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Cystoseira sensu lato are fucoid algae that form dense stands on intertidal and subtidal rocky reefs sustaining
species-rich associated assemblages. The increasing human pressure is causing the decline of these marine for-
ests, raising wide concerns on the ecological consequences of their loss. Yet, little is known about functional trait
variables of Cystoseira s.l. species, which are essential to a deeper understanding of their contribution to the
functioning of coastal ecosystems. We analysed the intraspecific spatial variation of the total organic matter, Corg,
N and P contents in Ericaria amentacea from intertidal rocky shores in the W Mediterranean Sea. Specifically, we
quantified spatial patterns of variation of traits at large (100s km), small (1000s m), and local (100s cm) scale.
We also explored potential interspecific variation by comparing the combined functional profile of trait variables
between E. amentacea and Cystoseira compressa, an often co-occurring or vicariant species. Tissue contents of
organic matter, Corg, N and P, were consistent among E. amentacea stands, supporting the hypothesis of a large-
scale (100s km) spatial homogeneity of such key traits in this species. Overlapping functional profiles between
E. amentacea and C. compressa also suggested putative interspecific trait congruencies. However, a small-scale
(1000s m) significant variability was found for all trait variables in E. amentacea. Variance components at
small (1000s m) and local (100s cm) scale accounted for the largest contribution to the total spatial variation for
all traits, recommending caution in the use of small and local-scale trait values to generalize functional per-
formances of Cystoseira s.L forests over large areas. This study represents one of the first attempts to shed light on
the variability of key functional attributes of Cystoseira s.L species at a range of spatial scales, which could assist
more reliable assessments of their functional role and improve their management and conservation.

1. Introduction belong to Cystoseira sensu lato species (including the genera Cystoseira,

Ericaria, and Gongolaria, Molinari-Novoa and Guiry (2020)), which

Intertidal and subtidal forests of brown macroalgae account for
about 15% of the global net primary production in coastal ecosystems
(Duarte et al., 2022), sustain composite food webs (Graham, 2004;
Koenigs et al., 2015), confer high structural complexity to coastal hab-
itats and provide nursery and spawning grounds for a number of marine
species (Graham, 2008; Cheminée et al., 2013; Bertocci et al., 2015). In
the Mediterranean Sea, the main representatives of these macroalgae

colonize rocky bottoms from the intertidal to >50 m depth (Hereu et al.,
2008) and whose known distribution in the basin extends over 30% of
rocky coasts (Fabbrizzi et al., 2020). Cystoseira s.L. are fucoid algae
forming dense stands on rocky reefs that, analogously to kelp in
cold-temperate marine regions, act as habitat-formers allowing
species-rich sessile assemblages to thrive in the understory or as epi-
phytes, and providing feeding grounds and shelter to many vagile
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invertebrates and fishes (Ballesteros et al., 1998; Cheminée et al., 2013;
Mineur et al., 2015; Blanfuné et al., 2016; Mancuso et al., 2021).

Due to their ecological relevance, Cystoseira s.l. species have been
included in several international protection agreements and have
become conservation targets in Marine Protected Areas, although this
does not seem to have prevented the decline of these important habitat-
formers in the Mediterranean Sea (Fabbrizzi et al., 2020; Tamburello
et al., 2022). Land-based pollution, increased sediment load, direct
physical disturbance and coastal artificialization seriously threaten
Cystoseira s.L species, causing local extinctions and large-scale reduction
of their populations (Benedetti-Cecchi et al., 2001; Strain et al., 2014;
Mancuso et al., 2018; Bevilacqua et al., 2021). In subtidal reefs, Cys-
toseira s.l. populations may also be strongly affected by the indirect ef-
fects of overfishing that may lead to severe reduction of the abundance
of predator fish of commercial interest (e.g., sparids) and release from
predation the main herbivores (e.g., sea urchins) which, in turn, may
exert excessive grazing pressure on macroalgal canopies (Sala et al.,
1998; Guidetti, 2006). In addition, the increasing frequency and in-
tensity of thermal anomalies and extreme weather events probably
exacerbate the effects of other human pressures by disrupting the
reproductive cycles of Cystoseira s.L species and, ultimately, erode the
resilience potential of these marine forests (Bevilacqua et al., 2019;
Peleg et al., 2020; Falace et al., 2021).

The ongoing reduction of Cystoseira s.L stands across the basin,
replaced by less complex algal turfs or barren grounds, has raised wide
concerns about potential consequences for marine biodiversity and
ecosystem functioning (Sales et al., 2011; Bianchelli and Danovaro,
2020; Peleg et al., 2020), fuelling intense efforts to restore lost pop-
ulations (e.g., Verdura et al., 2018; De La Fuente et al., 2019; Clausing
et al., 2023; Orlando-Bonaca et al., 2022). Despite the current emphasis
on the potential depletion of ecosystem functions (e.g., carbon seques-
tration, nutrient cycling) associated with the decline of coastal marine
forests (Krause-Jensen et al., 2018; Filbee-Dexter et al., 2022), infor-
mation about traits of macroalgae (including all biological and ecolog-
ical features of species affecting growth, reproduction and survival of
individuals or that, at higher levels of biological organization, may
reflect on community and ecosystem functioning; see Violle et al., 2007)
is often scattered and inconsistent requiring renewed efforts for data
collection and re-organization (Vranken et al., 2023).

For Cystoseira s.L species, little is known on basic functional attri-
butes such as their organic carbon and key nutrients (e.g., nitrogen and
phosphorous) contents, and very few attempts have been carried out to
fill this gap (e.g., Delgado et al., 1994; Ballesteros and Sant, 2022).
Actually, the available data are too sparse and fragmented to allow
conservative estimates of trait values for organic matter and contents of
key chemical elements for most Cystoseira s.L species. For example, one
of the largest databases on biomass and biochemistry of aquatic or-
ganisms, provided by Brey et al. (2010), reports in total only 22 single
data entries for carbon, nitrogen and phosphorous contents for the 15
Cystoseira s.L species listed. A major issue in this respect is that possible
spatial and temporal intra- and interspecific variation of such trait
values remain largely unexplored, which increases the uncertainty
about their potential use for functional assessments into wide ecological
and geographic contexts.

Cystoseira s.l. canopies, especially in rocky intertidal habitats, expe-
rience a wide range environmental disturbances (e.g., air exposure, UV
radiation, temperature fluctuations, nutrient enrichment, trampling)
that may affect their metabolism and, thus, their organic components
(AbouAisha et al., 1997; Milazzo et al., 2004; Nygard and Dring, ;
Mancuso et al., 2019). As these perennial and semi-perennial brown
macroalgae generally alternate between vegetative and dormant phases,
nutrient uptake and energy contents may vary according to changes in
phenology and/or seasonal fluctuations (Delgado et al., 1994; Celis-Pla
et al., 2016). Understanding whether environmental changes turn into
significant spatial and temporal variability in biomass, contents of car-
bon and nutrients (e.g., nitrogen and phosphorous) in Cystoseira s.L, and
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identifying the relevant scales of variation, is essential for accurate
quantifications of the contribution of Cystoseira s.L stands to the overall
functioning of coastal ecosystems in terms of matter and energy fluxes at
different scales.

In this study, we analysed the intraspecific spatial variability, from
local (100s cm) to large-scale (100s km), of key functional trait variables
of Ericaria amentacea (C. Agardh) Molinari & Guiry canopies from
intertidal rocky reefs in the W Mediterranean Sea, and specifically the
contents of total organic matter, organic carbon (Corg), nitrogen (N), and
phosphorous (P) per unit of dry mass. We also explored possible inter-
specific variation in these trait variables by comparing the combined
functional trait profile of total Corg, N and P between E. amentacea and
Cystoseira compressa (Esper) Gerloff & Nizamuddin.

2. Materials and methods
2.1. Study area and sampling design

Patterns of spatial variation in contents of total organic matter, Corg,
N and P per unit of dry mass were assessed by sampling E. amentacea
populations at two locations, the Portofino Marine Protected Area (PFN,
Ligurian Sea) and the Isole Ciclopi Marine Protected Area (CIC, South
Ionian Sea) (Fig. 1). Sampling locations were selected within Marine
Protected Areas (MPAs) to reduce as much as possible the potential in-
fluence of human activities on the investigated variables. At each loca-
tion, samples were collected within continuous E. amentacea stands
(belts of E. amentacea >10 m in length, average total substrate cover in
50 x 50 cm quadrats >80%, n = 10) on sub-horizontal rocky reefs in the
intertidal fringe (0-1 m depth) at three sites (1-2 km apart) which were
characterized by comparable environmental conditions representative
of each location in terms of type and slope of rocky substrate, wave
exposure, currents and prevailing winds. At each site, five random
replicate samples (a few meters apart) were collected.

2.2. Total organic matter content

For total organic matter contents, samples were collected following
the sampling design described in section 2.1. Sampling consisted of the
complete removal of the E. amentacea thalli from the rocky substrate on
a surface of approximately 160 cm? for each replicate. Samples were
collected using a PVC cylinder placed upon the canopy and an inox blade
which was slid under the cylinder in order to cut off all E. amentacea
thalli in the sampling unit. Samples were then preserved in formalde-
hyde (4%) and sea water solution and stored under cold and dark con-
ditions, until biomass assessment.

A first sampling was carried out in October 2020 (T1), when algae
were in the dormant phase. The hypothesis was that the total organic
matter content of E. amentacea may not vary even across distant (~700
km) locations from different biogeographic regions (i.e., the NW Medi-
terranean, for PFN, and the Ionian regions for CIC; sensu Spalding et al.,
2007) when the photosynthetic and metabolic activity of the Cystoseira
s.L species is strongly reduced, as occurs during its dormant phase (Sales
and Ballesteros, 2012; Celis-Pla et al., 2014a; Kaleb et al., 2023). Sam-
pling was then repeated in July 2021 (T2) to explore spatial patterns of
variation in total organic matter content after E. amentacea experienced
the intense regrowth phase typical of the vegetative period.

2.3. Total Corg N, and P contents

A separate set of samples of E. amentacea thalli was collected at each
site in each location for the analysis of total Corg, N, and P contents.
However, to limit the damage on macroalgal stands, these samples were
collected only in T2 (with the exception of PFN, where samples were
taken also in T1 to obtain a more representative range of Corg, N, and P
contents to use in the construction of the functional profile of
E. amentacea, see section 2.6), with three replicates per each site. Each
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Table 1

Summary of sampling designs for all study areas. T1 = October 2020, T2 = July
2021. PFN = Portofino MPA (Ligurian Sea), CIC = Ciclopi MPA (Ionian Sea),
SMC = Santa Maria di Castellabate MPA (Tyrrhenian Sea), OTR = European
Special Area of Conservation of Otranto (Southern Adriatic Sea). See also Fig. 1.
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Fig. 1. Study area and sampling locations. PFN: Portofino Marine Protected
Area; CIC: Isole Ciclopi Marine Protected Area; SMC: Santa Maria di Castella-
bate Marine Protected Area; OTR: European Special Area of Conservation of
Otranto. PFN and CIC were the two main study locations, where data on the
biomass, total Corg, N and P contents of E. amentacea were collected on two
times of sampling and in multiple sites within locations. Additional data on
total Corg, N and P contents were also collected in a single site and a single time
of sampling at PFN and OTR for C. compressa, and at SMC for E. amentacea. See
text and Table 1 for further details on sampling.

sample consisted of one 100 ml centrifuge tube filled with randomly-
selected E. amentacea thalli (approximately 3—4 thalli per tube) cut off
from the basal part to the apex. Samples were stored under cold and dark
conditions and immediately brought back to the laboratory for further
processing.

Finally, in order to investigate Cog, N, and P contents of E. amentacea
from other geographic areas and/or in C. compressa, additional samples
were collected in T2 following the sampling protocol described above
and, specifically in the Santa Maria di Castellabate MPA (SMC, Tyr-
rhenian Sea, three samples of E. amentacea from one site), in the Por-
tofino MPA (PFN, three samples of C. compressa from one site), and in
the European Special Area of Conservation of Otranto (OTR, Southern
Adriatic Sea, three samples of C. compressa from one site). The study
areas are shown in Fig. 1, whereas sampling details are summarized in
Table 1.

2.4. Sample processing

Samples of E. amentacea for the analysis of biomass were soaked in
sea water for 24 h to remove formaldehyde residues and were carefully

Species Variable(s) Time Sampling Sampling Total
design unit no. of
samples
E. amentacea Total T1 3 sites x 2 160 cm? 30
organic locations
matter (PEN and
CIC)
E. amentacea Total T2 3 sites x 2 160 cm? 30
organic locations
matter (PEN and
CIC)
E. amentacea  Corg, N, P T2 3 sites x 2 100 ml 18
locations
(PFN and
CIC)
E. amentacea  Combined T1 PFN: 3 sites 100 ml 27
functional (PFN); x 2 times, n
profile for T2 (PFN =3; CIC: 3
Corg, N, P and sites,n = 3
CIC)
E. amentacea Corgs N, P T2 1 site 100 ml 3
(SMC), n =
3
C. compressa Corgs N, P T2 1 site 100 ml 3
(OTR), n =
3
C. compressa Corgs N, P T2 1 site (PFN), 100 ml 3
n=3

cleaned from epiphytes. E. amentacea thalli were wiped up to remove the
excess water and weighed altogether to determine the total wet mass
(WM) per sample. All thalli in each sample were weighed again after
drying at 80 °C for 48 h to obtain the total dry mass (DM). Samples were
finally burnt in a muffle at 550 °C for 4 h, the ashes were then weighed,
and the total organic matter was determined by subtraction as ash-free
dry mass (AFDM). The total organic matter contents were expressed as
AFDM per unit of DM (g - kg™1).

As soon as possible after field sampling, thalli of E. amentacea and
C. compressa sampled for the analysis of total Corg, N and P contents were
placed in seawater, carefully cleaned from epiphytes, wiped up and
frozen at —20 °C to avoid loss of organic compounds. Prior to analysis,
samples were first dried in oven at 40 °C to constant weight and then
lyophilized to completely remove water under low temperature condi-
tions in a freeze-dryer (FD-1A-50, Boyikang Laboratory Instruments
Ltd.).

Dried samples were finally homogenized by accurately cutting
lyophilized algal tissues. Total Cyg, N, and P were determined by acid
digestion and chemical titration (UNI EN 13657:2004). Contents were
expressed in grams per unit of DM (g - kg™1). Limit of quantifications
were 0.01 mg - g~ ! for total N and P, and 0.1 mg - g~ for total Corg-

2.5. Univariate statistical analysis

Analysis of Variance (ANOVA) was performed to test for differences
in total organic matter contents of E. amentacea samples between loca-
tions and among sites within locations, separately for T1 and T2. The
design for the analysis consisted of two factors: Location (Lo, random,
with two levels, PFN and CIC), and Site (Si(Lo), random and nested in
Lo, with three levels), with n = 5. Variance components associated to
each of the three investigated spatial scales, namely locations (100s km),
sites (1000s m) and replicates (100s cm) were also estimated using the
maximum likelihood estimators for two-way nested random models
with balanced data (Searle et al., 1992).
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The whole set of data on E. amentacea biomass (i.e., including sam-
ples from PFN and CIC collected in T1 and T2) was used to quantify
weight-to-weight conversion factors of E. amentacea. Specifically, data
were used to convert WM to DM and DM to AFDM. Conversion factors
were estimated as the coefficients of a linear regression (y = ax) fitted to
DM against WM and AFDM against DM, respectively. Pairwise Pearson’s
product-moment correlations (r) were also calculated.

ANOVA and the estimation of variance components were also per-
formed for total Corg, N and P contents of E. amentacea. The design for
the ANOVA included factors Location (Lo, random, with two levels, PFN
and CIC) and Site (Si(Lo), random and nested in Lo, with three levels),
with n = 3. For this analysis, only sample collected in T2 (which fell in
the typical period of maximum growth of the algae) from PFN and CIC
were used, as spatial replication in T1 and in other locations prevented
any formal comparison. Corg, N, and P contents of Cystoseira s.L from
these additional sites were used for the functional analysis described in
section 2.6.

For all response variables, the assumption of normality was tested
with the Shapiro-Wilk test and the Cochran’s C-test was used to test the
assumption of homogeneity of variances prior to analysis. In all cases the
assumptions of normality and variance homogeneity were respected,
except for data on P contents, which were forth root transformed to
stabilize variances (Underwood, 1997).

2.6. Comparison of functional profiles

To compare the functional trait profile of total Corg, N and P (i.e., the
integrated functional range encompassing the three investigated traits)
between E. amentacea and C. compressa from single additional sites and
E. amentacea from PFN and CIC, a functional hypervolume of total Corg,
N, and P trait variables was constructed for E. amentacea following the
approach proposed by Blonder et al. (2014). This procedure allows
inferring the shape and volume of an n-dimensional real-valued
continuous space that encloses a set of m observations through kernel
density estimations (Blonder et al., 2014, Blonder, 2017), and can be
applied to model species distribution, traits and niche hyperspace (for an
application to plants and phytoplankton see Lamanna et al., 2014;
Blonder et al., 2017; de Vries et al., 2021). Here, we employed this
approach to infer the combined functional range of total Corg, N, and P
contents, that is the three-dimensional functional space identified by
these traits, for E. amentacea.

All samples from the two locations were used for the analysis (m =
27), and the obtained hypervolume was assumed to be representative of
E. amentacea in the whole study region. The hypervolume was inferred
based on three dimensions (i.e., total Cyrg, N, and P) using a Gaussian
kernel density estimate with a bandwidth defined through the Silverman
estimator, a quantile threshold of 0.95, and 1999 random replicate
samples per point (Blonder et al., 2022). No normalization of data was
applied prior to analysis as the three dimensions represented homoge-
neous variables (i.e., contents of chemical elements per unit of DM)
expressed in the same units (i.e., g - kg™1).

We used the hypervolume to (1) check if the functional range of total
Corg, N, and P contents of E. amentacea can actually be representative of
the whole study region by testing whether an independent set of samples
of E. amentacea collected at SMC (Tyrrhenian Sea) fit the hypervolume.
We also (2) checked for homogeneity of Corg, N, and P contents between
C. compressa and E. amentacea by testing whether the set of samples of
C. compressa from PFN and OTR fit the hypervolume of E. amentacea.
This was done using the hypervolume inclusion test (Blonder et al.,
2022), which determines if a set of points (representative of a set of
samples) fall within a hypervolume with a priori fixed probability
threshold. The probability threshold below which the points can be
considered to be outside the hypervolume (and thus not congruent with
the n-dimensional functional range of E. amentacea) was fixed to 0.5.

All analyses were done in R version 4.2.2 (R Development Core
Team, 2022) using the packages “GAD” (Sandrini-Neto and Camargo,
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2022), “vegan” (Oksanen et al., 2022) and “hypervolume” (Blonder
et al., 2022).

3. Results

ANOVA detected a significant variation in the total organic matter
contents of E. amentacea in T1 at the scale of sites (1000s m) and loca-
tions (100s km) (Table 2, Fig. 2). The amount of total variation associ-
ated to these two spatial scales was comparable, whereas a smaller
portion was ascribable to among-replicate variability (Table 2). In T2,
ANOVA detected again a significant variability at the scale of sites,
whereas no differences in the total organic matter contents were
detected between the two locations (Table 3, Fig. 2). In this time of
sampling, the largest variance component was due to the smaller scale (i.
e., among replicates), followed by the variation among sites, with a null
contribution estimated for locations (Table 3).

Dry mass (DM) of E. amentacea was strongly correlated to its wet
mass (WM) (r = 0.94, P < 0.001) following a linear relationship (Fig. 3),
with an estimated weight-to-weight conversion factor of 0.16 £+ 0.01
(Table 4). Similarly, ash-free dry mass (AFDM) was in turn strongly
correlated to DM (r = 0.99, P < 0.001) following a linear relationship
(Fig. 3), with an estimated weight-to-weight conversion factor of 0.71 +
0.01 (Table 4).

ANOVA detected a significant variation among sites within locations
in total Corg, N and P contents of E. amentacea. However, differences
among locations were not significant for all the considered variables
(Table 5, Fig. 4). In all cases, the largest portion of variance was asso-
ciated to the scale of sites within locations, followed by replicates within
sites, with a lower or null contribution of locations to the total variance
(Table 6).

Average values of Corg, N and P contents of E. amentacea from PFN
and CIC were quite similar to those of the E. amentacea samples from
SMC and the C. compressa samples from OTR, while C. compressa samples
from PFN had lower Corg, N and P contents than the other locations
(Table 7).

The three independent samples of E. amentacea from SMC fell within
the hypervolume with an average probability of inclusion of 73%,
indicating that the tested samples were highly compatible with the
functional space of Corg, N and P contents inferred based on pooled data
of E. amentacea from PFN and CIC. The same occurred for samples of
C. compressa from PFN and OTR, which showed, respectively, an average
probability of 75% and 70% to belong to the inferred hypervolume.
Fig. 5 depicts the graphical comparison of the hypervolume of
E. amentacea and test samples.

4. Discussion

We quantified patterns of variation in organic matter, Corg, N and P
tissue contents of E. amentacea at a range of spatial scales, including
replicates (100s cm), sites (1000s m) and locations (100s km). Overall,
we found a larger intraspecific variability of traits at the scales of sites
and among replicates with respect to what observed at the scale of lo-
cations, supporting the hypothesis that factors and processes at a small
and/or very local scale may have a greater influence on functional trait
variables than those acting at a larger spatial scale.

The two investigated locations were at the extremes of a broad lat-
itudinal gradient and were characterized by different levels of coastal
urbanization and associated human pressures (Cannarozzi et al., 2023).
However, differences in average values of Corg, N and P contents were
not statistically significant among E. amentacea stands from the two
study locations, with very low or null contribution of differences be-
tween locations to the total variance, indicating a large-scale (100s km)
spatial homogeneity of such key functional trait values in this species
despite potential effects of changes in environmental conditions. In
Mediterranean intertidal and subtidal rocky reefs, low large-scale
(10s-100s km) variability can be recurrent (Fraschetti et al., 2005),
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Results of ANOVA testing for variation in the total organic matter content per unit of dry mass of E. amentacea between PFN (Portofino MPA) and CIC (Ciclopi Islands
MPA) in T1 (October 2020). Variance components associated to the three investigate spatial scales were also estimated; % contribution of each component to the total
spatial variation were given in brackets. Results of tests for normality and variance homogeneity are also reported. NS = not significant.

Source d.f. SS MS F P Variance component
Lo 1 176050.0 176050.0 8.209 0.0457 4438.5 (46%)
Si(Lo) 4 85787.0 21447.0 20.469 0.0000 4079.9 (43%)
Res 24 25146.0 1047.7 1047.7 (11%)
Data transformation None
Shapiro-Wilk test W = 0.952"
Cochran’s C-test C=0.314"8
although patterns of variation at different spatial scales can be habitat
900 1 and/or taxon-specific, or may vary depending on the investigated
<~ 800 - response variables (e.g., biomass, cover, diversity) (e.g., Fraschetti et al.,
2 700 4 o o — 2005; Terlizzi et al., 2007; Dal Bello et al., 2017). Differences in nutrient
Q 1 availability, for example, could have little effects on macroalgae tissue
P 600 4 e contents. Previous studies on Cystoseira s.l. species found no significant
£ 500 4 correlations between tissue nutrients and dissolved nutrients in the
S ambient water (e.g., Ericaria mediterranea (Sauvageau) Molinari &
g A0 Guiry; Delgado et al., 1994) whereas, species experimentally exposed to
& 300 - nutrient enrichment, showed either a transient effect of increasing
)
E 200 +
|9 100 Table 4
Weight-to-weight conversion factors of wet mass to dry mass (WM/DM) and dry
0 T T T T mass to ash-free dry mass (DM/AFDM) estimated as coefficients of linear

Fig. 2. Mean (+SE, n = 5) content of total organic matter (expressed as grams
of ash-free dry mass per kilogram of dry mass) of E. amentacea in each site and
time of sampling (T1, October 2020; T2, July 2021) at PFN (Portofino MPA,
blank bars) and CIC (Ciclopi Islands MPA, dotted bars).

Table 3

regression models (a summary of results of regression analysis is reported) fitted
to the whole dataset (n = 60).

Conversion Coefficient SE +95%CI Adj. R? P
WM/DM 0.16 0.005 0.169-0.151 0.941 >0.001
DM/AFDM 0.71 0.006 0.726-0.701 0.977 >0.001

Results of ANOVA testing for spatial variation in the total organic matter content per unit of dry mass of E. amentacea between PFN (Portofino MPA) and CIC (Ciclopi
Islands MPA) in T2 (July 2021). Variance components associated to the three investigate spatial scales were also estimated; % contribution of each component to the
total spatial variation were given in brackets. Results of tests for normality and variance homogeneity are also reported. NS = not significant.

Source d.f. SS MS F P Variance component
Lo 1 737.6 737.6 0.100 0.7676 0.0 (0%)
Si(Lo) 4 29480.0 7369.9 3.029 0.0373 722.0 (23%)
Res 24 58396.0 2433.2 2433.2 (77%)
Data transformation None
Shapiro-Wilk test W = 0.959"
Cochran’s C-test C = 0.452N8
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Fig. 3. Linear models of dry mass (DM) against wet mass (WM) (left panel) and ash-free dry mass (AFDM) against DM (right panel) of E. amentacea. Shaded grey
bands represent the +95% CI of the linear model fitted to the data (n = 60). Results of linear regression analysis were reported in Table 3.
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Table 5
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Summary of ANOVAs testing for spatial variation in the total C,,, N and P contents of E. amentacea between PFN (Portofino MPA) and CIC (Ciclopi Islands MPA) (T2

only). Results of tests for normality and variance homogeneity are also reported. ** = P < 0.01;

= P < 0.001; NS = not significant.

Corg N P
Source d.f. MS F MS F MS F
Lo 1 15129.0 5.413%8 0.2402 0.168N8 0.0025 0.547%8
Si(Lo) 2795.0 10.062%** 1.4255 7.842%* 0.0032 7.548%*
Res 12 277.8 0.1818 0.0004
Data transformation None None \/ \/ root
Shapiro-Wilk test W = 0.963%8 W =0.913N8 W = 0.902N8
Cochran’s C-test C = 0.352N G =0.275" C = 0.297N
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Fig. 4. Box plots of total Corg, N and P values in E. amentacea at PFN (Portofino MPA) and CIC (Ciclopi Islands MPA) (T2 only), expressed as grams per kilograms of
dry mass. The black central line indicates the median, boxes indicate the 2nd and the 3rd quartile, and whiskers correspond to the 1st and 4th quartile.

Table 6

Variance components associated to the three investigated spatial scales for the
total Corg, N and P contents of E. amentacea (T2 only). The contribution (%) of
each component to the total spatial variation were also reported.

Source Corg N P
Var. % Var. % Var. %
comp. contrib. comp. contrib. comp. contrib.
Lo 529.9 32% 0.0 0% 0.0 0%
Si(Lo) 839.1 51% 2.0- 53% 5.0 - 57%
10" 1074
Res 277.8 17% 1.8 47% 4.0 - 43%
107 1074
Table 7

Mean (£SE) total Corg, N and P contents (g - kg ! of dry mass) of E. amentacea
and C. compressa in the study locations. T1 = October 2020, T2 = July 2021. PFN
= Portofino MPA, CIC = Ciclopi Islands MPA, SMC = Santa Maria di Castellabate
MPA, OTR = European Special Area of Conservation of Otranto.

Location Species Corg N P Total no.

(Time) of samples

PFN-CIC E. amentacea 134.42 4.02 0.11 27

(T1-T2) (£14.71) (£0.40) (£0.01)

PFN (T2) C. compressa 90.33 2.88 0.04 3
(+£9.69) (£0.27) (£0.02)

SMC (T2) E. amentacea 135.13 3.22 0.13 3
(+15.91) (+£0.54) (+0.02)

OTR (T2) C. compressa 148.37 3.63 0.07 3
(£19.50) (£0.37) (£0.02)

nutrient contents (e.g., Ericaria brachycarpa (J.Agardh) Molinari &
Guiry; Gennaro et al., 2019) or a lower nutrient uptake with respect to
turf-forming algae (e.g., Ericaria selaginoides (Linnaeus) Molinari &
Guiry; Stengel et al., 2014). Comparable temporal patterns of nutrient
concentrations during the period of study (Teruzzi et al., 2021, see
Fig. S1 in supplementary material) may have further contributed to
reduce the variability between the two locations.

The largest variance components were associated to the scale of sites
within locations (1000s m) and, secondarily, to variability among rep-
licates (100s cm) for all trait variables, suggesting that smaller-scale
variation in environmental conditions (e.g., habitat patchiness, local
nutrient load) can exceed average large-scale effects on biomass pro-
duction and composition, so that the amount of nutrients in macroalgal
tissues might be strongly dependent on local environmental features and
the historical nutrient regimes of sites (Gennaro et al., 2019). Cystoseira
s.L species generally undergo significant seasonal changes in nutrients
and organic carbon in response to phenology during their annual cycle
(Delgado et al., 1994; Celis-Pla et al., 2014b, 2016). Interestingly, con-
tents of total organic matter differed between PFN and CIC in T1 (the
unique case in which variance components at the scales of sites and
locations were comparable), but not in T2. This finding could seem
counterintuitive, as differences in organic matter, if any, are expected to
emerge in the vegetative-growing phase rather than during the resting
period. Indeed, this result can be explained by the different onset and
duration of the vegetative phase of E. amentacea between the two lo-
cations, as a consequence of the different biogeographic position and,
therefore, in seasonality of irradiance and seawater temperature, which
are among the main factors affecting algal productivity along with
nutrient availability. In autumn, E. amentacea in Sicily (CIC) could
experience a vegetative resumption accompanied by fructification,
while in Liguria (PFN) it sheds its fronds, and the reproductive period
concludes by the end of August. Most probably, environmental condi-
tions in T1, although falling in autumn, were still suitable to maintain a
relatively consistent productivity of E. amentacea in the South Ionian
Sea, where CIC is located, but not at PFN, ~700 km north in the NW
Mediterranean. A note of caution on this explanation is necessary,
however, as factors other than the biogeographic position, such as for
instance context-dependent environmental peculiarities of locations,
could underlie the differences of total organic matter observed in T2.

Variations in environmental conditions, especially nutrient concen-
trations, irradiance and seawater temperature, may strongly affect the
physiology, nutrient uptake, and photosynthetic performance of mac-
roalgae determining, ultimately, their biomass production and compo-
sition (e.g., Delgado et al., 1994; Nygard and Dring, ; Celis-Pla et al.,
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Fig. 5. Hypervolume of E. amentacea in the three dimensions corresponding to the total Core, N and P contents. The hypervolume is shown as 2-d projections for all
combinations of the three functional trait axes. In each panel, the projection is represented by a cloud of (light grey) points which were randomly sampled (i.e., they
represent a stochastic description of the hypervolume) from the hypervolume inferred based on real data on total Cog, N and P contents of E. amentacea at PFN
(Portofino MPA) and CIC (Ciclopi Islands MPA) (m = 27). Dark symbols in each panel indicate real values of samples of E. amentacea from SMC (Santa Maria di
Castellabate MPA), and C. compressa from PFN and OTR (European Special Area of Conservation of Otranto).

2015, 2016; Mancuso et al., 2019; Gennaro et al., 2019; Falace et al.,
2021; Sanchez de Pedro et al., 2023). Responses to such variations and,
more generally, the functional trait variables like organic matter, Corg, N
and P contents, can nevertheless be species-specific or group-specific,
depending on differences in life strategies, morphology and phenology
among macroalgae (e.g., Stengel et al., 2014; Celis-Pla et al., 2015;
Mauffrey et al., 2020). In contrast, the comparison of Corg, N and P cu-
mulative profiles between E. amentacea and C. compressa indicated the
potential interspecific overlapping for tissue contents of these key trait
variables, although further assessments are certainly required to confirm
this preliminary result. The fact that these two species have a similar
morphotype (i.e., caespitose thallus), size and phenology (Falace et al.,
2005), could be reflected in similar responses in terms of nutrient uptake
and organic matter content (e.g., Wallentinus, 1984; Phillips and Hurd,
2004). Moreover, different Cystoseira s.L. species may exhibit compara-
ble tissue contents of nutrients and organic carbon when sharing the
same habitat and/or geographic location (Ballesteros and Sant, 2022).

E. amentacea and C. compressa seemed to have lower tissue contents of
Corg, N and P compared to other Cystoseira s.L species (Brey et al., 2010;
Ballesteros and Sant, 2022). It is worth noting here that we focused on
populations inhabiting the midlittoral rocky fringe, while most species
in other studies typically occurred (or were sampled) in subtidal rocky
habitats. Lower tissue contents of nutrients and organic carbon can
therefore be due to differences in phenology, reservoir allocation,
structural compounds (e.g., cellulose, alginates) among species inhab-
iting different habitats, or to gradients of decreasing nutrient availability
with decreasing depth (Ballesteros, 1989; Sant and Ballesteros, 2020,
2021).

Traits analysed in this study are only a subset of ‘effect’ traits (i.e.,
traits potentially impacting the functioning of community and ecosys-
tems; Violle et al., 2007) from a much wider spectrum of traits which
also encompass morphological, physiological and phenological features
of macroalgae (e.g., Violle et al., 2007; Cappelatti et al., 2019; Mauffrey
et al., 2020). However, as brown canopy-forming macroalgae are crucial
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for biomass production and energy flows along marine trophic networks
(Umanzor et al., 2019; Duarte et al., 2022; Pessarodona et al., 2022),
baseline information on such key functional traits of E. amentacea and
other Cystoseira s.l. species is essential for a deeper understanding of
their contribution to the functioning of Mediterranean coastal ecosys-
tems. Although our assessment is clearly not exhaustive in terms of
spatial and temporal extent, it provides some cues on the potential role
of E. amentacea in coastal carbon cycling. A rough estimate of biomass
turnover (dry weight) of E. amentacea from previous works in the
investigated locations accounts for 1059.3 + 566.7 g m~2 y~! (Can-
narozzi et al., 2023), and our estimates of Corg content averaged 134.3
+ 15.0 g C kg! dry weight, resulting in a mean total organic carbon
fixation of 1.423 t Cha~!y~L.

The magnitude of carbon fixation rates per unit area in E. amentacea
could therefore be comparable to those of the Mediterranean seagrass
Posidonia oceanica (L.) Delile, whose most recent estimates equal to
1.302 t C ha™! y!, including leaves, sheaths and rhizomes fixation
(Pergent-Martini et al., 2021). The overall contribution of Cystoseira s.L
forests to the total carbon budget of Mediterranean coastal areas is
probably paltry by comparison with P. oceanica seagrass beds, which
extend over a larger bottom surface than Cystoseira s.L in the basin. It
should also be noted that Cystoseira s.L forests could not be considered
long-term carbon sinks, as they primarily grow on rocky bottoms and
unlike seagrasses, which allow carbon deposition in large structures
made by the intricate complex of roots and dead rhizomes buried in soft
sediments (i.e., mattes), lack substantial organic accretions that can
underlay significant carbon sequestration (Duarte et al., 2013). How-
ever, macroalgae export about 43% of their production as both partic-
ulate and dissolved organic carbon (Krause-Jensen et al., 2018), and the
net transport of carbon towards deep systems can double that of sea-
grasses (8.5 mol C m~2 for macroalgae in contrast to 4.4 mol C m~?2 for
seagrass; Barron and Duarte, 2015). In this view, Cystoseira s.L stands
can represent important carbon donors to neighbouring systems, where
this carbon can be sequestered in sediments and deep waters over a long
time-scale (Hill et al., 2015).

From a more practical perspective, our findings allow some prag-
matic considerations to account for in applied ecological research on
E. amentacea and other Cystoseira s.l. species. Since organic carbon, ni-
trogen and phosphorous contents can largely vary at a very local scale,
extrapolating functional properties or goods and services of these mac-
roalgal stands (e.g., their natural capital) over large geographic areas
could significantly under- or overestimate the ensuing quantifications, if
based on data restricted to single, small spatial extents.

This high small-scale variability could also have important implica-
tions for conservation and active restoration strategies involving Cys-
toseira s.L species. For example, restoration interventions on Cystoseira s.
L stands are often restricted to relatively small areas (Verdura et al.,
2018; De La Fuente et al., 2019), which could match the scale at which
key functional traits are more variable. Given that restoration costs for
Cystoseira s.L. ranges between 57,000 and 7,000,000 €/ha, depending on
the restoration techniques, logistics, and environmental context
(Cebrian et al., 2021 and references therein), preliminary assessments
on key functional traits of neighbouring and/or resident populations
could help identify sites that could maximize the return of economic
investments in terms of functional performance of restored Cystoseira s.L
stands.

The baseline knowledge of productivity, biomass, key functional
traits, and especially their spatial and temporal variations from local to
large scale, is still very limited for E. amentacea and, more generally, for
many Cystoseira s.L species, hindering reliable quantifications of uptake,
fixation, export and storage of carbon and key elements of intertidal and
subtidal stands of Mediterranean fucoid algae. This study is one of the
first attempts to fill these gaps, which could contribute to refine as-
sessments of the functional role of Cystoseira s.L forests and to improve
their management and conservation.
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