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Coralline algae represent the most important bioconstructors in the Mediterranean
Sea and are currently impaired by the effects of climate change (CC), particularly by
global warming and ocean acidification (OA). We studied the effects of these two
drivers on Ellisolandia elongata, an intertidal coralline algae that is known to host a
rich biodiversity of associated fauna. We cultured turfs of E. elongata in experimental
conditions of increased temperature and OA (using the values of the IPCC scenario
RCP- 8.5 expected for 2100: actual mean temperature +3◦C and pH = 7.78), and
estimated alteration of algal linear growth and community structure, focusing especially
on peracarid crustaceans and annelids. Our findings revealed a decrease in linear
growth, yet with no significant changes on structural integrity, and a simplification of
associated community, in particular for peracarids. Our study contributes to understand
community-level response to CC drivers, highlighting the vulnerability of the fauna
associated to an important Mediterranean marine habitat.

Keywords: climate change, intertidal ecosystem, coralline algae, bioconstruction, biodiversity, peracarid
crustaceans, polychaetes

INTRODUCTION

Current increase in carbon dioxide due to anthropogenic forcing (Collins et al., 2013) is
dramatically affecting the oceans. The increase in greenhouse gasses has led to a rise of the global
temperature average on Earth’s surface by 0.7◦C during the last century and according to scenario
RCP – 8.5 (IPCC, 2014), it is expected to rise by 3◦C by 2100. About 93% of the excess heat
accumulated in the Earth system ends up in the ocean, causing ocean warming (Bindoff et al.,
2013; Rhein et al., 2013). The ocean’s capacity to act as an important sink for anthropogenic
carbon over the past few decades has also caused a decrease in ocean pH, with major changes
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in the seawater chemistry, namely an increase of bicarbonate and
a decrease of carbonate ions as well as of the saturation
state of calcium carbonate. Among marine ecosystems,
bioconstructions are especially vulnerable to CC, and in
particular to the decrease in pH driven by the ongoing
carbon uptake from the atmosphere to the ocean (Martin
and Gattuso, 2009; Bijma et al., 2013; Kamenos et al., 2013).
Structurally complex, bioconstructions host macroinvertebrate
communities characterized by remarkable abundance and
species richness (Crowder and Cooper, 1982). In fact, they
increase benthic diversity by providing hard substrates with
a complex architecture for the species to settle on, hide and
protect, thus the resulting assemblages are highly diverse
and taxonomically complex (Jokiel et al., 2008). Previous
studies showed that the physical characteristics of habitats
affect community structure (MacArthur and MacArthur,
1961; Lawton, 1983; Ellner et al., 2001), with several studies
demonstrating the linear relationship between increase in habitat
complexity and increase in the diversity and abundance of its
associated fauna (Kohn and Leviten, 1976; Heck and Wetstone,
1977; Downes et al., 1998). The reasons of this linear relationship
are multiple: the complexity of the structure increases the
number of possible refuge areas and niches (MacArthur and
MacArthur, 1961; Schoener, 1974) and the structure itself can
also affect biological processes and environmental factors such
as competitive interactions (Fletcher and Underwood, 1987)
and impact of disturbances (e.g., mitigation of wave action)
(Dommasnes, 1968; Whorff et al., 1995). Bioconstructional
organisms provide the bases for many other ecosystem processes,
making them pivotal for conservation (Crain and Bertness, 2006;
Ingrosso et al., 2018).

On rocky intertidal shores around the world, one of the
main group of bioconstructional organisms is represented by
articulated coralline algae (Stewart, 1982; Dye, 1993; Benedetti-
Cecchi and Cinelli, 1994), which often form complex, extremely
dense and highly branched turfs that are considered the
apex of algal structural complexity (Davenport et al., 1999).
Even though the coralline turf is highly variable, with the
fronds length and density differing at small spatial scale, they
still can host high-densities of macrofaunal organisms, up
to 250,000 individuals per m2 (Kelaher et al., 2001), with
annelid polychaetes and crustaceans peracarids representing the
dominant macrofaunal groups (Musco, 2012).

Coralline algae not only do support high biodiversity (Jones
et al., 1997; Gattie et al., 2003; Kuffner et al., 2008), but they
contribute to the global inorganic carbon budgets in shallow
water ecosystems (Foster, 2001; Martin and Gattuso, 2009),
hence they are receiving renewed attention across the ecological
and geological sciences, mainly owing to the threat of CC.
This is mainly due to the mineralogical composition of their
thalli, based on high Mg-Calcite, the most soluble CaCO3
polymorph compared to calcite and aragonite. Several studies
have analyzed the effect of pH and temperature on coralline
algae, showing a stronger effect of temperature if compared with
that of CO2 concentration (Martin and Gattuso, 2009; Martin
et al., 2013). Previous studies have shown a negative effect of
global warming (GW) on recruitment (Kuffner et al., 2008),

growth (Jokiel et al., 2008), and calcification (Gao et al., 1993;
Semesi et al., 2009) of coralline algae leading to an increasing
susceptibility to grazing by bioeroders (Steneck, 1986). Thus,
GW and OA could have a dramatic consequence on species
distributions (Harley et al., 2012; Bijma et al., 2013), possibly
causing shifts in their abundance and geographical boundaries
(Díez et al., 2012). Most of the studies so far have been focusing
on the effect of CC on the physiology of the algae, often neglecting
the organisms living within their fronds. In fact, synergism
between acidification and warming exacerbates the negative
effects on ecosystem associated communities, and is expected to
cause a shift toward a less diverse ecosystem in terms of species
richness and spatial heterogeneity, directly affecting the lower
levels of the food web and eventually reducing productivity and
trophic energy (Kleypas et al., 2006; Smale et al., 2011; Bijma et al.,
2013; Sunday et al., 2017).

This experimental study was designed to mimic the
environmental conditions predicted for the year 2100 by
the RCP 8.5 (IPCC, 2014) and to analyze the responses of the
coralline alga Ellisolandia elongata (Rodophyta, Corallinales)
and its associated fauna. Ellisolandia elongata, formerly known
under the name Corallina elongata (see Cormaci et al., 2017
for an appraisal of synonymies) is widely distributed in the
North-Eastern Atlantic and in the whole Mediterranean Sea
(Bressan and Babbini, 2003), where it represents one of the
most important bioconstructors. It can create tridimensional
biogenic structures which are developed on vertical shady
rock faces, from the surface to one meter deep, in high energy
areas (i.e., rocky bottoms exposed to waves and currents)
(Bressan and Babbini, 2003).

In particular, we analyzed the combined effects of GW and
OA on: (1) E. elongata linear extension; (2) E. elongata structural
integrity; (3) community structure of the associated fauna.

This study aimed to approach the responses to climate change
(CC) at the community level, and highlighted the vulnerability to
the dominant combination of climate drivers occurring at specific
habitats. Despite its importance, the response to global changes at
community level has been still poorly investigated, thus, the need
for field observations and long-term experiments to understand
the emergence of different levels of biological responses and their
feedbacks is a priority, in order to design appropriate mitigation
actions (Pörtner et al., 2014).

MATERIALS AND METHODS

Target Algal Species
Ellisolandia elongata (J. Ellis and Solander) K. R. Hind and G.
W. Saunders is a red alga belonging to the order Corallinales,
family Corallinaceae. Reddish-lilac to whitish-pink in color, it has
branching, pinnate flexible fronds and an erect thallus attached to
the rocky substrate by a crustose holdfast (Figure 1). The fronds
are made of small calcified segments (intergenicula), which are
separated from one another by uncalcified nodes (genicula)
(Babbini and Bressan, 1997; Bressan and Babbini, 2003).

Being adapted to variable habitats (e.g., the intertidal rocky
pools of the northeastern Atlantic), this species can experience
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FIGURE 1 | (A) Ellisolandia elongata fronds; (B) E. elongata at Palmaria island.

large fluctuations in the physico-chemical factors, and therefore
it has been suggested to have advantages, under the current GW
and OA scenario, over other coralline algae adapted to more
stable environments (Egilsdottir et al., 2013).

Study Site
The study area is located in the Gulf of La Spezia (North-West
Mediterranean Sea), within the Natural Regional Park of
Portovenere and the Islands (Palmaria, Tino, and Tinetto). The
presence of vertical rocky walls as well as sandy shoals, exposed
and sheltered sites, make the Gulf an important source of marine
biodiversity promoted and maintained by several ecosystem
engineers, including seagrass such as Posidonia oceanica and
calcifying bioconstructors such as coralline algae, corals and
bryozoans (Cocito et al., 2000, 2002; Peirano et al., 2005; Nannini
et al., 2015). The sampling site is located in the Palmaria
Island (surface area: 1.89 km2), at the locality ‘Cala Grande’
(north-western side of the island: 44◦ 2.366′ N, 9◦ 50.519′ E;
Figure 2). This area is characterized by an extremely limited
tidal range, around 10–40 (up to 50) cm. The salinity in this
area is rather constant, around 36.8–36.9 PSU (Gasparini et al.,
2009), whereas surface temperatures range between 12 and 13◦C
in winter (minimum values) and the maximum value of 26–27◦C
in summer (maximum values). The minimum–maximum values
recorded in March–April 2015 were 13–15◦C; in the end of
September–October 2015 20–24◦C. Mean pH value was 8.1. Due
to seawater circulation, current intensity (velocity: 4 cm s−1), and
wave actions (height: 20–100 cm), this site is one of the most
exposed to seawater physical forces (Ciuffardi et al., 2013).

Sampling and Sample Preparation
The experiment was carried out between July and October 2015.
In July, four areas, approximately 10 m far from each other,
were randomly allocated on vertical rocks at 50 cm of depth.
Using hammer and chisel, we collected 84 samples (5 cm × 5 cm
each) of substrate covered by E. elongata turfs. The collected
turfs were then placed in separate bags filled with seawater
and transported to the laboratory inside a thermal-box. Out of
the 84 samples originally collected, 12 (3 per area, haphazardly
chosen) were preserved in ethanol for the identification of the
associated fauna, while 72 samples were placed into a thermal
bath (150 L) for the acclimatization to the laboratory condition
(1 week). At the end of the week, the turfs were stained using
Alizarin Red S (Andrake and Johansen, 1980), which has been
used for many decades for in vivo labeling (Holcomb et al., 2013;
Bensimon-Brito et al., 2016), by placing them in aerated (airstone

pump -Mouse Air Pump 4, Delta, United States) plastic bags
with a solution of 0.25 g L−1 Alizarin Red S staining (Fluka,
Sigma-Aldrich) for 24 h at 20◦C in 12:12 h light-dark cycle.
At the end of the staining period, eight experimental aquaria
(four for control condition, C1–C4, and four for treatment
conditions, T1–T4; Figure 3) were set up with nine E. elongata
turfs each by placing the bags straight into the aquaria, in
order to avoid the loss of the alga-associated fauna. The alizarin
was progressively washed out by in conditions of continuum
water exchange, up to its complete removal from the aquaria.
Once cleaned, the aquaria were progressively set up to the
following experimental conditions: control – current temperature
and pH conditions of the Gulf of La Spezia (24.76 ± 0.83◦C
in August, 23.15 ± 0.90◦C in September and 20.57 ± 0.83◦C
in October; 385 ppmv/pH 8.1; see Supplementary Table S1);
treatment – increased temperature (mean monthly temperature
+3◦C) and decreased pH (pH = 7.75) according to the
2100 scenario (IPCC – scenario RCP- 8.5). For details on
the experimental design, system set-up and environmental
conditions within the system see Supporting Information S1,
S2 and Table S1.

Linear Growth
From each of the four control aquaria and each of the four
treatment aquaria, three E. elongata turfs were sampled after
1 month (on August 24th), three after 2 months (September
22nd), and the last three after 3 months (October 22nd). For each
aquarium and each sampling event, 20 fronds were randomly
selected from the three turfs and measured to estimate E. elongata
linear extension. In particular, after collection the fronds were
rinsed with deionized water, dried naturally for 24 h, and then
photographed under the stereomicroscope (AZ 100, Nikon,
Japan; lens 1x with camera DS-U1, Nikon, Japan), then the
distance between the red band left after the staining and the new
frond apex was measured using ImageJ R© software (Figure 4a).

Structural Integrity
Nanoindentation on all samples was performed using Nanotest
(Platform 3) indentation instrument (Micromaterials, Ltd.,
Wrexham, United Kingdom). Instrument description and its
working principle is in detailed explained in Beake and
Leggett (2002), Beake et al. (2002). Indents were done using
standard Berkovich diamond indenter in a load-controlled mode.
Maximum force was set to 5 mN, loading and unloading rates
were set each to 0.01 mN/s, holding time of 30 s at maximum
load was set to minimize the influence of creep. Measurements
were performed on the top of three genicula of each algae branch
(three branches per set). A matrix of 60 to 120 indents with 50 µm
space between each indent was set on each geniculum to measure
the distribution of mechanical properties, such as hardness and
elastic modulus (see section “Statistical Analyses”). To identify
the position of an indent, an integrated optical microscope was
used before and after indentation experiments.

Associated Fauna
From each of the four control (C) aquaria and four treatment
(T) aquaria, three turfs were sampled on August 24th, three
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FIGURE 2 | Map of the Gulf of La Spezia showing the sampling site (red dot).

FIGURE 3 | Scheme of the experimental system. Green: control, orange:
treatment; H: header tanks; C: control aquaria; T: treatment aquaria. Arrows
indicate flow direction.

on September 22nd and finally, three on October 22nd, 2015,
meaning that at each month 24 turfs were collected in total (12
C + 12 T). Each sample was put into a separate container and
preserved in ethanol. To remove the associated macrofauna from

the algal fronds, the sample was washed with tap water, while
being gently rubbed, and subsequently sieved (0.5 mm mesh
size). The sequence of rubbing-washing-sieving was repeated
at least three times to ensure the removal of all the vagile
fauna associated to E. elongata. After this, the sample was
observed under a stereoscope (AZ100, Nikon, Japan) to ensure
the complete removal of all individuals.

When each turf sample was cleared by the fauna, the volume
of the sample was used as standard unit to compare samples
with different size (i.e., tridimensional structures of different
size = difference in habitat availability = difference in abundance
of associated taxa) created by each algal turf. Each sample was
immersed in a 1000 cm3 beaker, filled with tap water, and the
volume was calculated as difference between final and initial
volume (Pereira et al., 2006; Izquierdo and Guerra-García, 2011).

Samples of associated vagile fauna were preserved in 70%
ethanol and analyzed under a stereomicroscope (WILD M5A,
Heerbrugg); individuals were counted and divided in different
higher-rank taxonomic groups, including both calcifying
(i.e., molluscs, crustaceans, echinoderms) and non-calcifying
organisms (i.e., polychaetes, nematodes). The only exception
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FIGURE 4 | (a) Frond of E. elongata stained with Alizarin Red. Continuous arrow indicates red line of the staining. Dotted arrow indicates the frond tip. Linear
extension (i.e., portion of frond grown after the staining) is comprised between dotted and continuous arrow. (b) Linear growth of E. elongata (mean ± SD; N = 80:
20 fronds × 4 aquaria) measured after 1 month (August), 2 months (September), and 3 months (October).

was represented by the bivalve Mytilus galloprovincialis Lamarck
1819, a semi-sessile species representing the most abundant
mollusc in natural conditions, which was included within
mollusc counting. Peracarid crustaceans and polychaete
annelids, representing the dominant component of the vagile
assemblage, were identified at species level and counted. The
abundance of each taxon was standardized to the volume of the
sample to obtain relative abundance values.

Statistical Analyses
An orthogonal design was employed to test the null hypotheses
that (1) linear extension of E. elongata fronds and (2) their
structural integrity and (3) the abundance and diversity of the
fauna associate to E. elongata turfs did not vary at different spatial
and temporal scales under different experimental conditions
(control: current monthly mean temperature and pH = 8.10;
treatment: the monthly mean temperature +3◦C and pH = 7.75)
through time (3 months). Each experimental condition has been
replicated four times (e.g., four aquaria for control and four
for treatment). For the structural integrity analysis only three
replicates were used.

Linear Extension
Differences in linear extension between the levels of the factors
‘condition’ (fixed; two levels: C and T) and ‘time’ (random; three
levels: August, September, October) were estimated using the
generalized linear mixed model (GLMM). The factor ‘aquaria’
(e.g., random) had been tested separately and excluded from the
analyses due to the non-significant differences encountered.

Normality and homoscedasticity were assessed by visually
checking the residuals distributions and relation versus predicted
values (Zuur et al., 2007). A more formal Levene’s test was also
used to assess the variance homogeneity. When the test was
significant (p < 0.05), transformations (square root, logarithmic)

were applied. In the case of failure of the transformation, the
more stringent criterion of α < 0.01 was applied (Underwood,
1997). Post hoc Student-Newman-Keuls (SNK) tests were
performed whenever a significant difference was found. These
analyses were performed using Statistica R© v.7.

Nano Indentation
During nanoindentation experiments a series of force vs.
displacement curves were recorded. The analysis was performed
using analytical software provided by MicroMaterials, where the
unloading portion of the curve was fitted to a power law function
to determine hardness and elastic modulus of algae samples
(Oliver and Pharr, 1992).

Sample hardness (H) was calculated from the maximum load
(Fmax) and projected area of contact, Ac, determined through a
series of indentations at different loads on calibration sample of
fused silica, by:

H =
Fmax

Ac
(1)

Young’s modulus (or elastic modulus), E, of the sample was
determined from

1
Er
=

1− v2

E
+

1− v2
i

Ei
, (2)

where v is the Poisson’s ratio of the sample, Er is the reduced
modulus of the sample derived from the load vs. displacement
curves (Oliver and Pharr, 1992), vi is the Poisson’s ratio of the
indenter (0.07) and Ei is the Young’s modulus for the indenter
(1141 GPa). As Poisson’s ratio of algae are not known, reduced
indentation modulus (Er) will be reported in this paper.

Maps of elastic modulus and hardness were generated to
determine the distribution of the mechanical properties. These
maps were further processed by eliminating values obtained on
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epoxy resin as well as where surface defects interfered with points
of measurement. Statistical histograms of modulus and hardness
were also obtained, and mean values were calculated (Figure 5).

Associated Fauna
Relative abundances of taxonomic groups were compared for
the two factors ‘condition’ and ‘time’ (see section “Linear
Extension”) by using multifactorial ANOVA (Underwood, 1997).
Rare taxonomic groups were excluded from the analysis. Prior
the application of multifactorial ANOVA, a data exploring
protocol (Zuur et al., 2010) was applied to test for presence
of anomalous values, heterogeneity of variance and dependence
among observations. In case of violation of ANOVA assumptions,
generalized least squares (GLSs) method (Aitken, 1935) based on
restricted maximum likelihood (REML) was applied according to
Zuur et al. (2009) protocol. The method allowed the corrections
of the heterogeneity of residuals respect to the factors, thus
respecting normality and homoscedastic assumptions.

The model selection was based on Akaike Information
Criterion (AIC; Akaike, 1974) and the model with lower AIC
value was selected. These analyses were performed with R © (R
Core Team, 2016).

The effects of the experimental conditions on the
vagile fauna community structure were also tested via
permutational multivariate analysis of variance (PERMANOVA;

Anderson, 2001), based on a Bray–Curtis similarity matrix.
Rare species were removed from the data matrix. Data were
transformed via square root, then zero-Adjusted Bray–Curtis
method (Clarke et al., 2006) was applied to create a dissimilarity
matrix. This approach was necessary in order to avoid indefinite
values caused by the presence of double zero in the main matrix.
The PERMANOVA test was applied to clarify differences between
treatments and among months, and when a significant factor was
found, a pairwise test was applied to identify the source of the
differences. The SIMPER test was used to identify species mostly
contributing to the dissimilarity between the significant factors
obtained by PERMANOVA. A non-metric multi-dimensional
scaling (nMDS) was plotted for each of the two groups, showing
the variation in time of the peracarids and polychaetes under
C and T conditions. These analyses were carried out on Primer
6.1.13 (Clarke and Gorley, 2006, 2015).

RESULTS

Linear Extension
The measurement of 480 E. elongata fronds [20 fronds × 8
aquaria (4C + 4T) × 3 months] showed that the species
maintained a positive growth trend after 1 month (July–August)
as well as after 2 months (July–September) in both C and

FIGURE 5 | Structural analysis of the E. elongata skeleton. (A) Elastic modulus and hardness on thalli growing under different conditions and times (H:
C1month = 1.41 ± 1.4; C3months = 2.18 ± 0.69; T1month = 2.41 ± 1.1; T3months = 2.4 ± 0.7; E: C1month = 19.9 ± 16.2; C3months = 31.7 ± 8.09;
T1month = 28.4 ± 12.5; T3months = 33.8 ± 8.3; N = 3 fronds, 60 × 120 indents each). (B) Optical images of a section of the skeleton. Red dots represent the
frame of the indents. (C) Example of the distribution of the hardness within the skeleton. Red dots represent the frame of the indents.
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FIGURE 6 | Relative abundance (mean ± SD) of the main taxa associated to E. elongata, from August to October 2015 (on a logarithmic scale; please note that
scales differ among graphs); (A) Palmaria island (N = 15: 5 sites × 3 replicates), (B,C) laboratory aquaria (N = 12: 4 aquaria × 3 replicates), under (B) control and (C)
treatment conditions. Number of individuals standardized over a 100 ml volume of substrate. The category “others” includes nemerteans, sipunculids, and
platyhelmints.

T conditions (Figure 4b), with an increase from August to
September of 1Aug−Sept = 0.84 cm and 1Aug−Sept = 0.87 cm,
respectively. At the end of the experiment (October), after
3 months of exposure, the linear extension was 4.94 ± 1.85 cm

(C) and 2.64 ± 1.26 cm (T). Compared to the beginning of the
experiment (July), in October the fronds maintained a positive
growth in C conditions (1Aug−Oct = 0.22) whereas a decrease
under T condition was shown (1Aug−Oct =−0.08 cm).
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Data analyses revealed significant differences between
conditions (F1 = 177.48, p < 0.01) and among months
(F2 = 11.99, p < 0.01), and post hoc (SNK) showed significant
differences after 1 and 2 months of exposure, in August and
September (p < 0.01).

Structural Integrity
For the structural integrity analysis of the algal thallus, only the
second genicula of each branch were analyzed in order to have
full calcified cells. The hardness (H) and the elastic modulus (E)
of the thallus in C condition after 1 month were 1.41 ± 1.4
SD GPa and 19.86 ± 16.92 SD Gpa, respectively, while after
3 months they were 2.18 ± 0.70 SD GPa and 31.80 ± 8.09,
respectively (Figure 5A). Paired t-test showed no significant
difference between 1 and 3 months of culturing (H: p = 0.31,
df = 2; E: p = 0.19, df = 2) in C conditions. No significant
difference was also found in the algae cultured in T conditions
(Paired t-test-H: p = 0.69, df = 2; E: p = 0.52, df = 2): H and E of the
thallus after 1 month were 2.41 ± 1.1 SD GPa and 28.40 ± 12.50
SD Gpa, respectively, while after 3 months they were 2.36 ± 0.70
SD GPa and 33.86± 8.30 SD GPa. No significant difference in the
overall structural integrity (E and H) was found between C and T
after both 1 and 3 months (Paired t-test-H 1 month: p = 0.64,
df = 2; H 3 months: p = 0.81, df = 2; Paired t-test-E 1 month:
p = 0.66, df = 2; H 3 months: p = 0.82, df = 2).

Associated Fauna
The macrofauna found on E. elongata turfs at Palmaria was
characterized by dominance of molluscs and crustaceans over
other groups (Figure 6A).

A similar pattern could be observed in the laboratory aquaria,
both in C (Figure 6B) and T conditions (Figure 6C), although
prominence of molluscs was more striking in the laboratory than
in the field. For most groups, relative abundance was much higher
in C than in T aquaria.

When looking at the species composition, peracarid
crustaceans associated to E. elongata at Palmaria island
were highly diverse, exhibiting 23 different species (see
Supplementary Table S2; see also Supporting Information S3
for an appraisal on some interesting faunal entities found
in the samples).

In each sample, composed by a single turf of E. elongata, we
found 22± 14 species on average per sample (values standardized
over 100 cm3 volume; Figure 7A). In the laboratory samples,
the total number of peracarid species was lower than in the
field, namely 7.5 ± 6.0 species on average (over 100 ml),
but with differences among months, both in C and T aquaria
(Figures 7B,C). As regards annelids, the analysis to species level
showed that each sample had 14.5 ± 9.0 species on average
(over 100 ml volume; Figure 7A; see also Supplementary
Table S3). The laboratory aquaria hosted a notably high richness
of polychaete species (30), with 7.5 ± 7.0 species on average per
sample, yet with differences among months (Figures 7B,C).

Analysis of variance based on abundance values of the
macro-groups revealed only two significant responses of single
taxa to treatment (C vs. T conditions) and months (August vs.
September vs. October). The abundance of crustaceans differed

FIGURE 7 | Number of peracarid and polychaete species (mean ± SD)
associated to E. elongata, from August to October 2015. (A) Palmaria island
(N = 15: 5 sites × 3 replicates), (B,C) laboratory aquaria (N = 12: 4
aquaria × 3 replicates), under (B) control and (C) treatment conditions.
Number of species standardized over a 100 ml volume of substrate.

significantly between C and T aquaria, and polychaetes decreased
significantly their abundance with time (Table 1). No significant
differences emerged for molluscs and nematodes; other groups
were not tested due to insufficient number of specimens.

The PERMANOVA analysis on the community structure of
macro-groups, based on the Bray–Curtis similarity index, showed
no significant response to the experimental conditions (C vs. T),
yet highlighting differences in the abundance of the taxa along the
3 months of experiment (Table 2).

A different picture emerged when analyzing more in depth the
species composition of peracarids and polychaetes assemblages
with PERMANOVA. The interaction between condition and
month was significant in shaping the community structure
of peracarids (Table 3). The pairwise test applied to the
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TABLE 1 | Results of linear multifactorial ANOVA (method GLS and REML) based on abundance values of the four major benthic groups investigated, tested for two
orthogonal factors: condition (two levels: control and treatment) and month (three levels: August, September, October).

df Log likelihood
ratio

p-value df Log likelihood
ratio

p-value

Molluscs Annelids

Treatment 1 0.066 0.797 Treatment 1 1.872 0.171

Month 2 3.582 0.167 Month 2 14.546 0.0007

Condition ∗ Month 2 2.511 0.285 Condition ∗ Month 2 2.564 0.278

Crustaceans Nematodes

Condition 1 4.217 0.040 Condition 1 1.443 0.229

Month 2 0.409 0.815 Month 2 4.175 0.124

Condition ∗ Month 2 0.138 0.931 Condition ∗ Month 2 3.899 0.142

Here, only results of the best models are reported, after selection of the minimum AICc value and 1AIC < 2. Significant p-values in bold font.

TABLE 2 | Results of PERMANOVA based on Bray–Curtis similarities for
macro-groups, tested for two orthogonal factors: condition (two levels: control
and treatment) and month (three levels: August, September, October).

df Pseudo-F p-value

Condition 1 0.50684 0.6977

Month 2 3.0155 0.0135

Condition ∗ Month 2 0.49837 0.8229

Significant p-value in bold font.

interaction factor showed clear differences between all the
considered pairs of months, indicating a shift in the peracarid
community along the period, under both conditions. The
SIMPER analysis identified the species providing the highest
contributions to the dissimilarity among months and between
experimental conditions: the amphipods Elasmopus pocillimanus
and Jassa marmorata, and the isopod Paranthura costana. In
particular, E. pocillimanus gave the highest contribution (up
to 44.0%) to the dissimilarity between C and T conditions
across months, while J. marmorata and P. costana contributed
up to 20.6 and 36.7%, respectively. However, the two latter
ones decreased in abundance under T conditions, showing a
negative response to the simulated conditions of reduced pH
and increased temperature. Conversely, the average abundance
of E. pocillimanus was higher in T than in C aquaria.

For polychaetes, instead, the interaction did not appear
significant, despite significant differences observed for both
factors (condition and month; Table 4). The pairwise test applied

to the month factor showed significant differences between all the
considered pairs of months, reflecting the progressive reduction
in the polychaete abundances along the experiment period (they
were absent from 11 replicates out of 24 at the end of the
experiment, in October). According to the SIMPER test, the
species mostly contributing to the dissimilarity among months
were Syllis gracilis (19.7% between August and September and
24.7% between August and October), Amphiglena mediterranea
(18.0% between August and September and 19.3% between
August and October) and Perinereis cultrifera (15.0% between
August and September and 18.6% between August and October).
In fact, their average abundance progressively decreased with
time. The nMDS revealed some separation between control and
treatment samples for the peracarid assemblage (Figure 8A),
with their dissimilarity increasing with time, thus confirming that
the interaction between the two factors (condition × month) is
important in shaping the peracarid assemblages. This pattern is
less clear when the polychaetes assemblage is taken into account,
possibly because of the low number of specimens recorded in the
majority of replicates (Figure 8B).

DISCUSSION

In the Mediterranean Sea, previous studies on the effects of either
warming or acidification on benthic communities have focused
on very specific study-cases, reporting mass mortality events after
heat wave events (e.g., Garrabou et al., 2009) and simplification of

TABLE 3 | Results of PERMANOVA based on Bray–Curtis similarities for peracarids: main test (left) and pairwise test (right), tested for two orthogonal factors: condition
(two levels: ‘control’ and ‘treatment’) and month (three levels: August, September, October).

Main test Pairwise tests Within level
‘control’ of factor

condition

Within level
‘treatment’ of

factor condition

df Pseudo-F p-value t p-value t p-Value

Condition 1 14,705 0.0002 August, September 3.0528 0.0004 1.9173 0.008

Month 2 14.164 0.0002 August, October 5.2885 0.0002 3.2571 0.0002

Condition ∗ Month 2 6,7028 0.0002 September, October 2.1855 0.0016 2.5668 0.0002

Significant p-values in bold font.
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TABLE 4 | Results of PERMANOVA based on Bray–Curtis similarities for polychaetes: main test (left) and pairwise test (right), tested for two orthogonal factors: condition
(two levels: ‘control’ and ‘treatment’) and month (three levels: August, September, October).

Main test Pairwise tests

df Pseudo-F p-value t p-value

Condition 1 3.1167 0.0222 August, September 2.307 0.0002

Month 2 15.551 0.0002 August, October 5.3404 0.0002

Condition ∗ Month 2 1.2078 0.313 September, October 3.9718 0.0002

Significant p-values in bold font.

community structure along gradients of decreasing pH observed
at volcanic CO2 vent habitats (e.g., Cigliano et al., 2010; Kroeker
et al., 2011; Porzio et al., 2011). Our study instead explores
the combined effect of both pH and temperature alterations,
experimentally exposing the organisms to values expected for
2100 (IPCC, 2014 –RCP- 8.5). We target the habitat-forming
alga E. elongata and its associated fauna, finding that high
CO2 and high temperature conditions are responsible for the
decreased linear growth rate in the alga and of structural changes
in the benthic community; this effect is even more evident
when taking into account the specific composition of selected
taxonomic groups.

Physiological and structural responses withstanding the effects
of ocean acidification have been already identified in coralline
algae (Ragazzola et al., 2013, 2016; McCoy and Ragazzola, 2014),
but little is still known on the algal structural responses in high
CO2 and high temperature environments.

In this study E. elongata showed a decrease in linear growth
rates under high CO2 and high temperature but, interestingly
with no significant changes in the structural integrity of the
skeleton. Due to their very densely packed and highly branched
fronds, coralline algae represent the extreme end of algal
structural complexity (Coull and Wells, 1983; Davenport et al.,
1999). The unchanged structural integrity of the skeleton could
represent a strong selective advantage allowing E. elongata to
survive in changing environments. The partial preservation of
the structural complexity, although hindered by the reduction in
linear growth rate, could still provide a suitable habitat for the
associated fauna.

However, the ecological costs of a possible shift in the
energy budget from growth extension to maintaining structural
integrity, like in Lithothamnion glaciale (Ragazzola et al., 2016),
will need further investigations. For instance, during this
experiment we were not able to assess if the decrease in linear
growth rates was related to a decrease in the branching of
the algae, which would in turn reduce the space availability
for the macrofauna.

We verified that in the Palmaria island, the habitat-creator
species E. elongata hosts a diverse and highly abundant
community of small mobile invertebrates, as observed in similar
habitats elsewhere (e.g., see Cowles et al., 2009; Guerra-García
et al., 2009, 2012; Izquierdo and Guerra-García, 2011; Zakhama-
Sraieb et al., 2011; Berthelsen et al., 2015). Besides the high
number of individuals recorded from field turfs, belonging to
various taxa (up to several 1000 individuals per 100 cm3 of
substrate), our samples host peculiar communities of crustacean

peracarids and polychaetes and possibly even endemic species
(see Supporting Information S3 and Tables S2, S3).

When exposed to high CO2 and high temperature
environment, the whole associated community, when identified
at a low taxonomic level, did not show a clearly discernible
response, but the two rich assemblages of peracarids and
polychaetes were used as models to study the effects of CC
drivers. In fact, the analysis of the species composition within at
least one selected taxon (peracarids) did prove that reduced pH
and increased temperature can affect community structure, thus
providing empirical evidence to the predictions made by Sunday
et al. (2017) regarding the effects of GW and OA on communities
associated to habitat-forming species, based on a literature
review. In particular, here peracarid crustaceans exhibited
significant changes in species composition under treatment
conditions, also depending on the exposure time to altered pH
and temperature. In almost all treatment samples, the species
dominating the assemblages until the end of the experiment
(October) was the amphipod E. pocillimanus, which has already
been reported to withstand stressful environmental conditions
(Sparla et al., 1993; Zakhama-Sraieb et al., 2011), including
low pH (Scipione et al., 2017). Under a control condition,
instead, different species were dominant: the isopod P. costana, a
predator, and the amphipod J. marmorata, a suspension feeder.
Interestingly, most isopods that occurred in the control aquaria
(the herbivorous Dynamene spp., Ischyromene lacazei, the fish
parasite Gnathia sp., the predator Kupellonura serritelson), were
very rare or absent under treatment conditions. This could be
possibly explained by the fact that the exoskeleton of isopods is
characterized by high magnesium calcite (Munguia and Alenius,
2013), thus more soluble to OA (Andersson et al., 2008), possibly
confirming previous findings on isopods vulnerability to CC
(Munguia and Alenius, 2013; Garrard et al., 2014; Wood et al.,
2014; Turner et al., 2016). In particular, Turner et al. (2016)
observed that some isopod species alter their metabolism to
regulate the internal acid–base balance under natural low pH
conditions (at CO2 vents), but it has also been suggested that
indirect effects of acidification, such as changes in food quality,
or competition and predation interactions (Garrard et al., 2014)
may affect the isopods’ response to OA. Given the large number
of isopod species inhabiting marine ecosystems and the wide
range of trophic functions they express (Poore and Bruce, 2012),
as well as their role in transferring energy from the benthic
to the pelagic compartment (as food item for fish), it would
be important to better elucidate their response to changing
environmental conditions.
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FIGURE 8 | Non-metric multidimensional scaling plots of peracarids (A) and polychaetes (B) assemblages associated to E. elongata in experimental aquaria.
A = August; S = September; O = October; C = Control; T = Treatment.

As regards polychaetes, it was shown that under natural
low pH conditions (CO2 vents) they exhibit species-specific
responses to OA, which are related to their functional
traits (Gambi et al., 2016). However, in our study it was
not possible to quantify the response of this taxon to the
treatment conditions, since the aquarium effect covered
the possible effects of lowered pH – increased temperature.
In fact, although PERMANOVA highlighted significant
differences between controls and treatments, at the end
of the 3-month experiments, too few individuals survived
both in the control and treatment aquaria to highlight
any clear pattern.

Possible explanations could be related to the effect of
Alizarine Red S staining treatment, which has been shown to

negatively affect the growth of corals (Holcomb et al., 2013),
or type of feeding provided in the aquaria (Chlorella sp. mix,
see Supporting Information S1), which may not have been
suitable for the carnivorous polychaete species (e.g., syllids
and phyllodocids) included in the assemblage. Moreover, while
the majority of peracarid crustaceans reported in this study
have direct development with parental care, which allows for
a successful recruitment under experimental conditions, the
majority of the reported polychaetes are characterized by pelagic
reproductive phases (epitoke stages, pelagic larvae, or both),
and a natural mortality under experimental conditions would
not be compensated by the recruitment. Different reproductive
strategies might then account for the different response of the two
taxonomic groups.
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Our results partially overlap with those obtained by Hale et al.
(2011) with a similar experiment, yet we acknowledge that in our
case community responses are less obvious. In Hale et al. (2011),
however, the treatment conditions may have been exacerbated by
the fact that invertebrates had been grown on artificial substrates
(nylon pan scourers), whereas the natural substrate (living algal
turfs) used in the present experiment could have mitigated
the effect of acidification, through local alteration of the water
chemistry at the micro-habitat scale. Further testing is required
to clarify this aspect, as well as to test whether reduced pH
and increased temperature, when combined, exert an additive,
antagonistic, or synergistic effect (Crain et al., 2008).

CONCLUSION

Our study shows that the species-rich Mediterranean assemblages
associated to E. elongata should be considered at risk. The
combined effect of low pH and high temperature that
are expected for the future can impair algal growth and
generate structural changes at the level of the associated
benthic community, especially concerning selected taxonomic
groups. Under future CC scenario, a rich and diverse mobile
associated fauna shifts to a more simplified and depleted
community. Despite preliminary and subject to the limitations
of experimental conditions, our results show (i) that E. elongata
is able to somewhat counter-act the effect of combined stressors
(acidification and increased temperature); and (ii) that these
stressors cause shifts in the associated assemblages toward a
less diverse structure, with possible dominance of the more
opportunistic species. These conclusions suggest two important
pathways of further investigation: (1) the loss of some species
and the resilience of others, at different trophic levels, need
to be better understood in order to clarify the potential
of species interactions in mediating the effects of CC; (2)
analogously to seagrass meadows (Koweek et al., 2018), plastic
and metabolic responses of calcareous, habitat-forming algae are

key elements that need to be explored for studying mitigation
strategies at local scale.
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