different tools and far more extensive samplings (e.g.
Buonomo et al., 2017 submitted). However, these data suggest a

concerning trend for these populations, motivating urgent monitoring
and analyses.

All the Mediterranean species of the genus Cystoseira are included in
the list of endangered or threatened species of the Annex II (recently
amended by the decision IG.21/09, UNEP/MAP, 2013) of the Barcelona
Convention (UNEP/MAP, 1995), except for C. compressa, which is
considered relatively tolerant to human pressures compared to other
species of Cystoseira (Thibaut et al., 2005; Mangialajo et al., 2008).
Indeed, C. compressa was the only species relatively common, occurring
at 11 out of 13 study sites. However, the coverage of this species was
generally sparse and depleted compared to past conditions, wherever
these were known. Further, its ecological status was strongly related to
human pressures, including coastal human population density and
Chlorophyll a. At most sites, C. compressa was the only canopy-forming
species found, with a concerning erosion of the resilience potential at
the ecosystem level. If C. compressa is also locally lost, there will be
limited possibilities for functional replacement by other canopy-
forming algae. This suggests the need for immediate effective protec-
tion to all species of Cystoseira, including C. compressa.

Several factors have been suggested to drive the loss of Cystoseira
spp., including urbanization and eutrophication (Thibaut et al., 2005;
Mangialajo et al., 2008; Sales and Ballesteros, 2009; Mineur et al.,
2015), increase in water turbidity and sedimentation (Airoldi, 2003;
Perkol-Finkel and Airoldi, 2010; Fraschetti et al., 2011; Strain et al.,
2015), over-grazing (Agnetta et al., 2015), climate change related ef-
fects (Asnaghi et al., 2013), and likely combinations of multiple stres-
sors in the most impacted regions (Claudet and Fraschetti, 2010; Strain
et al., 2014). Our results suggest a suboptimal ecological status of in-
fralittoral fringe Cystoseira populations and identify multiple stressors
in urbanized marine areas as likely drivers of those poor conditions. For
instance, coastal human population density, used as a proxy for urba-
nization, was the most important factor explaining the current status of
Cystoseira populations. The Italian coasts are among the fastest-growing
areas regarding social and economic development, and coastal urba-
nization has been claimed to drive the loss of infralittoral fringe Cy-
stoseira species at various Italian localities (Benedetti-Cecchi et al.,
2001; Mangialajo et al., 2008). Coastal urbanization is also generally
associated with water quality degradation: indeed Chlorophyll a sea-
water concentration was the second relevant factor explaining the
status of Cystoseira populations along the Italian coasts. This variable
was related to the greater biomass of C. compressa epiphytes, which in
turn could affect the survival and growth of the host seaweed (Russell
et al., 2005). At lower densities epiphytes could be beneficial to inter-
tidal seaweeds by limiting grazing by herbivores (Harlin, 1975), redu-
cing desiccation stress at low tide (Stewart, 1982) or reducing photo-
inhibition at high light levels by providing shade (Wiencke and
Davenport, 1988). However, at higher densities epiphytes can nega-
tively affect seaweeds due to competition for light and nutrients (Berger
et al., 2003), and to increased attraction of herbivores (Wahl and Hay,
1995; Karez et al., 2000). In the most extreme scenarios, the epiphytes
can enhance the drag of the fronds and cause the loss of stipe and/or the
blades in wave exposed areas (Buschmann and Gómez, 1993). Algae of
the genus Cystoseira can host conspicuous epiphytic assemblages
(Belegratis et al., 1999; Faucci and Boero, 2000), and the potential
effects of changes in these associations as a consequence of natural or
human-induced stressors deserve further attention (Mancuso et al.,
2016).

SST and SST-range were also related to the status of C. compressa,
suggesting a relevant effect of sea surface temperature variations. C.
compressa decreased at the northern sites characterized by a larger
variance of seawater temperature, while it was more abundant at the
southern sites marked by more stable temperatures. The explanation of
these dependencies could be related to the effect of temperature on
functional and life history traits of the organisms, as observed for other
intertidal rocky shore species (Sarà et al., 2013; Giomi et al., 2016). For
example, body temperature in mussels can be affected by both average

Fig. 3. Distance-based redundancy analysis (dbRDA) triplot showing relationships be-
tween the descriptors of the status of C. compressa (orange lines) and the environmental
and anthropogenic variables (blue lines) selected by the DistLM model. Log(1 + Chla)
= log of Chlorophyll a seawater concentration; Fetch = wave fetch; SST = mean sea
surface temperature; SST-range = average annual range of sea surface temperature; sqr
(Dens.pop.10 km) = square-root of coastal human population density within 10 km of
site; sqr(Density) = square-root of density of C. compressa sqr(AFDW) = square-root of
ash-free dry weight; Fr_w = frond width; Bd_2 = second order branch diameter; sqr
(w_epi) = square-root of total weight of epiphytes. Site codes as in Fig. 1 and Table S1.
Correlation circle (Pearson correlation) is indicated in blue. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)
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and extreme SST that in turn exert an influence on their survival
(Montalto et al., 2016), reproductive success and failure (Sarà et al.,
2011), behaviour and lastly distribution of organisms (Helmuth et al.,
2014). Other indirect effects (sensu Connell and Ghedini, 2015) could
include those mediated by biotic interactions (e.g. changes in species
ranges, increased incidence of parasites, altered holobiont communities
or modified abundance of predators). Friedland and Hare (2007),
showed that the annual ranges in SST had changed dramatically during
the last century, as a consequence of spring warming and fall cooling
rates caused by climate change. Yu and Boer (2006) suggested that
these changes can be spatially variable and that annual SST variability
could increase more at mid than at southern latitudes. Present results
showed that the likelihood to have the most depleted assemblages was
at those localities characterized by co-occurring effects due to high local
urbanization and high temperatures. This would suggest a potential role
of multiple stressors in shaping canopy-forming seaweed status and
increasing the vulnerability to stressful conditions, which is consistent
with results from previous work (Strain et al., 2015; Perkol-Finkel and
Airoldi, 2010). While there is an increasing understanding of the in-
teractive effects of multiple stressors on marine ecosystems, we still
know little about how to optimise their management. Strain et al.
(2015), demonstrated experimentally that the mitigation of nutrient
and sediment enrichment in urbanized marine coastal areas could en-
hance the resilience of canopy algae to projected global climate sce-
narios, increasing our ability to handle the challenges and consequences
posed by the cost and delays of mitigation.

Overall, the picture emerging from this baseline assessment is a
concerning one, where generally unhealthy assemblages of Cystoseira
are at high risk from further coastal development and degradation as
well as from climatic stressors. We urge for the establishment and im-
plementation of an effective conservation plan for these valuable ha-
bitat-forming species. This is not a trivial task and requires identifying
the ecological and evolutionary processes that can help maintaining
these increasingly fragmented populations in the face of a changing
environment (O'Leary et al., 2017). Recent work has contributed
knowledge of several mechanisms that could help developing and ap-
plying appropriate conservation targets for these species. Reducing
local anthropogenic stressors (such as excess nutrient or sediment
loads) is an essential step to halt the severe and ongoing loss of these
marine habitats (Sales and Ballesteros, 2009; Sales et al., 2011) and
increase their resilience to future climatic stressors (Strain et al., 2014,
2015). This requires adopting clear objectives and mechanisms for re-
ducing these stressors to levels compatible with the future persistence
of these habitats, together with monitoring and adaptive management.
Restoration of Cystoseira forests on both natural and artificial substrata
is an additional management strategy that can be applied to counteract
their local declines (Falace et al., 2006; Susini et al., 2007; Perkol-
Finkel et al., 2012; Gianni et al., 2013), provided that the main drivers
of loss are removed, that the right levels of connectivity are maintained
for the restoration targets to be met (Buonomo et al., 2017b), and that
the excess biotic pressures that often limit restoration interventions are
controlled (Gianni et al., 2013; Ferrario et al., 2016). Cystoseira popu-
lations generate valuable ecosystems which maintain high levels of
habitat complexity and biodiversity and sustain essential functions such
as the creation of nursery areas (Cheminée et al., 2013; Mineur et al.,
2015). It is fundamental that these services are quantified, and their
economic value is estimated, to highlight the economic benefits of their
conservation.

In conclusion, the status of Cystoseira infralittoral fringe populations
seems to be threatened by co-occurring stressors, including coastal
human population density, Chlorophyll a seawater concentrations, and
climate-related factors, as suggested by the relationships with sea sur-
face temperature, annual range of sea surface temperature and wave
fetch. Where available, comparison with historical data revealed a
generally unhealthy state of Cystoseira infralittoral populations with
high risk from further coastal development and degradation as well as

from climate change. There is a needed for an extensive baseline
monitoring to describe how these populations are changing over time,
and implement a management framework for the conservation of these
valuable, but vulnerable habitats.

5. Data availability and reproducible research

The repository with all the data and the scripts used to reproduce
the research in this paper are available at https://doi.org/10.17632/
5y2rbwvbkm.1 (Mancuso, 2017).
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