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Abstract

We investigated the biodiversity and seasonality of subtidal benthic diatoms at two sites of the Northern Adriatic Sea different-
ly affected by anthropogenic inputs. Sediment samples were collected seasonally, and diatom cells were then separated from the
sediment using the density gradient centrifugation method. The total abundance of benthic diatoms ranged between 4,409 + 1,638
and 77,663 + 30,415 cells cm? and the biomass between 0.41 = 0.22 and 3.66 + 2.01 pg C cm™. At both stations, the benthic dia-
toms showed a marked seasonal pattern, with maximum abundance, biomass and biodiversity in spring and minimum in summer.
Motile life forms, such as Navicula, Nitzschia, Fallacia, and Psammodictyon, dominated in terms of abundance at both stations
throughout the study period, while plocon (centric diatoms mainly belonging to Biddulphiaceae) increased under mixing condi-
tions, when they represented the largest contributor to biomass. At both stations and in all seasons, the Si:N:P ratio highlighted
the strong P limitation, typical of the Adriatic Sea. The ammonium concentration was the highest component of DIN in spring and
summer when we observed the highest and lowest MPB abundance respectively. The preference of diatoms for ammonia, coupled
with the increased daylight period, may have enhanced the spring growth, whereas in summer the hypoxic conditions may have
caused a decrease. Despite the different environmental conditions, the two stations exhibited similar species compositions and
seasonal trends, highlighting relative stability against anthropogenic pressures of a different nature.

Keywords: Benthic diatoms; Adriatic Sea; diatom life forms; subtidal; epipelon; microphytobenthos.

Introduction

Microphytobenthos (MPB) include microalgal com-
munities living on benthic substrata. They are composed
of unicellular eukaryotic algae (mainly diatoms) and cy-
anobacteria (Maclntyre et al., 1996; Underwood & Bar-
nett, 2006; Hope et al., 2019). MPB play a key role in
marine food webs due to their significant primary produc-
tion (globally ca. 500 million tons C year') and contribu-
tion to biogeochemistry in aquatic ecosystems (Cahoon,
1999; Migné et al., 2009; Pinckney, 2018).
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Diatoms are the most important group of eukaryotic
microalgae and include around 200,000 species (Graham
et al., 2016), with benthic species representing around
90% of the total species number. Benthic diatom commu-
nities have traditionally been grouped based on their as-
sociated substrata. In particular, epipelon, lie on the sur-
face of deposit sediments, either mud or sand, where they
can actively move; epipsammon are single cells living
attached to single sand grains; epilithon colonise rocks
and artificial hard substrata; epiphyton live on algae and
plants and epizoon live on animals (Round, 1971).
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Epipelic MPB biofilms play an important role in
the habitat ecology, contributing to sediment stabiliza-
tion (Miller et al., 1996; Underwood & Paterson, 2003;
Fagherazzi et al., 2014) and facilitating the exchange of
oxygen, silicon, and carbon between sediment and wa-
ter column (Armbrust, 2009). Several studies have ad-
dressed the influence of environmental parameters, such
as temperature, oxygen saturation, silicate concentration,
and salinity on epipelic MPB abundance, biomass, com-
munity composition and seasonal cycle (Underwood &
Barnett, 2006; Cochero et al., 2015). Compared to phyto-
plankton, epipelic diatom assemblages are less influenced
by seasonal rhythm (Underwood & Paterson, 2003; Facca
& Sfriso, 2007), particularly in subtidal areas where envi-
ronmental conditions are more stable than in the intertidal
ones. In the Mediterranean Sea, annual peaks of MPB bi-
omass were reported in spring and summer (Welker et al.,
2002; Cibic et al., 2012).

The majority of studies regarding the epipelic com-
munities focus on intertidal areas where it is easier to take
samples during low tide (Barranguet et al., 1998; Under-
wood & Barnett, 2006). In these zones, high abundances
and biodiversity of MPB are commonly reported because
of the optimal irradiance level. However, even in the sub-
tidal areas, where light or photosynthetically available ra-
diation (PAR) often represents the most relevant limiting
factor, many studies have reported high MPB biomass
values (Totti, 2003; Ni Longphuirt et al., 2006, 2007).
Regarding nutrients, some studies have highlighted that
their concentrations in the water column could limit MPB
growth, even though they are present with high concentra-
tion in interstitial sediments. For example, in the North-
ern Adriatic Sea, the abundance and community structure
of the MPB have been influenced by the plume of the
Po River (Totti, 2003). In the Gulf of Trieste, silicate
and phosphate concentrations appeared to co-limit MPB
abundances, while MPB biomass was inversely propor-
tional to total nitrogen (Blasutto et al., 2005; Cibic et al.,
2007; Franzo et al., 2015).0n the other hand, a positive
correlation was found between the MPB abundance and
ammonium, suggesting the importance of ammonium for
MPB growth (Welker et al., 2002). Sediment texture also
affects the community structure and biomass production,
with lower biomass production reported in sandy sedi-
ments compared to muddy ones, due to different nutrient
concentrations (Barranguet et al., 1998).

The Northern Adriatic Sea (NAS) is highly influenced
by riverine waters which contribute to the high content
of organic and inorganic nutrients. Hence, it is one of the
most productive areas in the Mediterranean Sea (D’Or-
tenzio & Ribera D’Alcala, 2008; Campanelli e al., 2011;
Cozzi & Giani, 2011). Planktonic communities have been
extensively studied in the NAS through analysis of long-
term datasets (Mari¢ et al., 2012; Cerino et al., 2019;
Totti et al., 2019; Vascotto et al., 2021; Bernardi Aubry
et al., 2022; Neri et al., 2022, 2023), and are regularly
monitored by both research institutions and environmen-
tal agencies. On the contrary, despite their ecological
importance in marine ecosystems, MPB communities
are studied less and for shorter periods, with only a few
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LTER sites involving MPB in the Mediterranean Sea
(e.g., the C1 LTER site in the Northern Adriatic (Franzo
et al., 2018)), thus limiting knowledge in terms of sea-
sonal cycle, interannual variability, and trends related to
climate changes.

Benthic diatoms have been traditionally classified
into growth forms (Round et al., 1971, 1990): motile,
adnate, erect, tube-dwelling and plocon. Motile diatoms
comprise biraphid pennates that can actively move on
benthic substrata (e.g., Navicula and Nitzschia). Adnates
includes both monoraphid (e.g., Cocconeis) and biraphid
(Amphora) diatoms living attached to the substratum by
one valve face and having limited motility. Erect dia-
toms are attached to surfaces by means of mucilage pads,
stalks or peduncles exuding from their apical pore fields
or apical rimoportulae and include mainly araphid (e.g.,
Gomphonema, Licmophora), but also raphid pennates
(e.g., Achnanthes, Cymbella). Tube-dwelling diatoms are
small naviculoid or nitzschioid species living in their own
mucilage tube, that appear as filaments. Plocon identifies
a category of centric diatoms lying on substrata because
of their frustules, which are too heavily silicified for a
planktonic existence (e.g., Biddulphia, Paralia) (Round,
1971; Round et al., 1990).

In the Adriatic Sea, several studies have investigat-
ed the composition, abundance and biomass of the MPB
communities of epipelic (Facca et al., 2002a,b; Welker
et al., 2002; Totti, 2003; Cibic et al., 2007, 2012; Franzo
et al., 2015, 2018), epilithic (Munda, 2005; Totti et al.,
2007; Pennesi & Danovaro, 2017; Car et al., 2020, 2021)
and epiphytic (Accoroni et al., 2016) communities, but
only a few have focused on the ecological drivers affect-
ing the seasonal trend of growth forms.

This study aims to investigate the seasonal variability
of the epipelic diatom communities in two subtidal areas
in the northern Adriatic Sea that are differently affected
by anthropogenic pressure. The specific objectives are:
(1) to describe MPB abundance, biomass and taxonomic
composition in relation to environmental factors (ii) to
assess whether there are temporal and/or spatial differ-
ences in the MPB morpho-functional composition, (iii)
to assess whether the communities in the two areas show
differences that could reflect dissimilar environmental/
anthropogenic pressures.

Materials and Methods
Study area

Sediment samples were collected in the northern
Adriatic Sea at two stations along the coast of the Marche
region: Senigallia (SG) station is the coastal station of the
eLTER Senigallia-Susak transect (43.7550° N, 13.21050°
E) located 1.2 nM from the coast (bottom depth of 12 m),
close to the mouth of the Cesano River. This station has
been sampled monthly since 1988 for both meteorologi-
cal, and water column physical, chemical and biological
parameters. Portonovo (PN) (43.60335° N, 13.61175° E)
station is located 1 nM from the coast (bottom depth of
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Fig. 1: Map of the study area. Senigallia and Portonovo sampling stations are represented by the orange circles.

15 m) (Fig. 1). PN station has been sampled since 2007
for physical, chemical and biological parameters. Both
stations are crossed by the Western Adriatic Current,
which conveys nutrient-richer waters from the northern
areas southwards, mainly from the Po River (Artegiani
et al., 1997). The main winds are Bora and Scirocco, and
largely affect the circulation in the area (Russo & Arte-
giani, 1996). The two stations are differently impacted by
anthropogenic pressure: SG is more affected by riverine
input than PN, which is a tourist area, with significant
boat traffic during summer.

Sampling

Sampling was carried out with seasonal frequency
in spring (28/05/2020), summer (20/07/2020), autumn
(19/10/2020) 2020, and winter 2021 (19/01/2021). Tem-
perature, salinity, chlorophyll-a (chl-a, derived from flu-
orescence data using the conversion factors provided by
the agency during periodical calibration), turbidity and
oxygen data were acquired by a CTD SeaBird Electron-
ic SBE 911plus unit. Water samples for determination of
dissolved inorganic nutrient analysis — nitrites (NO,"), ni-
trates (NO,"), ammonium (NH,"), orthophosphate (PO,
?) and orthosilicate Si(OH), — were collected by Niskin
bottles at the surface (1 m) and close to the bottom (12
m and 15 m for Senigallia and Portonovo, respectively),
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immediately filtered (GF/F Whatman, 0.7-pm porosity)
and stored at —22 °C in polyethylene vials until analysis.

Sediment samples were collected using a grabber. In
each station, the bottom grabber was lowered three times
to collect samples in 3 replicates. For each grab, the top
1 cm of sediment was collected from an undisturbed part
of the surface (about 10 ml of sediment) with a syringe
with a 2-cm diameter mouth. The sediment samples were
placed into a sterile 50 ml plastic Falcon tube and stored
at +4 °C until the diatom extraction procedure.

Grain size analysis

Grain size and soil texture analysis was carried out us-
ing the Mastersizer 3000 (Malvern Instruments Ltd.). The
grain size results were classified according to Friedman
& Sanders (1978) grain-size scale.

Nutrient analysis

Nutrients were analysed spectrophotometrically (Par-
sons et al., 1984) with a quAAtro autoanalyser (AxFlow;
Seal Analytical GmbH, Germany). The Dissolved Inor-
ganic Nitrogen (DIN) concentration is intended as the
sum of NO,~, NO,” and NH," concentrations.

Mediterr. Mar. Sci., 25/3, 2024, 650-665



Microphytobenthos extraction

Diatom cells were separated from sediment using the
density gradient centrifugation method with Ludox HS-40
Colloidal silica (Méléder et al., 2007). A mixture composed
of 30 ml of Ludox and 5 ml of sediment was vigorously
shaken, ultra-sonicated for 10 min, to detach diatom cells
from sand grains and centrifuged to suspend diatom cells
in the supernatant. The supernatant was then rinsed with
distilled water and centrifuged 4-5 times to remove the
Ludox. Finally, the pellet (containing cells) was suspend-
ed in 10 ml distilled water, fixed with 0.8% formaldehyde
and stored at + 4 °C for the purpose of: (i) counting under
the light microscopy (LM) and (ii) cleaning treatment and
Scanning Electron Microscopy (SEM) analysis.

Identification and counting

To identify and quantify the microalgae, fixed samples
were homogenized, and subsamples (volume varying be-
tween 0.1 and 4 ml) were then gently injected with a mi-
cropipette into a 10-ml composite Utermohl chamber pre-
viously filled with a solution of 0.2% formalin in filtered
seawater. This method allows homogeneous distribution of
subsamples in the counting chamber (Totti et al., 2004).
The samples were allowed to settle overnight and were
thereafter observed with an inverted microscope (Zeiss
Axiovert 135) equipped with phase contrast. Counting was
carried out at 400x magnification on 30 random fields. Bi-
omass was estimated by cell biovolumes measured during
counting, following Menden-Deuer & Lessard (2000).

The whole chamber bottom was then observed at 200x
for a more correct estimation of larger and rarer species,
which significantly affect the biomass value.

Identification was made at the lowest possible tax-
onomical level, using the available literature, e.g. Van
Heurck (1880-1885), Peragallo & Peragallo (1897-1908),
Van der Werff & Huls (1957-1974), Hustedt (1985), Pat-
rick & Reimer (1966, 1975), Cardinal et al. (1984), Pou-
lin et al. (1987, 1990), Bérard-Therriault et al. (1986), Si-
monsen (1987), Round et al. (1990), Hasle & Syvertsen
(1997), De Stefano et al. (2000), Riaux-Gobin & Rome-
ro (2003), and Sar et al. (2003). In the case of uncertain
identification, cells were assigned to undetermined pen-
nate 1, pennate 2 and so forth, until the SEM analysis was
carried out (see below), which allowed the identification
of many taxa unidentified through LM analysis.

Diatom taxa were annotated according to their growth
form: adnate, plocon, motile and erect following Round
(1971), Round et al. (1990), Romagnoli et al. (2007,
2014), Totti et al. (2007, 2011), D’Alelio et al. (2011).
For the purpose of simplification, with the exception
of Amphora, biraphid taxa were assigned to the motile
growth form. Only Cocconeis (sensu lato) and Amphora
(sensu lato) were assigned to adnate. Araphid (or more
rarely monoraphid) presenting the apical pore field were
assigned to the erect form. Tychopelagic centric genera,
usually characterized by heavily silicified frustules, were
assigned to the plocon form.

Mediterr. Mar. Sci., 25/3, 2024, 650-665

Frustule cleaning and SEM analysis

To improve the species identification, all samples were
processed for SEM observations, after frustule cleaning.
For each sample, a 1-ml subsample was acid-cleaned ac-
cording to the von Stosch’s method (Hasle & Syvertsen,
1997). Samples were centrifuged with distilled water to
remove salt. Next, the pellet was resuspended in 1 ml dis-
tilled water, containing HNO, and H,SO, (1/4 v/v) to re-
move organic material and then rinsed with distilled wa-
ter. A drop of the cleaned material was placed on a stub
and sputter coated with a thin layer of gold-palladium for
observation with a Zeiss Supra 40 FE-SEM (Carl Zeiss
AG, Oberkochen, Germany).

Statistical analysis

Phytoplankton taxa included in the taxonomic list
were excluded from statistical analyses as their presence
in the benthos was not native but was due to settling from
the water column. One taxon belonging to the epipsam-
mon community (Rhaphoneis sp.) was observed only
once in a single replicate and with negligible abundance
and was hence excluded from further analysis.

To identify the taxa that characterized the different
seasons, the Indicator Value (IndVal) was applied, as it
combines the relative abundance of a species with its rel-
ative frequency of occurrence in a given period (Dufréne
& Legendre, 1997). The INDSPANA software (version
1.1) was used to calculate the IndVal.

The R software (R version 4.1.1, R Core Team, 2021)
was used for the following analyses.

Two-sample Wilcoxon tests and Kruskal-Wallis Rank
Sum test were used to check for significant differences
between the two stations and among seasons, respective-
ly, using the wilcox.test and kruskal.test functions in the
stats package (R Core Team, 2021). Non-Metric Multidi-
mensional Scaling (NMDS) was performed to highlight
the relationship between seasonal abundances of diatom
growth forms and environmental parameters in the two
stations. Permutational multivariate analysis of variance
(PERMANOVA) was used to test for significant differ-
ences among seasons and stations in the NMDS. The
metaMDS (setting the autotransform as true), envfit and
adonis2 functions from the R vegan package were used
for the NMDS, the fitting of the environmental variables
and for the PERMANOVA (Oksanen et al., 2022).

For each season, the Shannon diversity index (H’)
(Shannon, 1948) was calculated using the diversity func-
tion available in the R vegan package (Oksanen et al.,
2022). To test for significant differences between the two
stations, the two-sample Wilcoxon test was performed
using the wilcox.test function in the stats package (R
Core Team, 2021).

Co-occurrence analysis was performed on pres-
ence-absence data using the R cooccur package (Griffith
et al., 2016), where statistically significant pair-wise spe-
cies co-occurrences are classified as positive, negative or
random associations, using a probabilistic model (Veech,
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2013), based on comparison of observed and expected Environmental parameters
co-occurrences (Veech, 2013; Griffith et al., 2016).

Results

Grain size

arelatively consistent sand content (87.58% and 83.88%,

in Portonovo and Senigallia respectively).

Vertical profiles of physico-chemical parameters in

the water column are reported in Figure 2, while their
values at the bottom layer are shown Table 1. At both sta-
tions, the temperature vertical profile showed the typical
seasonal trend of the temperate areas, with high values
(around 20-21 °C in the bottom layer of both stations) and
At both stations the sediment was very fine sand, with ~ water stratification in summer, and low values (around 8

and 11 °C at the bottom in SG and PN, respectively) and

mixed water column in winter (Fig. 2A). The autumn and
spring had mild temperatures with values between 15 and

18 °C.
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Table 1. Seasonal values of temperature (°C), salinity, oxygen saturation (%), turbidity (FNU), chl-a (mg m?), DIN, Si(OH),
(uM), PO, (uM) at Portonovo (PN) and Senigallia (SG) at the bottom.

Station Season Temperature Salinity  Oxygen Turbidity Chl-a DIN Si(OH), PO,
PN Spring 17.23 38.49 76.4 1.68 0.28 9.67 8.54 0.07
PN Summer 20.65 38.52 64.7 1.69 0.47 13.41 7.56 0.10
PN Autumn 18.49 36.1 93.8 1.05 1.99 5.70 5.64 0.07
PN Winter 11.19 37.17 89.5 1.83 2.16 10.64 8.09 0.13
SG Spring 15.16 37.81 69.8 6.75 0.71 2.11 9.19 0.06
SG Summer 20.60 38.49 46.1 3.41 1.69 8.97 19.11 0.06
SG Autumn 18.18 35.40 92.8 3.15 2.48 7.72 17.30 0.31
SG Winter 8.72 34.61 94.6 222 2.96 18.04 4.90 0.14

Overall, salinity values measured throughout the wa-
ter column at both stations ranged between 32.9 and 38.5
(Fig. 2B). At the bottom, the values recorded at PN were
higher than at SG in winter (37.2 and 34.6 in PN and
SG, respectively), spring (38.5 and 37.8 in PN and SG,
respectively) and autumn (36.3 and 35.4 in PN and SG,
respectively), whereas in summer similar values (around
38.5) were recorded.

In the bottom layer, oxygen saturation (Fig. 2C)
showed hypoxic values during summer, with values low-
er at SG (45.6%) compared to PN (63.8%), intermediate
values in spring (69.8-76.4%) and higher values (> 90%)
in winter and autumn. Turbidity showed a high seasonal
variability; the highest values were observed at the bot-
tom in spring at SG and in summer at PN (6.7 and 5.6,
respectively). At the bottom layer, a chlorophyll-a maxi-
mum was observed in winter (3.08 mg m~ at SG and 2.16
at PN).

The seasonal cycle of DIN (Fig. 3) at the bottom lay-
er differed significantly between the two stations: at SG
station the DIN showed the minimum value (2.11 pM) in
spring and the maximum (18.04 pM) in winter, whereas
at PN the minimum DIN concentration (5.70 uM) was
observed in autumn and the maximum (13.41 pM) in
summer. At both stations, nitrates represented the higher
fraction of DIN, with the exception of spring and summer
when ammonia prevailed.

The phosphate concentration at SG station was at its
maximum in autumn (0.31 pM) and at its minimum in
spring and summer (0.06 pM), while at PN the highest
values were in summer and winter (0.1 and 0.14 uM,
respectively), and the lowest values in the spring and
autumn (0.07 and 0.08 uM, respectively). The silicates
showed higher values at SG in summer and autumn
(19.11 and 17.30 pM, respectively) and at PN in spring
(8.54 uM). The lowest values were observed in winter at
SG (4.90 pM) and in autumn (5.64 pM) at PN.

N:P ratios reached their maxima in summer (140.41
at SG and 138.22 at PN) and minima in autumn (25.07
at SG and 76.04 at PN) at both stations. The Si:N at SG

Mediterr. Mar. Sci., 25/3, 2024, 650-665
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tonovo (PN, B) in the different seasons.
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reached its maximum in spring (4.4) and minimum in
winter (0.3), while at PN the maximum was observed in
autumn (1) and the minimum (0.6) in summer.

Taxonomic composition

The main problems encountered during identification
were that: (i) the SEM analysis did not always provide
sufficient details for the identification at the species level;
(i1) taxa observed at the LM were not always encountered
during SEM analysis; (iii) a number of taxa that were
found under the SEM were not found in literature.

The full list of identified diatom taxa is presented as
supplementary material (Table S1). Overall, 116 diatom
taxa were retrieved, of which 101 benthic and 15 plank-
tonic. Fifty-one taxa were identified at the species/sub-
species level.

At both stations, Naviculaceae, Bacillariaceae and
Catenulaceae were the most represented families, and
Amphora, Navicula and Nitzschia were the most repre-
sented genera. Genera such as Cocconeis, Fallacia and
Odontella were also observed, although their species
diversity was lower. Regarding the growth forms of the
benthic taxa, 72 species were motile, 14 adnate, § erect
and 7 plocon.

Abundance and biomass of benthic diatoms

The abundance and biomass of benthic diatoms at the
two stations are shown in Figure 4. At both stations, the
highest abundance was found in spring (mean + STD =
77,663 + 30,415 and 68,247 + 29,000 cells cm™ at PN
and SG, respectively), and the lowest in summer (mean
+ STD = 4,409 + 1,638 cells cm™ at PN and 6,890 +
3,280 cells cm? at SG) (Fig. 4A,B). A second slight peak
was observed in autumn. However, only at PN was total

abundance significantly higher in spring than in summer
(Kruskal-Wallis test, p < 0.05; Dunn post-hoc test, p <
0.05).

Regarding the diatom biomass, the highest values at
both stations were found in spring (mean = STD = 3.34
+ 1.42 and 3.66 = 2.01 ug C cm™ at PN and SG stations,
respectively) and the minima in summer (mean = STD
=0.53 £ 0.17 and 0.41 + 0.22 pg C cm? at PN and SG
stations, respectively) (Fig. 4C,D), although differences
between those seasons were not statistically significant
(Kruskal-Wallis test, p > 0.05).

No significant differences were found between the
two stations in terms of total abundance and biomass in
each season (Wilcoxon rank sum test, p > 0.05).

Community composition

The community composition in terms of growth form
abundances at both stations is shown in Figure 4A, B.
Motile growth forms were the most represented at both
PN (66, 57, 85, 87% in spring, summer, autumn and win-
ter, respectively) and SG (51, 82, 88% in spring, autumn
and winter, respectively), followed by adnate, with the
exception of SG in summer, when adnate diatoms were
dominant (72%). At both stations, the importance of ad-
nate diatoms decreased in autumn and winter, when mo-
tile forms were dominant. The temporal distribution of
the motile diatoms paralleled that of the total diatoms,
reaching the maximum in spring and the minimum in
summer. The most abundant motile taxa were Diploneis
and Navicula, while Amphora was the most important
adnate taxon. Plocon forms were mainly represented by
Biddulphiaceae, the contribution of which was lowest
in spring at both stations, yet higher than that of adnate
at PN station in autumn and winter. At both stations, the
presence of erect diatoms (7abularia, Rhaphoneis and
Achnanthes) was very low.
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Fig. 4:Abundance (cells cm?, A, B) and biomass (ug C cm?, C, D) of epipelic diatoms at Portonovo (A, C) and Senigallia (B, D)
stations in the different seasons, with the contribution of each growth form. Bars indicate standard deviation (of the total).
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At SG, the abundance of adnate forms was signifi-
cantly higher (Kruskal-Wallis test, p < 0.05; Dunn post-
hoc test, p < 0.05) in spring (mean + STD = 33,159 +
22,750 cells cm?) than in winter (mean + STD = 1,081 +
944 cells cm™). Moreover, higher values of plocon were
found in autumn (mean + STD = 406 + 106 cells cm™?)
than in spring (mean + STD = 11 + 7 cells cm™?). At PN,
the abundance of motile forms was significantly higher
(Kruskal-Wallis test, p < 0.05; Dunn post-hoc test, p <
0.05) in spring (mean £ STD = 51,646 + 33,463 cells
cm-2) than in summer (mean = STD = 2,491 + 722 cells
cm?). (Kruskal-Wallis test, p > 0.05). Comparing the two
stations, no significant difference was observed in terms
of adnate, erect, motile and plocon form abundances
(Wilcoxon rank sum test, p > 0.05).

In terms of biomass, in spring, the community was
dominated by adnate forms (mainly Amphora) at both
stations followed by motile (Diploneis, Navicula) and
plocon (Biddulphiales) forms (Fig. 4C, D). During sum-
mer, the biomass percentage of plocon forms increased
at both stations although their contribution was higher at
PN (Fig. 4C, D). In autumn, plocon forms reached the
maximum biomass percentage at both stations, followed
by motile and adnate forms. In winter, plocon forms were
still the largest contributor to the biomass at PN station,
while at SG station plocon and motile forms showed
comparable values. At both stations, erect forms contrib-
uted slightly to diatom biomass (Fig. 4C, D).

9

At PN, the biomass of motile forms was significantly
higher in spring (mean + STD = 1.03 + 0.64) than in summer
(mean + STD = 0.09 + 0.04) (Kruskal-Wallis test, p < 0.05;
Dunn post-hoc test, p < 0.05). The same was found in SG
(mean = STD = 1.30 £+ 1.17 and 0.07 £ 0.05 for spring and
summer, respectively) (Kruskal-Wallis test, p < 0.05; Dunn
post-hoc test, p <0.05). Furthermore, at SG station, a signif-
icantly higher biomass of plocon forms was observed in au-
tumn (mean + STD = 1.25 + 0.30 pg C cm™) than in spring
(mean+ STD =0.01 +0.02 ug C cm?) (Kruskal-Wallis test,
2 <0.05; Dunn post-hoc test, p < 0.05).

Species composition: Indicator Value analysis and Di-
versity indexes

Indicator Value analysis (IndVal) was performed to
identify the taxa that were indicators of each season re-
gardless of the stations (Table 2). Several taxa were indi-
cators of spring: motile forms such as Navicula distans
(Fig. 5F-H), Nitzschia longissima, Fallacia cf. forcipata
(Fig. 6A-E), Pennate sp. 10, several Navicula species,
and Psammodictyon panduriforme; adnate forms like
Amphora cf. copulata (Fig. 6A), Amphora cf. proteus
(Fig. 6B, C), and one plocon (Biddulphia sp. 1). No sig-
nificant indicator species was observed in summer. Ralf-
siella smithii, (plocon) and Gyrosigma cf. balticum (mo-
tile) were found as indicators of autumn, while Cocconeis

\i m

Fig. 5: SEM images of: A-E= Fallacia cf. forcipata, A= external valve view showing ‘H’ shaped lyre, B= internal valve view
showing blank ‘H’ shaped lyre and areolae lines around raphe canal, C= enlargement of a part of external valve showing distinct
‘conopea’ at the end of the cell, D= enlargement of the internal valve showing raphe endings showing a slight deflection towards
the other side; E= enlargement of the internal valve view showing deflected central raphe endings and round areolae, F-H= Navic-
ula distans, F= internal and side view of the valve with plain girdle band, G= enlargement of the internal view showing uplifted
central raphe endings and missing striae in the centre, H= enlargement of the internal apical part showing terminal end of the raphe.

Scale bars: H-O: 2 pum.

Mediterr. Mar. Sci., 25/3, 2024, 650-665

657



Table 2. List of MPB taxa characterised by the highest IndVal for each season (irrespective of stations) calculated for the top layer
of sediment. Significant p values are expressed as * (p < 0.05), ** (p < 0.01), *** (p < 0.001). The shades of colour are propor-
tional to the IndVal values, from dark green to white, in decreasing order.

Taxa name Spring

Navicula distans

Nitzschia longissima 93.96
Fallacia cf. forcipata 87.00
Pennate sp. 10 83.33
Psammodictyon panduriforme 82.99
Amphora copulata 82.26
Navicula sp. 4 8§2.12
Navicula sp. 2 81.17
Amphora proteus 80.38
Biddulphia sp. 1 56.44
Navicula sp. 5 50.00
Nitzschia cf. sigma 43.27
Tryblionella cf. marginulata 41.87
Biddulphia sp. 2 11.62
Ralfsiella smithii 1.81
Gyrosigma cf. balticum 0.00
Surirella sp. 6.54
Pleurosigma cf. latum 20.41
Campylodiscus sp. 3.91
Caloneis sp. 0.00
Halamphora coffeiformis 28.03
Gyrosigma cf. fasciola 0.00
Entomoneis alata 0.00
Diploneis weissflogiopsis 9.08
Cocconeis sp. 4.87
Amphora cf. graeffei 8.82
Diploneis sp. 3 12.50

Summer Autumn Winter
0.46 1.36 0.46
0.01 3.53 2.03
1.27 4.61 7.12
0.00 0.00 0.00
4.62 2.23 6.61
10.29 6.33 1.11
0.01 0.38 0.32
1.83 6.43 1.07
8.63 7.81 3.18
5.11 0.00 0.00
0.00 0.00 0.00
0.26 19.00 3.87
0.48 5.86 1.04

25.58 0.00 0.00
2.81 63.13 20.41
0.00 55.56 27.78

21.29 50.10 18.79
0.50 46.66 32.18
3.13 45.57 7.81
2.17 40.22 1.09
0.02 35.91 0.00
0.00 29.17 6.94
0.00 28.70 2.32
7.00 21.98 11.03
0.93 2.11 67.6
0.00 0.21 22.89
4.17 0.00 0.00

sp. was an indicator of winter.

The Shannon diversity index (Fig. 7) showed no sig-
nificant differences between the two stations in any sea-
sons (Wilcoxon rank sum test, p > 0.05), but lower values
were found in winter compared to other seasons.

The NMDS plot (Fig. 8) shows how the seasonal
abundances of the four growth forms were related to en-
vironmental factors. In particular, adnate taxa were posi-
tively related to salinity and turbidity, while plocon were
positively related to oxygen and nutrients, but negatively
with turbidity. Motile forms showed a negative relation-
ship with temperature, while erect forms showed no clear
relationship as they were not well represented in the com-

658

munity. The two stations did not differ. However, spring
and summer were clearly separated from the other sea-
sons. These results were confirmed by the PERMANO-
VA, which only showed significant differences among
seasons (PERMANOVA, p <0.001).

Species co-occurrence

In this analysis, 48.95% and 45.29% of the total spe-
cies pair combinations of SG and PN respectively were
removed from the species pairing total, because of the
low pair combination (<1), which means that the pair-
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Fig. 6: SEM images of: A= Amphora cf. copulata, external valve view showing elongated areolae; B-C= Amphora cf. proteus, B= external
valve view showing curved terminal raphe endings at centre and distal end, C= enlargement of the cell that shows curved raphe endings and the
particular T-shaped areolae; D-G= Cyclotella choctawatcheeana, D=external valve view, E=internal valve view, F= inside valve with central
fultoportulae surrounded by three auxiliary pores, G= internal valve showing the rounded tube of marginal rimoportulae on every second or third
interstriae and a fultoportulae with a slit opening. Scale bars: A, B, C, D=2 pm, E= 1 um, F, G=200nm.
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Fig. 7: Shannon’s index (H’) in the four seasons at the Senigallia (SG) and Portonovo (PN) stations.

ing was not relevant. At SG station (Fig. 9A), 91.76% of
co-occurrences were random, 5% unclassifiable, and the
remaining 3.24% non-random (1.47% and 1.76% for pos-
itive and negative co-occurrences, respectively). At PN
station (Fig. 9B), 96.36% of interactions were random,
2.43% unclassifiable and 1.21% non-random (0.61% for
both positive and negative co-occurrences, respectively).

Mediterr. Mar. Sci., 25/3, 2024, 650-665

Discussion

This study is a first investigation of the seasonal abun-
dance and biomass of epipelic diatoms in two distinct
sites of the Adriatic coastal area, Senigallia and Portono-
vo. The two sites have a similar granulometric composi-
tion, the same depth, and likely comparable light condi-
tions, although light penetration data were not available.

The two stations differed in terms of environmental
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Fig. 8: NMDS performed on the seasonal abundances of the four growth forms (adn: adnate, ere: erect, mot: motile, plo: plocon)
and environmental parameters (Temp: Temperature, Sal: Salinity, DIN: Dissolved Inorganic Nitrogen, P: Phosphate, Si: Silicates,
Turb: Turbidity, Oxy: Oxygen saturation) for the two stations (circle for Senigallia and triangle for Portonovo). The points repre-
sent the seasonal abundances at the two stations, while the arrows represent the environmental parameters fitted on the NMDS.

Fig. 9: Negative (N, yellow), random (R, grey) and positive (P, light blue) species co-occurrence in Senigallia (A) and Portonovo

(B).

conditions (riverine input in Senigallia, reflected by the
lower salinity values and presence of a strong halocline in
spring-summer) and anthropogenic impact (tourist boat
pressure in Portonovo), which were partly revealed by a
different nutrient seasonal pattern. However, there were
no important differences in the annual cycle of benthic di-
atom abundance, which was characterised at both stations
by maximum values in spring, a summer decline and an
increase in autumn.

The average abundance values observed in this study
are of the same order of magnitude as those reported in
previous studies in the Adriatic Sea by Tolomio et al.
(2002), Welker et al. (2002), Franzo et al. (2015) and
Rogelja et al. (2016). On the contrary, abundances were
one-two orders of magnitude lower than the ones ob-
served by Sdrigotti et al. (1999), Tolomio et al. (1999),
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Facca et al. (2002), Facca & Sfriso (2007) and Cibic et al.
(2007, 2012), and one order of magnitude higher than in
Totti (2003). Such differences could be explained by the
different sampling depth and by the different methods of
analysis used in the various studies (e.g., direct counting
after dilutions of the sediment, separation of diatom cells
using density gradient centrifugation or hydrogen-perox-
ide cleaning of diatom frustules before counting). For ex-
ample, the use of the hydrogen-peroxide cleaning method
(e.g., Facca et al., 2002, Tolomio et al., 2002) is expected
to overestimate cell abundance because empty frustules
(not considered by other counting methods) are also like-
ly to be counted. Overestimation is also to be expected in
studies based on direct counting methods (e.g., Cibic et
al., 2007, Franzo et al., 2015), which require the obser-
vation of a very small aliquot of sample (10 to 20 pl) to
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avoid optical disturbance by the sediment. On the other
hand, the density gradient separation (Totti, 2003, Méled-
er et al 2007, this study) has the advantage of processing
a higher sample volume due to the removal of sediment
but it may result in underestimation, as heavy cells can
be lost with the sediment itself. Another possible expla-
nation can be found in the sampling method used in this
study, i.e., the grab. Although sampling was carried out
very carefully, we cannot exclude a possible resuspension
of a small amount of sediment causing a loss of cells.

As for the seasonal cycle, at both stations we observed
the highest diatom abundance and biomass values in
spring and the minimum in summer. This cycle differed
partially from what was reported in other Mediterrane-
an areas, where the maximum biomass was generally
observed in spring and summer and the minimum from
autumn to winter (Cibic et al., 2007, 2012; Méléder et al.,
2007). The maximum in spring is generally related to the
increasing photoperiod and light intensity, considering
that light represents the most common limiting factor for
MPB growth (Welker et al., 2002). In most studies where
the seasonal variability of MPB is addressed, a second
maximum in summer is also reported, contrary to what
was observed in this study. The observed summer decline
could be linked to the hypoxic conditions observed at
the bottom, related to both the strong stratification and
high atmospheric temperature. At PN station, where the
hypoxic conditions were less severe, the high turbidity
suggests that light limitation could have played an im-
portant role in the biomass decrease. Moreover, although
the grazing pressure was not measured in this study, we
might hypothesize a higher impact of grazing by meio-
fauna, which is the largest MPB consumer, compared to
other areas (Franzo et al., 2015; Schratzberger & Ingels,
2018).

In this study, the effect of nutrient concentrations in
the overlaying water column on the MPB abundance was
modest, as already reported in other studies, considering
that MPB have an abundant supply of nutrients from the
sediment pore water (Blackford, 2002). Nevertheless, the
correlation between the nutrient concentration at the bot-
tom-overlaying water layer and the MPB abundance has
been found in previous studies (Welker et al., 2002; Tot-
ti, 2003). It was observed that, whenever nutrient ratios
in the water column are unbalanced, the benthic diatom
growth is determined by the limiting nutrient. The opti-
mal nutrient ratio (Si:N:P) for diatoms is 16:16:1 (Brzez-
inski, 1985; Hillebrand & Sommer, 1997, 1999). In this
study, the Si:N:P ratio at both stations and in all seasons
indicates a strong P limitation, which is the typical condi-
tion of the Adriatic Sea (Grilli et al., 2020). However, it
is assumed that diatoms, like other microalgae, can also
exploit organic P sources (Ellwood & Whitton, 2007;
Yamaguchi et al., 2014; Accoroni et al., 2017) making
the estimation of P limitation more complex. Currently,
the most important sources of silicates in the Mediterra-
nean Sea are riverine waters and groundwater discharges
(Sospedra et al., 2018). At SG station, the silicate con-
centration was higher than the DIN one in all seasons,
with the exception of winter, likely because of the sea-
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sonal bloom of the planktonic diatom Skeletonema mari-
noi (<10°-107 cells L', Totti et al., 2019) when silicates
typically decrease because they are rapidly taken up by
phytoplankton. At the PN station, where the impact of
riverine waters is modest, DIN is higher than silicates in
all seasons. Interestingly, at both stations the ammonium
concentration was higher than the nitrite and nitrate ones
in spring and summer, when we observed the highest and
lowest MPB abundance respectively. The fact that dia-
toms typically prefer ammonium over nitrites and nitrates
(Welker et al., 2002), coupled with the increased daylight
period, could have enhanced the spring MPB growth,
whereas in summer the hypoxic conditions could have
caused the decrease.

In terms of both taxonomic and morpho-function-
al composition, the structures of the MPB communities
were also very similar at the two stations, indicating a
high spatial stability of the MPB communities. Motile
forms were dominant in all seasons, as already reported
by Totti (2003) in the northern Adriatic Sea. The abun-
dance of motile forms could be explained by their strong
ability to move across the sediment in which they are
the best competitors for nutrients and light (DeNicola &
Mclntire, 1990; Lange et al., 2011). Interestingly, even
though motile forms were abundant in all seasons, their
contribution to biomass was low because they were main-
ly composed of small pennate forms. Adnate forms were
the second group in terms of abundances and reached
their maximum in spring, while in other seasons low val-
ues were observed. Among them, only Amphora species
were observed, while the presence of Cocconeis species
was negligible (with the exception of winter), as they
commonly live as epiphyte (De Stefano ez al., 2000; Totti
et al., 2009), epilithic (Totti ez al., 2007; Car et al., 2020,
2021) or epizoic (Romagnoli et al., 2007, 2014; Totti et
al., 2011). The near negligible presence of erect diatoms
was expected, as they need solid substratum to attach.
Plocon diatoms represented a major contributor to diatom
biomass, given the high biovolumes of the centric taxa
belonging to Biddulphiaceae family. Unlike what was
observed for other groups, their abundance and biomass
increased with high nutrient levels, mainly in autumn and
winter, in mixing conditions, as highlighted by NMDS
analysis. This can be explained considering that (i), hav-
ing large biovolumes, they are favoured by high nutri-
ent concentrations, and, (ii) given their heavily silicified
frustules, they are less affected by resuspension caused by
the mixing conditions.

Taxa that emerge as strong indicators of spring be-
longed mainly to motile and adnate growth forms, while
those that were indicators of autumn belonged mainly
to plocon and motile forms. This suggests that the water
column mixing/stratification played a role in structuring
the microphytobenthos community of the study areas,
favouring taxa capable of movement (motile and lesser
adnate) in the seasons characterized by a stratification re-
gime and heavily silicified taxa in the seasons when the
mixed water column is more turbulent, as suggested by
Franzo et al. (2018).

The main genera composing the MPB community
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(Navicula sensu lato, Nitzschia, Amphora sensu lato)
matched those reported for the northern Adriatic, both in
the Gulf of Trieste (Welker & Nichetto, 1996; Welker et
al., 2002; Cibic et al., 2007, 2009; Franzo et al., 2015,
2018), and in the Venice Lagoon (Tolomio et al., 1999,
2002; Facca et al., 2002a,b; Facca & Sfriso, 2007). No-
tably, the absence of Paralia sulcata, a benthic centric
diatom with a heavy frustule, represented a major com-
ponent in MPB communities in studies by Franzo et al.
(2015, 2018) in the Gulf of Trieste and by Totti (2003)
in offshore areas in front of the Po River mouth and the
Marche Region coast.

In both stations, the co-occurrence analysis showed
that in the microphytobenthos community, the majority
of interactions were random, underling the major role
of environmental conditions in shaping the community.
However, the presence of a number of positive and neg-
ative interactions between different diatom taxa suggests
that competitive/ “supportive” mechanisms may also
influence the community compositions under different
environmental conditions, regardless of whether or not
those taxa are indicators of a particular season or station.

Conclusions

This study provides new results in terms of the quanti-
tative distribution (abundance and biomass), community
structure and taxonomic composition of marine epipelic
diatoms in the subtidal sediments of the Northern Adri-
atic Sea. These communities showed a marked temporal
variability, with a maximum in spring and a minimum in
summer but did not reveal a significant spatial variability.

The hypoxic conditions observed at the bottom lay-
er of both stations may have been responsible for the
summer decrease in MPB abundance and biomass. In
terms of morpho-functional composition, the community
was markedly dominated by motile forms, as expected
for epipelic communities. Large benthic centric diatoms
(i.e., plocon) are favoured by the mixing conditions typi-
cally observed during autumn and winter, likely because
they have large and heavy frustules and therefore they are
advantaged by high nutrient availability, and prevented
from resuspension and mechanical damage.

Despite some differences in hydrographic character-
istics and anthropogenic impact, the MPB taxonomic
composition and community structure did not show sig-
nificant differences between the two stations, suggesting
a certain stability of the biological community.

In this study, despite the taxonomical effort, many
taxa were not identified at the species level, revealing that
MPB communities host a large and unexplored biodiver-
sity. Indeed, more data are needed to assess the seasonal
cycle and the interannual variability of MPB communi-
ties. Given their ecological importance, long-term mon-
itoring on microphytobenthic communities in subtidal
areas is recommended to improve knowledge about their
diversity, seasonal pattern and interannual trends.
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