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Marine primary producers are highly sensitive to environmental deterioration caused by
natural and human-induced stressors. Following the Water Framework Directive and the
Marine Strategy Framework Directive requirements, the importance of using the different
primary producers of the coastal marine ecosystem (pelagic: phytoplankton and benthic:
macroalgae and angiosperms) as appropriate tools for an integrated assessment of the
ecological status of the coastal environment has been recognized. However, the
processes by which water column characteristics and phytobenthic indicators are
linked have not been systematically studied. Based on a large dataset from three
Mediterranean sub-basins (Adriatic, lonian and Aegean Seas) with different trophic
conditions, this study aims to explore the coupled responses of benthic and pelagic
primary producers to eutrophication pressures on a large scale, focusing on the structural
and functional traits of benthic macroalgal and angiosperm communities, and to
investigate the key drivers among the different eutrophication-related pelagic indicators
(such as nutrient and Chl-a concentrations, water transparency, etc.) that can force the
benthic system indicators to low ecological quality levels. In addition to the effects of high
nutrient loading on phytoplankton biomass, our results also show that increased nutrient
concentrations in seawater have a similar effect on macroalgal communities. Indeed,
increasing nutrient concentrations lead to increased coverage of opportunistic macroalgal
species at the expense of canopy-forming species. Most structural traits of Posidonia
oceanica (expressed either as individual metrics: shoot density, lower limit depth and
lower limit type, or in the context of PREI index) show opposite trends to increasing levels
of pressure indicators such as ammonium, nitrate, phosphate, Chl-a and light attenuation.
Furthermore, our results highlight the regulating effect of light availability on the ecological
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status of seagrass meadows (Posidonia oceanica and Cymodocea nodosa). Increasing
leaf length values of C. nodosa are closely associated with higher turbidity values linked to
higher phytoplankton biomass (expressed as Chl-a). Overall, the coupling of pelagic and
benthic primary producers showed consistent patterns across trophic gradients at the

subregional scale.

Keywords: macroalgae, seagrasses, phytoplankton, eutrophication, Mediterranean Sea

INTRODUCTION

The use of biological indicators to monitor the status and trends
of aquatic ecosystems has attracted much attention in recent
decades (Martinez-Crego et al., 2010; Pawlowski et al., 2018). In
the context of European directives, i.e., the Water Framework
Directive (WFD, 2000/60/EC) and the Marine Strategy
Framework Directive (MSFD, 2008/56/EC), biological
indicators have been recognized as valuable monitoring tools
as they enable ecosystem integrity by focusing on biological
communities and not on only chemical and physical
characteristics (Orfanidis et al., 2020).

Marine primary producers (phytoplankton and macrophytes)
are very sensitive to environmental deterioration caused by
natural and human-induced stressors. Therefore, both pelagic
(phytoplankton) and benthic communities (macroalgae and
angiosperms) are considered reliable ecological indicators that
can integrate and adequately reflect natural and anthropogenic
pressures in the coastal marine ecosystem (Orlando-Bonaca
et al., 2015; Gerakaris et al., 2017; Varkitzi et al., 2018a;
Rombouts et al., 2019; Orfanidis et al., 2001; Orfanidis et al,,
2020). The importance of using the various marine primary
producers as valuable indicators of coastal ecosystems’ health is
widely recognized (Orfanidis et al., 2001; Devlin et al., 2007;
Orfanidis et al., 2007; Tweddle et al., 2018).

In accordance with WFD and MSFD requirements,
phytoplankton, macroalgae and marine angiosperms are used
as biological quality elements (BQEs) or indicators for the
assessment of ecological and environmental status (ES) of EU
coastal waters. In particular, in the context of the WFD, the
Mediterranean water types, reference conditions and boundaries
for each BQE were defined during the intercalibration process for
Mediterranean coastal waters in European Member States (MS).
For the Mediterranean pelagic habitats, only Chlorophyll-a
(Chl-a) concentrations have been identified as an operational
intercalibrated indicator so far (UNEP/MAP, 2017; Varkitzi
et al.,, 2018a). On the contrary, several indices were
intercalibrated for the macrophyte communities: two biotic
indices for macroalgae, namely the EEI-c index (Orfanidis
et al., 2001; Orfanidis et al., 2011) and the CARLIT index
(Ballesteros et al., 2007) and a few biotic indices for seagrasses,
namely POMI (Romero et al., 2007a; Romero et al., 2007b), PREI
(Gobert et al., 2009) and Valencian CS (Fernadez-Torquemada
et al., 2008) for Posidonia oceanica (L.) Delile and CymoSkew
(Orfanidis et al., 2007; Orfanidis et al., 2010; Orfanidis et al.,
2020) and MediSkew (Orlando-Bonaca et al., 2015; Orlando-
Bonaca et al., 2016) for Cymodocea nodosa (Ucria) Ascherson.

The efficiency of the proposed indicators and biotic indices
for the pelagic and benthic ecosystem for robust environmental
assessments is well-documented (e.g., Orfanidis et al., 2001;
Orlando-Bonaca et al,, 2015; Gerakaris et al, 2017; Varkitzi
et al., 2018a; Orfanidis et al,, 2020). Most phytoplankton
indicators (Chl-a and diversity) are able to discriminate
between the highest and lowest pressure levels and maintain
this sensitivity across latitudinal and longitudinal gradients; thus,
their use at broad spatial scales has been recommended to cover
broader gradients of natural and anthropogenic stress (Varkitzi
et al,, 2018a; Magliozzi et al., 2021; Magliozzi et al., 2021; France
et al,, 2021). The two indices for C. nodosa (CymoSkew and
MediSkew) take advantage of the high phenotypic plasticity of
the species (e.g., asymmetry of leaf length distribution) attributed
to limiting resources such as nutrient availability (Mvungi and
Mamboya, 2012; Marba et al., 2013) and light (Abal et al., 1994;
Orfanidis et al., 2010) and successfully use it as an early warning
indicator of coastal ecosystem status and trends. Regarding
macroalgal communities, EEI-c has been selected as the most
appropriate index for assessing the ES of coastal waters in the
eastern Mediterranean and northern Adriatic basins (MED-GIG,
2011). It takes into account the functional characteristics of the
species in order to indicate changes in resource availability
(mainly nutrients and light) that can alter species composition
and abundance (Orfanidis et al, 2011). Finally, the proposed
indices for P. oceanica are more complex and use different
metrics that provide information at different organization
levels (i.e., individual, population, and community), on
different types of pressures (e.g., water transparency, nutrient
concentrations and eutrophication, sediment dynamics), and
with different response times (Gobert et al., 2009; Martinez-
Crego et al,, 2010).

If eutrophication is the main driving factor of environmental
quality, the associated pelagic indicators (such as nutrient and
Chl-a concentrations, water transparency, etc.) are expected to
drive the benthic system indicators to low ecological quality
levels (Graf, 1992). To date, the literature has mainly reported
modelling approaches to describe the relationships between
pelagic primary production and oxygen demand in sediments
(Hargrave, 1973; Vaquer-Sunyer and Duarte, 2008), organic
matter content in sediments (Brady et al., 2013), and sediment
biogeochemical features (Grangere et al., 2012). Sparse attempts
to quantify the impacts of pelagic parameters on benthic
communities suggest some concentrations of Chl-a and
dissolved oxygen in the seawater column as thresholds above
which zoobenthos in Scottish lochs is suggested to deteriorate
(CSTT, 1997; Tett et al, 2008). Another study from the
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oligotrophic eastern Mediterranean Sea investigated the
quantitative relationship between benthic macrofaunal
communities (macroinvertebrates) and seawater column
variables and showed a strong link between pelagic indicators
(Chl-a and Eutrophication Index - EI) and various benthic
indicators describing macrofaunal diversity (Dimitriou
et al., 2015).

To the best of our knowledge, the processes by which water
column characteristics and phytobenthic indicators are linked
have not been systematically studied. In the eastern
Mediterranean, primary producers, such as macroalgae and
phytoplankton, generally appear to be more sensitive to
nitrogen and particulate matter in seawater, while benthic
macroinvertebrate indicators are more sensitive to phosphate
in seawater (Simboura et al.,, 2016). A follow-up study reported
that nutrients in seawater and macroalgae are components with a
stronger temporal response to mitigation measures taken
(Pavlidou et al., 2019). However, how changes in trophic
conditions in pelagic habitats may affect the structural and
functional traits of macroalgal and angiosperm communities
has not been studied in detail.

Based on the analysis of a pooled dataset of sampling sites in
three Mediterranean sub-basins (northern Adriatic, eastern Ionian
and Aegean Seas) reflecting different trophic conditions, this study
aims to improve our understanding of how different benthic and
pelagic primary producers are linked under natural and human-
induced pressure gradients in coastal ecosystems. To this end, the
main objectives of this study were (i) to explore the coupled
responses of benthic and pelagic primary producers (macroalgae,
angiosperms, and phytoplankton) to eutrophication pressure at
large scales, (ii) to examine how different trophic conditions of the
pelagic habitat may affect the structural and functional traits of
benthic macroalgal and angiosperm communities, and (iii) to
investigate which are the key drivers among the various
eutrophication-related pelagic indicators (such as nutrient and
Chl-a concentrations, water transparency, etc.) that can force the
benthic system indicators to low ecological quality levels.

MATERIALS & METHODS

Dataset Description

Three different datasets were used, consisting of samples
collected in different scientific and monitoring programmes in
different sub-regions of the Mediterranean Sea (northern (N.)
Adriatic, Eastern (E.) Ionian and Aegean Seas) (Figure 1). The
dataset used in the present study includes 65 sampling sites from
Greece (25 in the Ionian Sea, 40 in the Aegean Sea) and 26
sampling sites from the Slovenian part of the Gulf of Trieste (N.
Adriatic). The dataset is based on a compilation of published
data (Orlando-Bonaca et al., 2008; Orlando-Bonaca et al., 2015;
Giovanardi et al., 2018; Orlando-Bonaca and Rotter, 2018;
Orlando-Bonaca et al., 2019; Gerakaris et al., 2021; Orlando-
Bonaca et al, 2021) and unpublished data from the Hellenic
Centre of Marine Research and the National Institute of
Biology (Table 1).

BLACK SEA

FIGURE 1 | Map of the study area with the three Mediterranean sub-regions
(upper panel) and the distribution of the sampling sites on local scale (lower panels).

The dataset for the study of macroalgae was collected in the
Greek and Slovenian coastal areas and includes two subsets
(Figure 1). The first subset includes data (111 observations)
collected in the Greek coastal areas, while the second subset (111
observations) is from the Slovenian coastal waters. The dataset
for the study of the seagrass C. nodosa was collected in the Greek
and Slovenian coastal areas and includes two subsets. The first
subset includes data (16 observations) collected in the Greek
coastal areas, while the second (16 observations) is from the
Slovenian coastal waters. The dataset for the study on seagrass P.
oceanica was collected only in the Greek coastal areas. The
dataset includes data (50 observations) from the E. Ionian and
the Aegean Seas.

Pelagic Indicators

Pelagic variables (seawater column) and indicators included
concentrations of inorganic nutrients (phosphate, nitrate,
ammonium), Chlorophyll-a (Chl-a) and dissolved oxygen (DO),
temperature, salinity, pH, and diffuse attenuation coefticient (Kd).
Data for the pelagic variables were obtained from the open access
data repository Copernicus Marine Environment Monitoring
Service (CMEMS). Table 2 summarizes the pelagic variables
studied with the corresponding CMEMS products we used. For
each sampling station, in the case of products with a resolution of
0.042° x 0.042°, we used a 3 x 3 km pixel window to estimate the
mean values of the variables studied and then calculate the annual
mean values or the means for the previous three months (see also
Data analysis below). For Kd and Chl-a products with 1 km
resolution, an 11 x 11 km pixel window was used to keep the same
study region (pixel area) for all variables. Experiments with pixel
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TABLE 1 | List of benthic and pelagic indicators and variables used in the study.

Pelagic variables and indicators

Benthic variables and indicators

Temperature Chl-a Macroalgae Biotic Indices

Salinity Concentrations in seawater Species composition EEl-c

pH (Orfanidis et al., 2011)
Dissolved Oxygen (DO) Cymodocea nodosa Cymoskew

Kd Leaf length (Orfanidis et al., 2020)
Phosphate Leaf length skewness Mediskew

Nitrate (Orlando-Bonaca et al., 2015)
Ammonium Posidonia oceanica PREI

Lower Limit depth,

(Gobert et al., 2009)

Lower Limit type,
Shoot density,
Shoot Leaf Surface, Epiphytic/Leaf Biomass

windows smaller than 11 x 11 km, such as 5 x 5 km, yielded
similar results for Kd and Chl-a products.

Pelagic variables from the Slovenian dataset were obtained
during the National Monitoring Program campaigns from 2007
to 2020. Seawater samples for Chl-a and nutrients were collected
monthly using Niskin bottles, while temperature, salinity and
dissolved oxygen concentration were obtained using a CTD probe
(Sea & Sun Technology GmbH, Germany). Chl-a concentrations
were analyzed fluorimetrically with a Turner Designs Trilogy
fluorimeter (Holm-Hansen et al., 1965). For the period 2007 -
2013, concentrations of inorganic nutrients were measured using
standard colorimetric methods (Grasshoff et al., 1999). For the
period 2014 - 2020, nutrient concentrations were determined
spectrophotometrically using the QuAAtro autoanalyzer
(Seal Analytical).

Benthic Indicators

A suite of indicators was selected for the benthic ecosystem to
assess the status of coastal waters using macroalgae and
seagrasses (C. nodosa and P. oceanica).

The Ecological Evaluation Index continuous formula (EEI-c)
provides information on the response of benthic macrophytes to
anthropogenic pressures (Orfanidis et al., 2011). This method
divides macrophyte taxa into two Ecological State Groups
(ESGs). ESG I includes thick perennial (IA), thick plastic (IB)
and shade-adapted plastic (IC) species in coastal waters and
angiosperm plastic (IA), thick plastic (IB) and shade-adapted
plastic (IC) species in transitional waters. ESG II includes fleshy
opportunistic (IIB) and filamentous leafy opportunistic (IIA)
species in both coastal and transitional waters (Orfanidis et al.,
2011). The relative abundance (%) of opportunistic species was
also examined.

Two indices were used to assess the status of C. nodosa
meadows: CymoSkew for the assessment of the data from the
E. Ionian and the Aegean Sea and MediSkew for the data from
the N. Adriatic Sea. The CymoSkew index is a quantitative
expression of photosynthetic leaf length asymmetry of C.
nodosa used as an index of early warning response (Orfanidis
et al, 2010; Orfanidis et al.,, 2020) and calibrated against the
anthropogenic stress index MA-LUSI (Papathanasiou and
Orfanidis, 2018). The MediSkew index is a combination of two
metrics, both based on C. nodosa leaf length: Deviation from the
reference median length (Medi-) and Skewness of length-
frequency distribution (-Skew), with greater importance given
to the first, and was calibrated with a Pressure Index for Seagrass
Meadows (Orlando-Bonaca et al., 2015). Median Leaf length of
C. nodosa was used as an additional metric in the analysis.

The PREI (Posidonia oceanica Rapid Easy Index) is a
multimetric index based on the integration of five individual
metrics of P. oceanica: Shoot density, Shoot leaf surface,
Epiphytic biomass/Leaf biomass ratio, Depth of Lower Limit,
and type of the Lower Limit (Gobert et al., 2009). The P. oceanica
metrics (indicators) used in the PREI index provide information
on the vitality of the meadow (at the individual and population
level) for a wide range of disturbances, including light
deprivation, nutrient concentrations, and eutrophication
(Gobert et al., 2009; Martinez-Crego et al., 2010).

Ecological quality ratio (EQR) values were calculated for the
EEI-c, Cymoskew, Mediskew, and PREI biotic indices and used
in the analyses. EQR values for all of these indices range from 0
for worst status to 1 for the best status. For the C. nodosa dataset
(hereafter referred to as CymodoceaEQR), EQR values for the E.
Ionian and Aegean Seas were calculated following the conversion
formula of Orfanidis et al. (2020), while the equation EQR =1 -

TABLE 2 | The collected CMEMS products for the pelagic variables, with the temporal and spatial resolutions of each product.

CMEMS Product

OCEANCOLOUR_MED_OPTICS_L3_REP_OBSERVATIONS_009_095  Daily

OCEANCOLOUR_MED_CHL_L4_REP_OBSERVATIONS_009_078 Monthly
MEDSEA_MULTIYEAR_BGC_006_008 Monthly
MEDSEA_MULTIYEAR_PHY_006_004 Monthly

Temporal Resolution

Spatial Resolution Pelagic Variable(s)
1 km Diffuse attenuation coefficient (Kd)
1 km Chlorophyll-a
0.042°x 0.042° Phosphate, Nitrate, Ammonium, Oxygen, pH
0.042°x 0.042° Salinity, Temperature
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MediSkew was used for the N. Adriatic data (Orlando-Bonaca
et al,, 2015).

Data Analysis

Prior to statistical analyses, all pelagic variables were averaged
for the three months preceding the sampling of macroalgae and
seagrass C. nodosa, while annual means were used for
P. oceanica.

Multivariate analysis was performed in the R Environment
(R Core Team, 2021). Prior to analysis, data were tested for
normality using the shapiro.test() function. If normality was not
achieved, the bestNormalize() function was used to find the best
transformation of the data. The Kaiser-Meyer-Olkin measure
(KMO) checked the sampling adequacy for the analysis. All
KMO values for each item were > 0.70, which is well above the
acceptable threshold of 0.6. Principal Component Analysis
(PCA) was performed for both benthic and pelagic indicators
and variables to check for the presence of common patterns.
Prior to ordination, a Kendall’s Tau correlation coefficient matrix
was created between benthic and pelagic indicators and variables
to highlight parameters with high and statistically significant
correlation. All plots were created using the package “ggplot2”
(Wickham, 2016).

RESULTS

Macroalgae Indicators vs
Pelagic Indicators
When benthic and pelagic variables and indicators were
considered for the macroalgae dataset (Table 3), significant
negative correlations (p < 0.01) were found between the
benthic index EEI-c and the pelagic eutrophication variables of
nutrients (phosphate, nitrate), Chl-a and oxygen, according to
Kendall’s Tau correlation coefficient. The abundance of
opportunistic species (%) of macroalgae showed a strong
negative correlation with EEI-c and a positive correlation with
Chl-a, phosphate, ammonium and pH. Chl-a was significantly
correlated with all other pelagic variables (p < 0.01), negatively
with temperature and salinity, and positively with nutrients,
oxygen, and pH.

Principal component analysis (PCA) of the pelagic variables
and benthic indicators EEI-c and Opportunistic Species (%)

considered for the macroalgae dataset revealed two significant
principal components (PCs; i.e., eigenvalues>1) that together
account for 68.3% (PCA for EEI-c) and 66.8% (PCA for
Opportunistic Species %) of the total variance in the dataset
(Table 4). This is due to the fact that all other pelagic indicators
(with the exception of ammonium) have strong loadings (>0.70)
that fall under these two components.

Looking at the EEI-c index, the studied macroalgal sites can
be divided into two major clusters (ordination biplot,
Figure 2A): the cluster of sites in N. Adriatic Sea, which is
mainly located in the positive part of PC1, and the cluster of sites
in the E. Aegean and Ionian Seas, which is mainly located in the
negative part of PC1. The Aegean - Ionian Sea cluster is better
associated with increasing trends of EEI-c, salinity and
temperature towards the negative PCI. In contrast, most of the
N. Adriatic cluster is better associated with increasing trends of
Chl-a, nutrients (phosphate, nitrate, ammonium), oxygen, and
pH on the positive PC1. EEI-c contributed similarly to both PCs
(see Table 4 for PC1 and PC2), while pointing in the opposite
direction to the pelagic eutrophication indicators (Chl-a,
nutrients, and oxygen).

When considering Opportunistic Species (%), the studied
sites are divided into the same two clusters (ordination biplot,
Figure 2B) already highlighted for EEI-c. Furthermore, the
vectors of pelagic indicators and variables showed a very
similar ordination and trend as the PCA biplot for EEI-¢;
however, the vector of Opportunistic Species (%) is reversely
ordinated. Opportunistic Species (%) seemed to be mainly
associated with nutrients and pH.

Cymodocea nodosa Indicators vs

Pelagic Indicators

The results of Kendall's Tau correlation coefficient calculated
between pelagic and benthic indicators for the C. nodosa dataset
(Table 5) showed a significant negative correlation (p < 0.01 and
p < 0.05) between CymodoceaEQR and Leaf Length. Among all
pelagic variables, Leaf Length values are significantly correlated
only with nitrate, while CymodoceaEQR is not correlated with
any pelagic variable. Chl-a is significantly correlated with all
pelagic variables and showed strong positive correlations with
phosphate, Kd, pH and a strong negative correlation
with salinity.

TABLE 3 | Kendall's Tau correlation coefficient matrix between pelagic and benthic indicators and variables for macroalgae dataset.

EEl-c % Op. Species Chl-a Phosphate Nitrate Ammonium Temperature Salinity Oxygen pH
EEl-c 1
% Op. Species -0.332** 1
Chl-a -0.257** 0.160* 1
Phosphate -0.138** 0.145" 0.404* 1
Nitrate -0.207** ns 0.270* 0.601** 1
Ammonium ns 0.109* 0.142* 0.484* 0.274* 1
Temperature 0.266** ns -0.290* -0.164* -0.365" ns 1
Salinity ns ns -0.498* -0.411* -0.241* -0.323** ns 1
Oxygen -0.218** ns 0.233* 0.124* 0.324* -0.105* -0.636™* -0.093* 1
pH -0.172** 0.126™ 0.583* 0.401* 0.369* 0.179* -0.414** -0.510** 0.366™ 1

*p < 0.01, 'p < 0.05.
ns, non significant.
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TABLE 4 | Results of the PCA applied on pelagic and benthic indicators for macroalgae (EEI-c as EQR and % Opportunistic species).

Principal components Eigenvalues % Variance Cum. % Principal Eigenvalues % Variance Cum. %
Explained Variance components Explained Variance
1 4.21 46.83 46.83 1 413 45.89 45.89
2 1.93 21.47 68.30 2 1.89 20.95 66.84
3 0.86 9.54 77.84 3 0.96 10.66 77.50
4 0.80 8.89 86.73 4 0.81 8.95 86.45
5 0.48 5.29 92.02 5 0.47 5.25 91.70
Eigenvectors Eigenvectors
Variable PC1 PC2 PC3 Variable PC1 PC2 PC3
EEl-c -0.446 0.314 0.602 % Opp.Species 0.307 0.173 0.869
Chl-a 0.830 0.091 0.230 Chl-a 0.831 0.059 0.166
Phosphate 0.765 0.313 -0.284 Phosphate 0.776 0.275 -0.162
Nitrate 0.794 0.008 -0.143 Nitrate 0.791 -0.064 -0.286
Ammonium 0.594 0.461 -0.314 Ammonium 0.613 0.429 -0.185
Temperature -0.478 0.827 -0.028 Temperature -0.435 0.853 -0.068
Salinity -0.738 -0.540 -0.264 Salinity -0.770 -0.469 0.068
Oxygen 0.548 -0.731 0.093 Oxygen 0.511 -0.789 -0.071
pH 0.828 -0.069 0.405 pH 0.835 -0.136 0.144

Principal component analysis (PCA) of the pelagic variables
and benthic indicator CymodoceaEQR, considered for the C.
nodosa dataset, revealed three significant principal components
(PCs; i.e., eigenvalues>1) that together account for 80.6% of the
total variance in the dataset; with PC1 and PC2 accounting for >
65% of the total variance (Table 6). This is because 75% of the
pelagic indicators analyzed have a strong loading (> 0.75) that
falls under these two components.

The studied sites are divided into three clusters (ordination
biplot, Figure 3). Cluster 1, on the negative part of PCl, is
characterized mainly by higher values of temperature and
salinity, while cluster 2, on the positive part of PCI, is
characterized by higher values of pelagic eutrophication
indicators (nutrients, Chl-a, Kd) and pH. Cluster 3, formed
remotely from some sites in the Aegean Sea on the positive
part of PC2, is characterized by higher oxygen values.

Attempting to elucidate further this clustering, the Ecological
Status (ES) of the studied sites, as assessed by the biotic indices
CymoSkew and MediSkew and expressed as CymodoceaEQR
was introduced to the ordination biplot (Figure 4). The sites in
the positive part of PC2 have lower CymodoceaEQR values (i.e.,
poor, bad and most moderate ES), while the remaining sites in
the negative part of PC2 have higher CymodoceaEQR values
(high and good ES).

Posidonia oceanica Indicators vs

Pelagic Indicators

The results of Kendall's Tau correlation coefficients calculated
between pelagic and benthic indicators for the P. oceanica dataset
(Table 7) show significant correlations (p < 0.01 and p < 0.05)
between Chl-a and LL depth and most pelagic indicators and
variables. The PREI index is positively correlated with all P.
oceanica metrics (except E/L Biomass) and nitrate while negatively
correlated with Chl-a and Kd. As for nutrients, Chl-a showed a
strong negative correlation with phosphate and nitrate but a non-
significant correlation with ammonium. Kd and Chl-a showed a
strong positive correlation as expected, because suspended
particulate matter, including phytoplankton, contributes to high Kd.

Principal component analysis (PCA) of the pelagic and
benthic indicators considered for the P. oceanica dataset
revealed three significant principal components (PCs; i.e.,
eigenvalues>1) that together account for 90.5% (PCA for
PREI) and 79% (PCA for P. oceanica metrics-indicators) of the
total variance in the dataset; with PC1 and PC2 accounting for >
60% of the total variance (Table 8). This is due to the fact that >
80% of the analyzed pelagic indicators have strong loadings
(>0.5) that fall under these two components.

Looking at the P. oceanica metrics, the studied sites can be
divided into three clusters (ordination biplot, Figure 5A).
Cluster 1, in the positive part of PCl, is characterized by high
values for nutrients, temperature, salinity, oxygen, pH, Kd, Chl-a,
and E/L Biomass and low values for Shoot density. Cluster 2, in
the negative part of PC2, is characterized by high values for Chl-
a, Kd, and Leaf Surface and low values for nutrients, LL Depth,
LL type, and Shoot density. Cluster 3, in the negative part of PC1,
is characterized by high values for Shoot density, LL Depth, LL
type and low values for Kd, oxygen, Chl-a, pH, salinity,
temperature, E/L Biomass, Leaf Surface and ammonium.

Focusing on the PREI index, the studied sites can also be
divided into three clusters, with the total explained variance
increasing to 77.3% (ordination biplot, Figure 5B). Cluster 1, in
the negative part of PC1, is characterized by high values for PREI
and low values for Chl-a, Kd, oxygen, pH, salinity, temperature,
and ammonium. Cluster 2, in the positive part of PCI, is
characterized by high values for nutrients, temperature,
salinity, oxygen, pH, Kd, and Chl-a, and low values for PREI.
Cluster 3, in the negative part of PC2, is characterized by high
values for Chl-a, and Kd, and low values for nutrients.

DISCUSSION

Pelagic (phytoplankton) and benthic communities (macroalgae
and angiosperms) are considered robust bioindicators that
efficiently reflect natural and human-induced pressures in the
coastal marine ecosystem (Orfanidis et al, 2007; Orlando-
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Region
@ IONIAN-AEGEAN SEAS
@ N.ADRIATIC SEA

Region
@ IONIAN-AEGEAN SEAS
@ N.ADRIATIC SEA

TABLE 5 | Kendall's Tau correlation matrix between the benthic and pelagic indicators from the Cymodocea nodosa dataset.

CymodoceaEQR Leaf Length

CymodoceaEQR 1
Leaf Length -0.397*
Chl-a ns
Phosphate ns
Nitrate ns
Ammonium ns
Oxygen ns
Temperature ns
Salinity ns
pH ns
Kd ns

Chl-a Phosphate  Nitrate Ammonium Oxygen Temperature Salinity pH Kd
1
ns 1
ns 0.475* 1
-0.273* ns 0.365" 1
ns 0.276* 0.348* 0.680* 1
ns 0.259* ns -0.270" ns 1
ns -0.251* ns -0.402** -0.459** ns 1
ns -0.432* -0.453** -0.402** -0.525** ns 0.311* 1
ns 0.504** 0.297* 0.457* 0.506** ns -0.296* -0.708** 1
ns 0.625* 0.509** ns ns 0.266* ns -0.490*  0.488* 1

*p <0.01, "p < 0.05.
ns, non significant.
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TABLE 6 | Results of the PCA applied on pelagic and benthic indicators for C. nodosa (EQR, and median Leaf Length).

Principal components Eigenvalues % Variance Explained Cum. % Variance
1 5.04 45.82 45.82
2 2.38 21.59 67.41
3 1.46 13.24 80.65
4 0.66 5.96 86.61
5 0.52 4.73 91.35
Eigenvectors

Variable PC1 PC2 PC3
CymodoceaEQR 0.175 -0.558 0.619
Leaf Length -0.321 0.550 -0.530
Chl-a 0.778 0.481 0.124
Phosphate 0.568 0.496 0.487
Nitrate 0.754 -0.545 -0.104
Ammonium 0.822 -0.314 -0.333
Oxygen 0.049 0.810 0.072
Temperature -0.600 0.041 0.597
Salinity -0.925 0.012 -0.075
pH 0.921 -0.108 -0.158
Kd 0.818 0.467 0.159

Bonaca et al., 2008; Orfanidis et al., 2010; Orfanidis et al, 2011;
Orlando-Bonaca et al., 2015; Varkitzi et al., 2018a; Rombouts
et al., 2019; Orfanidis et al., 2020; Orlando-Bonaca et al., 2021);
however, their response to stressors is related to their structural
complexity and specificity (e.g., Adams and Greeley, 2000). To
this end, much of the research has focused on the biology and
ecology of pelagic and benthic primary producers and their
responses to different stressors or impacts at different scales
(physiology, population dynamics, community
composition trends).

Relationships between benthic and pelagic primary producers
are mainly associated with competition for light and nutrients in
relatively shallow coastal ecosystems (Krause-Jensen et al., 2012;
Orfanidis et al., 2020). Phytoplankton can take advantage of
favorable light conditions in the upper water layers but is

exposed to unstable nutrient supply, while benthic vegetation
can benefit from the vast reservoir of nutrients in the sediment
but is often light-limited (e.g., Duarte, 1991; Cloern et al., 2014).
Excessive nutrient enrichment in the pelagic habitat stimulates
rapid growth of phytoplankton and opportunistic macroalgae at
the expense of seagrasses and perennial macroalgae, which are
eventually eliminated by increasing light attenuation (i.e.,
shading) and other eutrophication effects such as hypoxia and
anoxia (e.g., Valiela et al., 1992; Harlin, 1995; Schramm and
Nienhuis, 1996; McGlathery et al., 2007).

Correlations between benthic primary producers and
pelagic pressure indicators (nutrients) almost consistently
show that the link between these stressors and the benthic
community of primary producers is challenging to
demonstrate. The data pooling conducted in this study was
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designed to improve our understanding of the effects of
stressors and to facilitate the interpretation of the linkages
between benthic and pelagic primary producers under complex
natural and human-induced pressure gradients in the coastal
ecosystems of three Mediterranean sub-basins (N. Adriatic, E.
Tonian, and Aegean Seas). According to our results,
Chlorophyll a (Chl-a) was significantly correlated with all
other pelagic variables, such as nutrients, oxygen, pH,
temperature and salinity, in all analyzed datasets for
macroalgae and seagrass (C. nodosa, P. oceanica) indicators
in all studied coastal waters. Apart from the fact that Chl-a
measurements are simple, reproducible and time- and cost-
effective, and the results are easily comparable, ensuring high
data availability (Domingues et al., 2008), there is also a well-
documented pressure-impact relationship between nutrient
enrichment and response of phytoplankton biomass (e.g.,
Héakanson and Eklund 2010; Giovanardi et al., 2018).
In contrast, the relationship between pressures and
phytoplankton biodiversity parameters is much looser and
often masked by the high complexity and dynamics of
phytoplankton assemblages (Rombouts et al., 2019).

In addition to the effects of high nutrient loads on the
phytoplankton community, our results also show that
increased nutrient concentrations in seawater have a similar
effect on the macroalgal community. Indeed, our analysis
revealed that increasing nutrient levels lead to increased
coverage of opportunistic macroalgal species at the expense of
canopy-forming species, as previously suggested (Orfanidis et al.,
2011; Orlando-Bonaca and Rotter, 2018). Opportunistic species
(characterized by Orfanidis et al. (2011) as ESG II: species with
high growth rates and short life history) were found to be
significantly associated with eutrophication indicators (e.g.,
Chl-a, phosphate, ammonium), confirming that anthropogenic
pressure shifts the ecosystem from a pristine state, where late-
successional species (such as Cystoseira s.I. spp.) predominate, to

a degraded state, where opportunistic, nitrophilous species are
dominant (Orfanidis et al., 2001; Orfanidis et al., 2011).
Given the above results, it is not surprising that opportunistic
macroalgal species were negatively correlated with EEI-c
values. Since the EEI-c index was developed to assess
the impact of chronic pressures such as eutrophication and
organic matter pollution (Orfanidis et al., 2001; Orfanidis
et al,, 2011), the significant negative correlation between this
index, nutrients and Chl-a further confirms these properties
of the EEI-c.

The regulating effect of light availability on the growth and
depth distribution of the P. oceanica meadows studied is further
supported by our results. Indeed, the clusters of sites with
meadows that share higher shoot densities, LL depths, and LL
type (i.e., progressive limit) show higher values of PREI index,
i.e., better ecological status. In contrast, the clusters of sites with
meadows that have higher values of E/L Biomass (the case of
epiphytes overgrowth due to nutrient enrichment), Shoot Leaf
Surface (leaves elongation as an acclimation response), along
with higher values of light attenuation coefficient Kd, Chl-a, and
nutrients, show lower ecological status.

As with all seagrass species, light is considered the most
critical factor in regulating the distribution and growth
dynamics of P. oceanica meadows (Ralph et al., 2007;
Gerakaris et al., 2021). Fluctuations in light attenuation in the
coastal marine environment due to direct (e.g., high turbidity due
to abiotic and biotic factors) or indirect causes (e.g., shading by
epiphytes/macroalgal overgrowth due to nutrient enrichment)
results in specific photoadaptive physiological and
morphological responses (e.g., elongation of leaves, thinning of
shoot density, reduction in depth distribution, e.g., Greve and
Binzer, 2004).

The P. oceanica metrics (indicators) considered in this study
are the same as metrics used in the PREI index. Therefore, it is
not surprising that both the PREI and the other metrics share
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TABLE 8 | Results of the PCA applied on pelagic and benthic seagrass indicators (P. oceanica metrics, and PREI, respectively).

Principal components Eigenvalues % Variance Explained Cum. % Variance Principal Eigenvalues % Variance Cum. %
components Explained Variance
1 6.16 44.02 44.02 1 5.51 55.12 55.12
2 2.69 19.24 63.26 2 2.22 22.17 77.29
3 2.21 15.78 79.04 3 1.32 13.17 90.46
4 1.14 8.16 87.20 4 0.58 5.80 96.26
5 0.82 5.84 93.04 5 0.25 2.50 98.76
Eigenvectors Eigenvectors
Variable PC1 PC2 PC3 Variable PC1 PC2 PC3
LL Depth 0.042 0.632 0.668 PREI -0.633 0.335 -0.329
LL Type -0.064 0.302 0.797 Chl-a 0.628 -0.448 0.579
Shoot density -0.838 0.361 -0.023 Phosphate 0.410 0.752 0.179
Leaf Surface 0.190 -0.662 -0.300 Nitrate 0.181 0.916 0.146
E/L Biomass 0.595 0.272 -0.493 Ammonium 0.618 0.595 0.414
Chl-a 0.581 -0.505 -0.032 Temperature 0.911 -0.011 -0.400
Phosphate 0.443 0.623 -0.322 Salinity 0.921 0.010 -0.389
Nitrate 0.214 0.753 -0.501 Oxygen 0.959 -0.048 -0.261
Ammonium 0.628 0.411 -0.460 pH 0.951 -0.002 -0.305
Oxygen 0.913 0.049 0.248 Kd 0.795 -0.378 0.420
Temperature 0.927 0.071 0.244
Salinity 0.960 0.007 0.234
pH 0.955 0.052 0.225
Kd 0.750 -0.414 0.027

The sampling sites in the Aegean and Ionian Seas were
distributed mainly on the positive side of the vectors for
salinity and temperature, while the sampling sites in the N.
Adriatic were mainly distributed around the positive sides of the
vectors for the pelagic eutrophication indicators (Chl-a,
nutrients, Kd). On this basis, a clear distribution pattern
emerged with two distinct groups of sampling sites in the N.
Adriatic and the Ionian-Aegean, which persisted for three of the
benthic indicators EEI-c, Cymoskew and Mediskew (expressed
as CymodoceaEQR). We hypothesize that these trends are driven
by the characteristics and trophic conditions of the N. Adriatic
Sea, which is colder, less saline and has higher nutrient inputs
from rivers and higher concentrations of Chl-a (Brush et al,
2021; Zhang et al., 2021) compared to the waters of the Ionian-
Aegean (Pavlidou et al., 2015; Varkitzi et al., 2018b; Varkitzi
et al.,, 2020). As we move from the N. Adriatic to the Tonian and
Aegean waters, this decreasing trophic gradient in pelagic
habitats is well coupled with the responses and sensitivity of
the benthic indices EEI-c, Cymoskew, and Mediskew in our
dataset analyses.

In the N. Adriatic, the relationship between phytoplankton
biomass and nutrients is evidenced by the process of
oligotrophication observed from the beginning of this
century onwards (Mozetic et al., 2010; Brush et al, 2021).
Persistent low trophic conditions have been associated with
a nutrient imbalance in the N. Adriatic, particularly due to
severely reduced phosphate concentrations in the coastal
waters of the N. Adriatic (Grilli et al., 2020). Nonetheless,
there is recent evidence of a reversal in the trend toward
increasing Chl-a at the southern edge of the N. Adriatic
(Grilli et al., 2020). The decline in the trophic status of the
Gulf of Trieste, the study area of the N. Adriatic, is reflected not
only in the decrease in phytoplankton biomass but also in the

increasing dominance of the nano- and picoplankton size classes
(Flander-Putrle et al., 2022). However, while Chl-a
concentrations in the Gulf of Trieste remain low nowadays,
macroalgae have shown signs of deterioration (Orlando-Bonaca
et al, 2021).

Despite the typical oligotrophic conditions in the waters of
the Aegean and Ionian Seas, some coastal areas are hot spots of
eutrophication, such as the well-studied Saronikos Gulf in the
Aegean Sea. Thanks to the operation of a wastewater treatment
plant for almost three decades, dissolved inorganic nitrogen and
soluble reactive phosphorus loads in the waters of Saronikos Gulf
have decreased, leading to an improvement in trophic status in
the pelagic habitat (Pavlidou et al., 2019). Long-term data
analyses have shown that the response of macroalgal
communities to this improvement is the reduction in percent
coverage of nitrophilous algae (Tsiamis et al., 2013). In addition,
other studies indicate that macroalgae exhibit high divergence in
status assessment relative to overall status resulting from
different integration methods due to high spatial and temporal
variability and localized pressures on rocky shores (Simboura
et al., 2015).

The response of primary producers in the pelagic and benthic
habitats of the study areas to eutrophication parameters is
consistent with the findings of Elser et al. (2007), who
conducted a large-scale meta-analysis of the response of
primary producers to nutrient enrichment. On the global scale,
phytoplankton responds most strongly to nutrient enrichment of
marine environments, followed by hard-bottom macroalgae,
while soft-bottom seagrasses show the weakest response to the
enrichment (Elser et al., 2007). Our study shows that the
coupling of pelagic and benthic primary producers across
trophic gradients exhibits consistent patterns at the
subregional scale.
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Dataset: Posidonia
Posidonia metrics

shows the PCA scores of the indicators as vectors (in black) and sites (green circles).

CONCLUSIONS

Based on the outcomes of the present study, the responses of
phytoplankton and macroalgal primary producers were coupled
against all or most pelagic stressors/drivers. It is well known that
phytoplankton is closely linked to water column turnovers.
However, macroalgal communities may also include species
that respond rapidly to nutrient inputs or other drivers in the
pelagic habitat. Responses of P. oceanica traits to some of the
pelagic drivers were coupled with the responses of
phytoplankton, whereas the responses of C. nodosa traits were
more loose. The relations between benthic primary producers
and pelagic pressure indicators (nutrients) almost consistently
indicate that it is difficult to demonstrate the link between these
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FIGURE 5 | Principal component analysis (PCA) biplot of studied sites and pelagic and benthic indicators (A) P. oceanica metrics, and (B) PREI index. The biplot

stressors and the benthic primary producers. The reasons for this
may be multiple. Angiosperms do not respond directly to the
availability of nutrients in the water column since nutrients
released from the sediments are a luxurious pool for benthic
vegetation (Duarte, 1991). On the other hand, with its shorter
response time scales, phytoplankton is better associated with
nutrient availability in the water column (Giovanardi et al.,
2018). In addition, the documented oligotrophication of
formerly nutrient-rich waters in some Mediterranean gulfs,
such as the Gulf of Trieste in the N. Adriatic (Mozetic et al.,
2010; Mozeti¢ et al,, 2012) and the Saronikos Gulf in the Aegean
Sea (Tsiamis et al., 2013; Pavlidou et al., 2019), may indicate that
the improvement in pelagic trophic status is slowly driving
benthic vegetation status to higher levels in the absence of
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other pressures. Furthermore, benthic primary producers are
sampled near the coast, but rarely are stressors assessed at the
same site so close to the coast. Typically, stressors are measured
at a distance and then generalized to the entire water body, as in
this study. However, all seagrass indicators sampled were closely
associated with light attenuation and phytoplankton biomass,
confirming the key role of light availability in the distribution
and status of benthic primary producers. In the context of EU
directives (WFD and MSFD), phytoplankton, macroalgae and
marine angiosperms are known to be designed as biological
quality elements (BQEs) or indicators that are complementary.
Therefore, they can be used in combination to assess the
ecological and environmental status (ES) of different marine
habitats and processes related to ecological deterioration, thus
showing the effects of different pressures and not duplicating the
assessment outcomes. Although phytoplankton and macroalgae
react to increased nutrient inputs, the impact may be localized
and highlighted by only one of the two BQEs (for example, in-
shore and off-shore areas). Moreover, the response time is
generally different, capturing the deterioration in different time
windows, if needed.
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