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Georgia Assimakopoulou b, Alexandra Pavlidou b, Soultana Zervoudaki b, Kalliopi Pagou b, 
Alberto Basset c 

a National Institute of Biology, Marine Biology Station Piran, Fornače 41, 6330 Piran, Slovenia 
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A B S T R A C T   

According to the methodological standards established by Marine Strategy Framework Directive, the assessment 
for the pelagic habitat under the Biodiversity Descriptor should be carried out at the regional or sub-regional 
level. In the case of Mediterranean Sea, the sub-regional assessment seems optimal to take into account 
biogeographic differences in species composition and functional characteristics. Previous research has shown 
that phytoplankton diversity indicators are efficient for reliable environmental assessments, although more effort 
has been recommended to test these indicators on a wide spatial scale to cover wider gradients of natural and 
anthropogenic pressures. In this work, a set of eight diversity indices was tested against the pressure levels within 
a common data set of the structure and abundance of phytoplankton communities from the Adriatic, Ionian and 
Aegean Seas. Expert knowledge was used to define four categories of impacts that take into account partial 
pressures, such as point and non-point pollution, industry, ports and fisheries. At the level of the common data 
set, most of the diversity, evenness and dominance indices could only distinguish between the highest level of 
impact and the rest of impact categories. These indices maintained the distinction between two levels of sub
sequently dichotomised impacts (no to low impact vs. high impact) across latitudinal and longitudinal gradients. 
On average, the indices were less sensitive to impacts in the northernmost and westernmost areas than in the 
southernmost and easternmost areas, although they still showed a significant response. The results also suggest 
that phytoplankton communities become more uniform and less dominated by a single taxon as sampling depth 
increases at sites with low impact, while evenness and dominance at impacted sites remain similar at all depths. 
In order to establish meaningful definitions of good environmental status and targets for pelagic habitats in the 
Mediterranean Sea, it is necessary to establish spatially specific thresholds by additional examination of indices 
of good performance.   
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1. Introduction 

Mediterranean Member States do not yet have a uniform approach to 
the assessment of good environmental status (GES) in accordance with 
the requirements of Marine Strategy Framework Directive (MSFD; 
2008/56/EC). The number of plankton indicators developed and/or 
catalogued for European Seas varies for the different components of 
biodiversity. While some indicators are available for phytoplankton, 
indicators for zooplankton are much less numerous and almost non- 
existent for prokaryotes (Teixeira et al., 2016; Varkitzi et al., 2018a). 
These differences can be attributed to several factors, but one important 
reason is certainly the fact that phytoplankton is listed as a key bio
logical element in Water Framework Directive (WFD; 2000/60/EC), 
whereas other groups of pelagic organisms are not (Barbone et al., 
2014). Nevertheless, specific, operational phytoplankton indicators that 
relate exclusively to the biodiversity aspect of Mediterranean Sea are 
rarer and their use is mainly restricted to certain areas (e.g., Facca et al., 
2014; Ninčević Gladan et al., 2015; Pachés et al., 2012; Romero et al., 
2013). To bridge this “never-ending” gap between the individual case 
studies and a common approach, there is an urgent need for a summary 

case study that would cover areas on a larger spatial scale with different 
structural and functional characteristics of the pelagic habitat. 

In the electronic catalogues of Cozzoli and Basset (2017) and 
DevoTOOL (Teixeira et al., 2014, 2016) a relatively small number of 
operational phytoplankton indicators are found, which are valid for 
Mediterranean Sea. Of all the indicators in European Seas, the most 
popular are those that include the biomass of phytoplankton in terms of 
chlorophyll-a concentrations or other biomass measures, followed by 
indices with the abundance of species or different taxa groups. There are 
also several diversity indices in the catalogues, but it is extremely 
difficult to know how many of them are operational. In their review, 
Varkitzi et al. (2018a) proposed a subset of indicators for each pelagic 
biodiversity component to be tested for use in the GES determination of 
the water column habitat in Mediterranean Sea. Besides chlorophyll-a, 
the following assessment methods were proposed for phytoplankton: i) 
Size-related metrics, such as the multi-metric index of size spectra 
sensitivity ISS-phyto (Vadrucci et al., 2013), for its high accuracy, low 
uncertainty and relatively simple sample processing (Cozzoli et al., 
2017); ii) diversity and dominance metrics, such as Shannon-Wiener’s 
Diversity Index (Shannon, 1948) for high accuracy and Berger-Parker’s 

Fig. 1. Map of the study areas with the distribution of the sampling sites. Blue circles indicate sites with reference conditions (impact level 0), light green circles 
indicate sites with low impact (impact level 1), dark green circles indicate sites with moderate impact (impact level 2) and red circles indicate sites with severe impact 
(impact level 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Dominance Index (Berger and Parker, 1970) for its high accuracy, low 
uncertainty and simple focusing only on the most abundant taxa (Coz
zoli et al., 2017); and iii) Bloom frequency index (Facca et al., 2014) to 
measure the dominance of a species during algal bloom. 

In contrast to the repealed European Commission Decision 2010/ 
477/EU, which defined the criterion “Habitat condition” with three 
indicators in Biodiversity Descriptor, Decision 2017/848/EU simplified 
the definition in a merged criterion D1C6, which is the subject of this 
study. The methodological standards related to criterion D1C6 for 
pelagic habitats provide for assessment at regional or sub-regional level, 
which would reflect biogeographic differences in species composition. 
By comparing a number of ecological indices calculated on the basis of 
data sets on the composition of the phytoplankton community, we 
address the biodiversity, structure and function of pelagic habitats in 
Mediterranean Sea, all stated by criterion D1C6. The selected data sets in 
this large scale case study cover three sub-regions of Mediterranean Sea: 
1) Adriatic Sea, 2) Ionian Sea and Central Mediterranean Sea, and 3) 
Aegean-Levantine Sea (according to the report on the MSFD Marine 
Reporting units, WG DIKE_16-2017-03), which all share the pelagic 
broad habitat type of coastal waters. This addresses biogeographic dif
ferences in the phytoplankton community at the mesoscale level (~100 
km), as different case study areas are distributed along a gradient with 
different trophic conditions: from the mesotrophic northernmost part of 
Adriatic Sea to the oligotrophic coasts of the eastern Adriatic (central 
and southern Adriatic) and from the meso- to oligotrophic conditions 
around the coasts of Italian Apulia (southern Adriatic Sea and northern 
Ionian Sea) to the Greek oligotrophic coastal waters (Aegean Sea). 
Furthermore, within each case study area, gradients of different pres
sures and eutrophication regimes were carefully represented, covering 
waters from eutrophic to oligotrophic characteristics on a small scale 
(submesoscale, ~10 km). The Member States that contributed the data 
sets were Croatia, Greece, Italy and Slovenia. 

In this work, a set of eight diversity indices calculated on the basis of 
the common data set of the structure and abundance of the phyto
plankton community was tested against four levels of anthropogenic 
pressures derived from a set of partial pressures, such as point and non- 
point sources of pollution, industry, ports and fisheries. The scope of the 
study was to assess the discrimination power of the tested indices to 
identify the status of pelagic habitat biodiversity. In addition, we aimed 
to reveal this distinctiveness along spatial (longitudinal and latitudinal, 
depth and distance from coasts) and temporal (seasonal) gradients. 

2. Materials and methods 

2.1. Study areas and datasets preparation 

The data sets were prepared according to the LifeWatch metadata 
and data templates provided by the University of Salento. The map of 
the study areas with the distribution of sampling sites in coastal (up to 1 
NM off the coast) and open sea waters (more than 1 NM off the coast) is 
shown in Fig. 1. 

The data sets are of varying length: from one to twelve years in the 
period 2001–2018, and the data were collected with monthly, bi- 
monthly or seasonal frequency. The degree of anthropogenic impact 
was assessed for each sampling site by expert judgement. Different levels 
of impact were categorized as low (marked 1), moderate (marked 2) and 
severe impact (marked 3), while stations with no or minimal impact 
were classified as reference conditions (marked 0) (Fig. 1). In order to 
ensure maximum coherence between the categorisation of pressures and 
impacts of sampling sites in different sub-regions, a common matrix of 
pressure categories (Appendix, Table A1) was established as defined by 
Lugoli et al. (2012) and Simboura et al. (2016). 

2.1.1. Aegean study area 
The dataset for Greece includes data from a total of 13 sampling 

stations in coastal waters. Samples were collected at 2 or 4 standard 

depths: at the surface and near the bottom, or at the surface, at 20 m, at 
50 m, and near the bottom. The data from Saronikos Gulf cover the 
geographical area of the sub-region Mediterranean Aegean Levantine- 
Central Aegean and the data from Maliakos Gulf cover the geograph
ical area of the sub-region Mediterranean Aegean Levantine-North 
Aegean. Saronikos Gulf is a coastal area near the Athens metropolitan 
area and the port of Piraeus, which communicates with the Aegean Sea 
to the south. The Bay of Elefsis (northern Saronikos) is on average 90 m 
deep, with limited water exchange, low freshwater inflows and therefore 
with strong seasonal stratification and low oxygen distribution. These 
characteristics, together with industrial and shipping activities, lead to 
the trapping and accumulation of nutrients and organic matter (Pavli
dou et al., 2014, 2019). The inner part of the Gulf is located near the port 
of Piraeus and receives the treated sewage of ~ 5 million people in the 
north. The southern inner part communicates with the outer part of 
Saronikos Gulf and receives the influence of the open Aegean waters. 
Fishing and aquaculture are common practices in Saronikos Gulf. 

Maliakos Gulf is a shallow semi-enclosed coastal area (~200 km2) in 
central Greece. It is separated by two headlands into an inner-western 
part (max. depth 25 m) and an outer-eastern part (max. depth 50 m). 
In the west it receives the inflows of the Spercheios River, while in the 
east water masses flow in from the open oligotrophic Aegean Sea 
(Christou et al., 1995). The area has a high phytoplankton biomass and 
blooms of potentially harmful microalgae with occasional fish killing 
outbreaks (Kormas et al., 2003; Varkitzi et al., 2018b). Maliakos Gulf 
supports an important quota of the national production of fisheries and 
aquaculture. However, it is exposed to various pressures from point and 
non-point sources of pollution: river inflows, urban and industrial 
sewage and agricultural runoff (Akoumianaki et al., 2013; Markogianni 
et al., 2017). 

2.1.2. Central Eastern Adriatic study area 
The Croatian dataset includes 4 sampling stations, two in Kaštela Bay 

in the central Adriatic and two in Mali Ston Bay in the southern Adriatic. 
In Kaštela Bay, samples were taken at 5 standard depths every 5 or 10 m, 
including the surface and bottom layers, while in Mali Ston Bay only two 
depths were sampled (surface and middle layer). Kaštela Bay is a semi- 
enclosed bay (area 61 km2), which is under moderate anthropogenic 
influence due to urban and industrial wastewater. The bay communi
cates with the adjacent waters through a relatively wide (1.8 km) and 
deep opening (average depth ~ 40 m). The main freshwater inflow is the 
Jadro River. Water circulation in the bay is mainly generated by local 
winds (Gačić et al., 1987). In the 1980s, an increase in phytoplankton 
biomass and primary production in Kaštela Bay was associated with an 
increase in anthropogenic nutrient load (Marasović et al., 2005). After 
the activation of a modern sewage system in November 2004, the 
reduction of nutrient extremes and a decrease in bacterial abundance 
and production was followed by a decrease in phytoplankton biomass 
and the restoration of its regular seasonal cycle. 

Mali Ston Bay is situated between the Pelješac peninsula and the 
mainland, on the south-eastern Adriatic coast. Due to the relatively low 
degree of urbanization and industrialization of the surrounding coasts, 
the anthropogenic influence is limited. A peculiarity of the bay is related 
to its complex hydrology, which is characterized by strong groundwater 
springs in the inner part and the large freshwater inflow of Neretva River 
in the outer part of the bay (Vukadin, 1981). The favorable hydrographic 
characteristics and primary production make the bay a suitable area for 
shellfish farming. Earlier studies (e.g. Viličić et al., 1998) classified Mali 
Ston Bay as a naturally moderately eutrophic system, while more recent 
studies, taking into account chlorophyll-a concentrations, abundance of 
phytoplankton and the TRIX index, classify it as an oligotrophic envi
ronment (Čalić et al., 2013; Ninčević Gladan et al., 2015; Skejić et al., 
2015). 

2.1.3. Northern Adriatic study area 
The dataset from the Slovenian part of the Gulf of Trieste is a 
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collection of data from 5 sampling stations. Samples were taken at 4 
standard depths: at the surface, at 5 m, at 10 or 15 m and near the 
bottom. The Gulf of Trieste is a semi-enclosed bay at the northern end of 
Adriatic Sea with shallow depth (maximum ~ 25 m). Its coastal waters 
are affected by a variety of natural and anthropogenic processes. At the 
open boundary there is an intensive water mass exchange with the rest 
of the Adriatic Sea, which together with the freshwater inputs, largely 
dominated by the Soča (Isonzo) River, influences the oceanographic 
characteristics of the gulf. In winter the water column is mixed, while in 
spring intensified freshwater inputs and the warming of the surface layer 
together contribute to stratification, which even increases in summer 
(Malačič and Petelin, 2001). The Gulf of Trieste is a crossroads of human 
influences: there is intensive maritime traffic to and from several in
ternational ports, fisheries and aquaculture (mostly shellfish), which, 
together with the heavily populated hinterland, exerts considerable 
pressure on the coastal sea. In the past, phytoplankton blooms, which 
contribute to the development of hypoxia or even anoxia in the bottom 
layer, were the main consequence of eutrophication in this area (Malej 
and Malačič, 1995). 

Long-term studies have shown a strong spatial and, above all, tem
poral variability of phytoplankton biomass and community structure, 
reflecting the rapidly changing hydrological and nutrient conditions in 
the Gulf of Trieste (Mozetič et al., 2012). However, in the recent past, a 
significant decrease in chlorophyll-a concentrations and changes in the 
structure of the phytoplankton community has been observed 
throughout the northern Adriatic Sea (Cabrini et al., 2012; Mozetič 
et al., 2012, 2010), mainly due to the decrease in nutrient concentra
tions, especially phosphates. 

2.1.4. Southwestern Adriatic and Ionian study area 
The Italian dataset covers the largest area in the Apulia region, which 

is surrounded by both the Adriatic Sea and Ionian Sea. It includes data 
from 42 sampling stations where phytoplankton data were collected for 
the requirements of Water Framework Directive (coastal waters, sensu 
WFD) and 72 sampling stations where data were collected for Marine 
Strategy Framework Directive (open waters). Samples were taken at the 
surface, in the intermediate layer and near the bottom, depending on the 
depth of the sampling station (maximum 50 m). 

The southern part of Adriatic Sea is influenced by an almost per
manent cyclonic circulation, and receives water from the northern 
Adriatic on the western side. These water masses, classified as Adriatic 
Surface Water (ASW), are colder and have low salinity (Artegiani et al., 
1997; Manca et al., 2001). However, the influence of this relatively 
nutrient-rich coastal current on the southern Adriatic area is small and 
limited to spring and winter (Rivaro et al., 2004). Another source of 
nutrients in the basin of Southern Adriatic is the Levantine Intermediate 
Water (LIW), which enters the Adriatic Sea via the Otranto Channel 
(Zavatarelli et al., 1998). The waters of the northern Adriatic and the 
LIW interact locally with the almost negligible superficial runoff and 
with groundwater inputs of freshwater and nutrients, determining 
relatively weak and complex driving factors. The Fortore, Candelaro and 
Ofanto rivers are relatively small streams with a seasonal regime that 
collect water from catchments with widespread agricultural use. 
Although characterized by low flow intensity (Ludwig et al., 2009), 
these rivers have a significant impact on the water chemistry and trophic 
status of coastal waters, rarely extending further than 3 km from the 
coastline (Paparella and Martino, 2008; Porfido et al., 2011). 

The northwestern Ionian Sea (Gulf of Taranto) is the transition area 
of different water masses, namely the ASW and Ionian Surface Water 
(ISW), formed by mixing with very saline Levantine surface water from 
Cretan Passage (Boldrin et al., 2002). The surface circulation is generally 
cyclonic, dominated by a coastal current flowing northwards towards 
the Gulf of Taranto, but with high variability and a vertical structure 
strongly dependent on a seasonal cycle (Boldrin et al., 2002). Along the 
Ionian coast, the main freshwater source is the Lato River with a very 
low flow regime (Barbone et al., 2014). 

Both areas, the southern Adriatic and the Gulf of Taranto, are 
considered oligotrophic, with the southern Adriatic waters being more 
productive than the Ionian waters (Boldrin et al., 2002). The nutrient 
supply of the shelf area depends strongly on the inflows of superficial 
waters along the coasts, which are more abundant in the southern 
Adriatic area, and on the inflows of groundwater. Oligotrophy is even 
more pronounced in open waters, where nutrient supply to the euphotic 
zone depends strongly on vertical stratification and mixing processes. P- 
limiting conditions impose low primary productivity, even if the N:P 
ratio is variable (Rivaro et al., 2004). However, some areas receive 
stronger anthropogenic pressures, such as the area of the port of Taranto 
with port and industrial activities, and the adjacent inland sea Mar 
Piccolo Basin with intensive aquaculture (Cardellicchio et al., 2016). 
Urban expansion and intensive agriculture caused an increase in nutri
ents and organic matter in recent decades that exceeded the self- 
purification capacity of the basin, but in recent years a reverse process 
of an overall decrease in inorganic nutrient loading has also been 
observed (Caroppo et al., 2016; Karuza et al., 2016). In Mar Piccolo, 
harmful phytoplankton species still pose a threat to human health and 
aquaculture (Caroppo et al., 2016). 

Studies have shown that phytoplankton in the nearshore areas of the 
Southern Adriatic and Ionian regions exhibit high spatial and temporal 
heterogeneity in terms of species distribution, abundance and biomass 
(Caroppo et al., 2006; Sabetta et al., 2008). Southern Adriatic is char
acterized by a phytoplankton community intermittently dominated by 
diatoms and phytoflagellates (Caroppo et al., 1999), whereas in Ionian 
Sea phytoflagellates dominate over diatoms most of the time (Caroppo 
et al., 2006). The structure of marine phytoplankton is characterized by 
high morphological variability in terms of shape, biovolume and 
surface-to-volume ratio (Stanca et al., 2013). These differences in 
morphology have a functional significance that is reflected in the 
adaptive strategies of phytoplankton to local gradients of environmental 
stress (Stanca et al., 2013). 

2.2. Analysis design 

Prior to calculating the indices, the individual data sets were 
reviewed by phytoplankton experts at the originating institution for 
taxonomic accuracy and current nomenclature. A thorough final check 
of the merged data set was then performed by a single expert using 
LifeWatch’s taxonomic check services based on WoRMS, PESI and 
Catalogue of Life. In order not to exclude phytoflagellates, which are an 
important group in the phytoplankton community and often comprise 
forms that are difficult to determine, the indices were calculated 
including inputs from higher taxonomic levels and not only at species or 
genus level. 

From the phytoplankton communities of more than 4000 samples 
and 85,584 entries, a number of different indices common in phyto
plankton ecology were calculated. The indices were calculated using 
Index_Taverna Workflow, a tool/service of LifeWatch Phytoplankton 
Virtual Research Environment (http://www.servicecentrelifewatch. 
eu:8080/phyto-vre). While many others are available, the set of 
indices used in this analysis provides a complete picture and reduces 
redundancy in the information provided by similar indices (Cozzoli 
et al., 2017). 

2.2.1. Richness/diversity indices 
Environmental stress often tends to reduce the taxonomic diversity of 

affected communities by selecting only the most stress-tolerant taxa. In 
phytoplankton communities, eutrophication stress often promotes 
massive blooms of a few species that become strongly dominant. For this 
reason, taxonomically rich and diverse phytoplankton communities are 
regarded as indicators of good environmental status (Cozzoli et al., 
2017). 

The Taxonomic Richness is simply the number of taxa (R’) found in a 
given sample (Fisher et al., 1943). 
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Margalef’s Diversity Index M’ (Margalef, 1958) explains the rela
tionship between the number of taxa detected (R’) and a transformation 
of the total number of individuals counted (N): 

M’ =
R’ − 1
logN 

Shannon - Wiener’s Diversity Index H’ (Shannon, 1948) is a commonly 
used diversity index that takes into account both the abundance and 
evenness of taxa present in the community. The H’ increases with the 
number of taxa in the community and can theoretically reach very high 
values. In practice, the H’ for biological communities does not appear to 
exceed 5.0. The formula is: 

H’ = −
∑R

i=1
pi × lnpi  

where pi is the proportion of individuals in taxon i and is estimated as 
(ni/N), where ni is the number of individuals in taxon i and N is the total 

number of individuals in the community. 
Simpson’s Diversity Index S’ (Simpson, 1949) is a measure of diversity 

based on the probability that any two individuals drawn at random from 
an infinitely large community belong to the same taxon: 

S’ =
∑R

i=1
p2

i 

While measuring the same community trait (richness, diversity), the 
above indices provide slightly different values, as they show a 
decreasing sensitivity to rare taxa. 

2.2.2. Evenness/dominance indices 
Dominance indices express the extent to which the community is 

monopolized by the most abundant taxon/taxa, taking into account the 
ratio between the abundances of these taxa and the total number of 
individuals counted (Cozzoli et al., 2017). Evenness indices represent 
the degree of equality of taxa abundances in a sample. On the contrary, 

Fig. 2. Correlation between different diversity indices. The upper right panel shows the Pearson correlation coefficient between each pair of indices (shown 
diagonally). The red and blue colours indicate negative and positive correlation respectively. The lower left panel shows the average trend (red line) and data 
dispersion (95% of observations within the black ellipse). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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dominance indices indicate the degree of predominance of one or a few 
taxa in the sample. 

Pielou’s Evenness Index E’ expresses the ratio between the realized 
Shannon-Wiener diversity of a sample (H’) and its maximum possible 
value (as a logarithm of R’), i.e. the expected value of H’ if all taxa had 
an identical number of individuals (Pielou, 1975). Its formula is 
therefore: 

E’ =
H’

logR’ 

Sheldon’s Evenness Index Sh’ (Sheldon, 1969) is also based on H’ 
function: 

Sh’ =
eH’

R’ 

BergerParker’s Dominance Index BP’ (Berger and Parker, 1970) is the 
simplest measure for the numerical significance of the first most abun
dant species. The formula is: 

BP’ =
n1

N  

where n1 is the abundance of the most abundant species and N is the 
total abundance of the sampled community. 

McNaughton’s Dominance Index McN’ (McNaughton, 1967) considers 
the two most abundant species in a sample: 

McN’ =
n1 + n2

N 

For further details on the indices, see Cozzoli et al. (2017), Appendix 
Section. 

2.3. Statistical analyses 

The correlations between the various index values were assessed 
using the Pearson correlation coefficient. Differences in the index re
sponses to different variables were investigated using the linear ANOVA 
(for categorical variables such as impact levels or months) or the 
ANCOVA (for continuous variables such as latitude, longitude, depth 
and distance from the coast). To model and highlight the typically non- 
linear seasonal trends, we used the Locally Estimated Scatterplot 
Smoothing (LOESS) regression. 

3. Results 

The total number of phytoplankton taxa identified in the common 

data set was 849, of which the largest proportion belonged to diatoms 
(335) and dinoflagellates (320), while 74 taxa belonged to coccolitho
phores. Phytoflagellates including classes like Chlorophyceae, Prasino
phyceae, Cryptophyceae, Euglenophyceae, Raphidophyceae, 
Dictyochophyceae and some other minor classes comprised 96 taxa 
whereas other non-flagellate phytoplankton included 24 taxa. Eight 
diversity indices were calculated on this common data set for each 
sampling episode and sampling depth, resulting in more than 30,000 
index values. 

The indices differed (Fig. 2) by anthropogenic (Table 1, Fig. 3), 
temporal (Table 2, Fig. 4) and spatial (Tables 3–4, Figure 5, 6, 7 and 8) 
gradients. The correlation matrix for the eight indices is shown in Fig. 2. 
Taxonomic Richness and Margalef’s Diversity Index were strongly and 
positively correlated, while they had a weaker correlation with the other 
indices and were not linked to Pielou’s Evenness Index. The Shannon’s 
and Simpson’s diversity indices were strongly and positively correlated 
with each other and with Pielou’s Evenness Index. Sheldon’s Evenness 
Index was strongly and positively correlated with the Pielou’s Evenness 
Index, but compared to the latter it had a weaker correlation with the 
diversity indices. McNaughton’s and Berger-Parker’s dominance indices 
were strongly and positively correlated with each other and negatively 
correlated with all other richness, diversity and evenness indices. 

In order to investigate how anthropogenic impacts are reflected in 
the diversity indices, their distribution at four levels of impact was 
examined with the aid of a ANOVA model (Fig. 3, Table 1). A decrease in 
diversity and the predominance of single or few taxa with increasing 
impact was clearly observed only at the highest level of impact (level 3 
in Fig. 3). At stations designated as having low (level 1 in Fig. 3) and 
moderate (level 2 in Fig. 3) impact, the diversity indices did not differ 
consistently from those at reference stations (level 0 in Fig. 3). There
fore, in the further course of the analysis, the four impact levels were 
reduced to two levels: an impact level higher than 2 (impacted, i.e. a 
significant response of the phytoplankton community to anthropogenic 
impacts) and an impact level lower or equal to 2 (not impacted, i.e. an 
insignificant response of the phytoplankton community to anthropo
genic impacts). 

All indices showed seasonal variations (Fig. 4), with a significant 
peak for diversity indices and a significant minimum for dominance 
indices in September and October (p-values < 0.001, Appendix, 
Table A2). The seasonal trend was similar at impacted and not impacted 
sites (red and green line, respectively, Fig. 4), with more or less constant 
lower values for diversity and evenness indices (or higher for dominance 
indices) at the impacted sites. This distinction between the two impact 
levels was significant throughout the year, except in a few cases, i.e. for 
Taxonomic Richness in most months and for the majority of the other 

Table 1 
Summary of the linear model describing the variation of the diversity indices at the different levels of anthropogenic impacts (see Fig. 3). Highly significant terms are 
marked in bold.   

Taxonomic Richness Shannon’s Diversity Simpson’s Diversity Margalef’s Diversity 

Predictors estimates std. error p estimates std. error p estimates std. error p estimates std. error p 

(Intercept) 21.30 0.27 <0.001 1.63 0.02 <0.001 0.64 0.01 <0.001 1.68 0.02 <0.001 
Impact1 3.55 0.40 <0.001 0.02 0.03 0.465 0.01 0.01 0.465 0.33 0.03 <0.001 
Impact2 − 2.18 0.36 <0.001 0.01 0.03 0.831 0.01 0.01 0.208 − 0.16 0.03 <0.001 
Impact3 − 1.26 0.38 0.001 − 0.16 0.03 <0.001 − 0.05 0.01 <0.001 − 0.18 0.03 <0.001 

Observations 4033 4033 4033 4033 
R2 / adjusted R2 0.057 / 0.056 0.016 / 0.015 0.013 / 0.012 0.078 / 0.077  

Pielou’s Evenness Sheldon’s Evenness Berger-Parker’s Dominance McNaughton’s Dominance 
Predictors estimates std. error p estimates std. error p estimates std. error p estimates std. error p 

(Intercept) 0.55 0.01 <0.001 0.32 0.01 <0.001 0.51 0.01 <0.001 0.68 0.01 <0.001 
Impact1 − 0.02 0.01 0.075 − 0.03 0.01 0.001 − 0.01 0.01 0.320 − 0.01 0.01 0.542 
Impact2 0.02 0.01 0.006 0.03 0.01 <0.001 − 0.02 0.01 0.069 − 0.01 0.01 0.202 
Impact3 − 0.05 0.01 <0.001 − 0.06 0.01 <0.001 0.05 0.01 <0.001 0.06 0.01 <0.001 

Observations 4031 4033 4033 4033 
R2 / adjusted R2 0.022 / 0.022 0.031 / 0.030 0.016 / 0.015 0.020 / 0.019  
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indices in the summer months (July–August). 
The indices showed a significant variation (p-values < 0.001) along 

the spatial axes (Figs. 5 and 6). The southernmost and easternmost sites 
(Eastern Mediterranean, Aegean-Levantine sub-region) showed higher 
(or in the case of the dominance indices lower) index values compared to 
the northernmost and westernmost sites (Adriatic and Northern Ionian 
sub-region). The indices showed a significant (p-values < 0.05) sensi
tivity to impact levels over the entire spatial gradient, although their 
values varied widely. The sensitivity of the indices to impacts was 
constant along the latitudinal gradient, except for Margalef’s Diversity 
and Sheldon’s Evenness, which were significantly (p-values < 0.1 for 
latitude:impacted in Table 2) more sensitive at the southernmost sites 
(Fig. 5, Table 2). Some variations in the sensitivity of the indices for the 
effects along the longitudinal gradient were found for Taxonomic 
Richness, Pielou’s Evenness, Sheldon’s Evenness, and McNaughton’s 

Dominance, which were significantly more sensitive (p-values < 0.1 for 
longitude:impacted in Table 3) at the easternmost sites (Fig. 6, Table 3). 

The diversity indices were also examined in relation to sampling 
depth (Fig. 7) and coastal distance (Fig. 8), which are two important 
variables for the expression of anthropogenic influences on the phyto
plankton community. With increasing depth, Taxonomic Richness and 
Margalef’s Diversity decreased significantly (p-values < 0.001 for 
depth), independent of the level of impact (p-values greater than 0.1 for 
depth:impacted, Fig. 7, Table 4). The other indices, evenness and 
dominance indices, showed a different pattern: phytoplankton com
munities became more even and less dominated by a single or few taxons 
as depth increased in not impacted sites. However, lower evenness and 
higher dominance values were similar to surface values in the impacted 
sites (p-values < 0.1 for depth:impacted, Fig. 7, Table 4). 

All indices showed a weak correlation with the distance from the 

Fig. 3. Distribution of the diversity indices at the levels of anthropogenic impacts: 0 - reference condition with no or very minor impact, 1 - low impact, 2 - moderate 
impact and 3 - severe impact. Significant differences were assessed via ANOVA. The notches around the median represent the 95% confidence interval (CI). The 
absence of overlap between the notches indicates significant differences. 
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coast of the not impacted sites: positive for the diversity and evenness 
indices and negative for dominance (green lines in Fig. 8, Table 5). 
Unfortunately, not enough observations in the open sea for impacted 
sites were available to allow an accurate estimation of the differences in 
scaling trend between the two impact levels (red lines in Fig. 8). 

4. Discussion 

The use of diversity indices to characterize a biological community is 
always a temptation, as they combine information on the composition 
and abundance of species into a single figure (Magurran, 2004) and can 
thus facilitate differentiation between communities with different levels 
of pressure. However, since biodiversity is multidimensional, the ideal 
combination of indices used to assess it should also cover taxonomic/ 
genetic, structural and functional diversity (Lyashevska and Farnsworth, 
2012). The importance of the diversity of autotrophic communities for 
ecosystem functioning has been extensively studied in recent years using 
various approaches (reviewed by Cardinale et al., 2011; Krause et al., 
2014). However, with the assumption that the distribution of phyto
plankton is not limited by their dispersion, it can be assumed that the 
structure of a given phytoplankton community is shaped by local envi
ronmental conditions (Ptacnik et al., 2008). In this way, the use of 
phytoplankton diversity attributes, as calculated by diversity indices, 
can be of additional value in assessing the status of pelagic habitats. 

4.1. Discriminating power of diversity indices 

In our study, biodiversity indices could distinguish the level of 
anthropogenic influences on phytoplankton communities in different 
coastal environments in the Mediterranean sub-regions. However, not 
all the indices tested showed the same performance. Within the sam
pling effort considered (i.e. number of cells counted per sampling 
episode), values of Taxonomic Richness and Margalef’s Diversity oscil
lated randomly between impact levels, probably reflecting a strong 
dependence of these indices on sample size. This may be related to the 
fact that the accurate estimation of these indices requires a dispropor
tionately large sample compared to the other indices (Cozzoli et al., 
2017). Therefore, the performance of these indices in distinguishing 
impacted sites on our data set cannot be correctly assessed. This aspect is 
reinforced by the lack of correlation between the Richness, Margalef’s 
Diversity and the other indices. In any case, these indices are not very 
helpful from a practical point of view due to the high effort required for a 
correct estimation. 

All other indices tested were able to discriminate against commu
nities exposed to different levels of impacts, but only when the cumu
lative impacts reached the highest category pre-set for analysis (i.e. 
severe impacts, level 3), indicating a non-linear biodiversity response to 
impacts. However, all these indices were significantly correlated either 
positively or negatively, indicating the redundancy of the information 
provided by the indices. Perhaps the most valuable future use in com
posite assessment systems would be the combination of Shannon’s/ 
Simpson’s Diversity and Sheldon’s Evenness, which are sensitive to 
impacts and less correlated with each other compared to other pairs of 
indices. Buckland et al. (2005) emphasize that three aspects are 
important in biodiversity assessments: number of taxa, abundance and 
evenness. The advantage of using a combination of different indices or a 
multimetric index to assess the state of biodiversity is that the disad
vantages of one component could be overcome with the strength of the 
others. For example, it has been reported that evenness indices such as 
the Sheldon’s index depend heavily on the number of individuals 
counted (sample size) and tend to overestimate the actual evenness 
(Cozzoli et al., 2017). This could be improved by the use of diversity 
indices that take into account the numerical proportion of taxa in a 
community, i.e. Shannon’s and Simpson’s indices, and which are highly 
accurate even when the number of individuals counted is small. A 
similar independence from sample size has been shown for the domi
nance indices (Cozzoli et al., 2017), which also have the analytical 
advantage of the necessity to recognize just one or two dominant spe
cies. The approach of using dominance-related indices has already 
proven successful in previous studies on assessment systems for phyto
plankton biodiversity (Uusitalo et al., 2013). The disadvantages of the 
Shannon’s and Simpson’s indices are related to their limited perfor
mance in detecting changes in the abundances of taxa (van Strien et al., 
2012), while dominance indices, although providing useful information 
for the assessment of environmental quality (Cozzoli et al., 2017; Facca 
et al., 2014), ignore changes in the non-dominant part of the phyto
plankton community. The problem associated with dominance could 
also arise from situations where the level of taxonomic resolution is not 
high enough to resolve the co-dominance of several species in common 
and abundant phytoplankton genera, such as Pseudo-nitzschia and 
Chaetoceros. Evenness of taxa, on the other hand, is a desirable feature of 
the phytoplankton community, and indices that summarize this prop
erty have already been shown to be effective in distinguishing different 
anthropogenic influences (Karydis and Tsirtsis, 1996). 

The concept of multimetric indices was previously used to assess the 
status of Adriatic Sea with phytoplankton parameters. Facca et al. 

Table 2 
Summary of the linear model describing the variation of the diversity indices over the latitudinal gradient and the two levels of impact (see Fig. 5). Highly significant 
terms are marked in bold. Non-significant variables or interaction terms have been removed by the technique of stepwise regression.   

Taxonomic Richness Shannon’s Diversity Simpson’s Diversity Margalef’s Diversity 

Predictors estimates std. error p estimates std. error p estimates std. error p estimates std. error p 

(Intercept) 16.04 2.37 <0.001 6.28 0.15 <0.001 2.07 0.05 <0.001 4.04 0.21 <0.001 
Latitude 0.13 0.06 0.024 − 0.11 0.00 <0.001 − 0.03 0.00 <0.001 − 0.05 0.00 <0.001 
Impacted − 1.49 0.32 <0.001 − 0.05 0.02 0.011 − 0.01 0.01 0.035 − 0.95 0.45 0.033 
Latitude:Impacted          0.02 0.01 0.071 

Observations 4032 4032 4032 4032 
R2 / adjusted R2 0.006 / 0.005 0.213 / 0.213 0.187 / 0.187 0.048 / 0.048  

Pielou’s Evenness Sheldon’s Evenness Berger-Parker’s Dominance McNaughton’s Dominance 
Predictors estimates std. error p estimates std. error p estimates std. error p estimates std. error p 

(Intercept) 2.25 0.05 <0.001 2.13 0.05 <0.001 − 1.18 0.05 <0.001 − 1.02 0.05 <0.001 
Latitude − 0.04 0.00 <0.001 − 0.04 0.00 <0.001 0.04 0.00 <0.001 0.04 0.00 <0.001 
Impacted − 0.01 0.01 0.024 − 0.27 0.11 0.013 0.02 0.01 0.027 0.02 0.01 0.005 
Latitude:Impacted    0.01 0.00 0.018       

Observations 4031 4032 4032 4032 
R2 / adjusted R2 0.271 / 0.271 0.293 / 0.293 0.229 / 0.229 0.274 / 0.273  
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(2014) developed the Multimetric Phytoplankton Index (MPI), which 
combines two diversity indices (Hulburt’s Dominance and Menchinick’s 
Diversity) with bloom frequency and chlorophyll-a concentration. The 
MPI is currently used to assess the status of the Italian, Greek and 
Croatian transitional waters (European Commission Decision 2018/229 
(Decision 2018)). In search of a suitable combination of indices for the 
assessment of coastal waters in the eastern part of Adriatic Sea, Ninčević 
Gladan et al. (2015) found that the Menchinick’s Diversity Index best 
explains increased abundances of phytoplankton, but the relationship 
was non-linear and was therefore excluded from further consideration. 
In the Aegean Sea, studies showed that the Shannon’s and Simpson’s 
diversity indices are inappropriate to show a real effect along the 
eutrophication gradient (Karydis and Tsirtsis, 1996; Spatharis et al., 
2011). 

In our analysis, the cumulative impact of anthropogenic pressures 
had to be very high (the highest value on our categorical pressure scale) 

to express the change in the values of the diversity indices. This non- 
linear impact of the pressures on phytoplankton diversity, which is not 
unique to our study, makes the setting of target values (e.g. reference 
conditions and quality classes thresholds) a difficult task. Aggregated 
pressures indicators, as used in our analyzes, are relatively easy to 
achieve (Flo et al., 2019; Lugoli et al., 2012; Simboura et al., 2016), but 
we are aware that they provide a limited opportunity to assess the 
relevance of different pressures. Furthermore, such pressures indicators 
are of limited use in setting management objectives and measures for 
improvement in the event of failure to achieve good environmental 
status. To elucidate a direct pressure impact response of the phyto
plankton community to anthropogenic influences, individual pressures 
should be tested, e.g. nutrient loads or concentrations in seawater, as in 
the case of chlorophyll-a (e.g., Giovanardi et al., 2018). Although many 
pressure parameters are routinely measured under national monitoring 
programs, particularly in the coastal waters of Member States, they are 

Fig. 4. Distribution of the diversity indices over months for two levels of impact (green: not impacted; red: impacted). The continuous lines show the average trend 
(LOESS). The notches around the median represent the 95% CI. The absence of overlap between the notches indicates significant differences. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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difficult to link with data on the phytoplankton community. 

4.2. Spatial and temporal aspects of the study 

The definition of the boundaries is an important but difficult step in 
the development of an assessment system that must be scaled in space 
and time. As outlined by Bedford et al. (2020), the temporal scale of the 
assessment, i.e. the time period from which data are considered in the 
analysis, is very important if the assessment system requires a compar
ison of a particular index with the reference period. The data from 
different sampling sites in our analysis cover a minimum of two years 
(exceptionally one year) and a maximum of 12 years, almost all in the 
period 2007–2018. In this way, we have identified ephemeral and 
persistent features of the pelagic habitat (Dickey-Collas et al., 2017; 
Hyrenbach et al., 2000), while multi-decadal cycles that could influence 

the establishment of reference conditions have been avoided. This will 
also be the time frame for the establishment of reference conditions in 
our future work. 

Seasonality was well covered in all sampling sites and provided 
interesting results. The indices reacted sensitively to seasonal fluctua
tions of the phytoplankton communities and showed the highest di
versity and the lowest dominance in late summer and early autumn. This 
short time window slightly precedes the beginning of the autumn bloom 
of the phytoplankton in most study areas, which is mostly related to 
mixing of the water column. The relative difference between impacted 
and not impacted sites was generally maintained throughout the year for 
all indices, except Taxonomic Richness, which also fluctuated between 
the four levels of impact on the overall scale (see Fig. 3). It should be 
noted, however, that the majority of the other indices failed to distin
guish between impacted and not impacted sites in July and August, i.e. 

Table 3 
Summary of the linear model describing the variation of the diversity indices over the longitudinal gradient and the two levels of impact (see Fig. 6). Highly significant 
terms are marked in bold. Non-significant variables or interaction terms have been removed by the technique of stepwise regression.   

Taxonomic Richness Shannon’s Diversity Simpson’s Diversity Margalef’s Diversity 

Predictors estimates std. 
error 

p estimates std. 
error 

p estimates std. 
error 

p estimates std. 
error 

p 

(Intercept) 28.65 0.91 <0.001 0.28 0.05 <0.001 0.23 0.02 <0.001 1.42 0.06 <0.001 
Longitude − 0.44 0.05 <0.001 0.08 0.00 <0.001 0.03 0.00 <0.001 0.02 0.00 <0.001 
Impacted − 4.45 1.73 0.010 − 0.13 0.02 <0.001 − 0.04 0.01 <0.001 − 0.19 0.02 <0.001 
Longitude: 

Impacted 
0.18 0.10 0.087          

Observations 4032   4032   4032   4032   
R2 / adjusted R2 0.022 / 

0.022   
0.171 / 
0.171   

0.151 / 
0.151   

0.021 / 
0.020    

Pielou’s Evenness Sheldon’s Evenness Berger-Parker’s Dominance McNaughton’s Dominance 
Predictors estimates std. 

error 
p estimates std. 

error 
p estimates std. 

error 
p estimates std. 

error 
p 

(Intercept) 0.01 0.02 0.618 − 0.29 0.02 <0.001 0.99 0.02 <0.001 1.18 0.02 <0.001 
Longitude 0.03 0.00 <0.001 0.04 0.00 <0.001 − 0.03 0.00 <0.001 − 0.03 0.00 <0.001 
Impacted 0.01 0.03 0.715 0.10 0.03 0.001 0.05 0.01 <0.001 − 0.001 0.03 0.978 
Longitude: 

Impacted 
− 0.003 0.00 0.094 − 0.01 0.00 <0.001    0.003 0.00 0.152 

Observations 4031   4032   4032   4032   
R2 / adjusted R2 0.251 / 

0.250   
0.291 / 
0.290   

0.183 / 
0.183   

0.221 / 
0.221    

Table 4 
Summary of the linear model describing the variation of the diversity indices over the depth gradient and the two levels of impact (see Fig. 8). Highly significant terms 
are marked in bold. Non-significant variables or interaction terms have been removed by the technique of stepwise regression.   

Taxonomic Richness Shannon’s Diversity Simpson’s Diversity Margalef’s Diversity 

Predictors estimates std. error p estimates std. error p estimates std. error p estimates std. error p 

(Intercept) 22.80 0.18 <0.001 1.63 0.01 <0.001 0.64 0.00 <0.001 1.79 0.01 <0.001 
Depth − 0.15 0.01 <0.001 0.001 0.001 0.113 0.001 0.001 0.002 − 0.01 0.001 <0.001 
Impacted − 1.56 0.30 <0.001 − 0.14 0.03 <0.001 − 0.04 0.01 <0.001 − 0.25 0.03 <0.001 
Depth: Impacted    − 0.003 0.001 0.096 − 0.001 0.00 0.073 0.002 0.001 0.113 

Observations 4032 4032 4032 4032 
R2 / adjusted R2 0.063 / 0.062 0.017 / 0.016 0.015 / 0.015 0.051 / 0.051  

Pielou’s Evenness Sheldon’s Evenness Berger-Parker’s Dominance McNaughton’s Dominance 
Predictors estimates std. error p estimates std. error p estimates std. error p estimates std. error p 

(Intercept) 0.54 0.001 <0.001 0.30 0.001 <0.001 0.51 0.001 <0.001 0.68 0.001 <0.001 
Depth 0.002 0.001 <0.001 0.003 0.001 <0.001 − 0.001 0.001 <0.001 − 0.001 0.001 0.001 
Impacted − 0.04 0.01 <0.001 − 0.04 0.01 <0.001 0.05 0.01 <0.001 0.05 0.01 <0.001 
Depth: Impacted − 0.002 0.001 0.010 − 0.002 0.001 0.001 0.001 0.001 0.038 0.001 0.001 0.061 

Observations 4031 4032 4032 4032 
R2 / adjusted R2 0.037 / 0.036 0.062 / 0.061 0.019 / 0.018 0.022 / 0.021  
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in the period before the peak of diversity. This could reflect the effects of 
seasonal variations in environmental parameters such as nutrients. In 
Northern Adriatic, for example, the spatial distribution of nitrate and 
phosphate in summer is much more uniform compared to the distribu
tion in other seasons, when a west-east gradient of decreasing concen
trations is visible (Grilli et al., 2020). In coastal and open waters of 
Aegean Sea, the phytoplankton composition and function is more ho
mogeneous during the warm period due to nutrient scarcity across 
different areas (Varkitzi et al., 2018b, 2020). Also on the scale of the 
entire Mediterranean basin, the west-east gradient of phytoplankton 
biomass (as chlorophyll-a concentration) is much weaker in summer 
compared to other periods of the year (D’Ortenzio and Ribera d’Alcalà, 
2009). As phytoplankton samples collected during the midsummer 
period may be ineffective for the detection of environmental impacts, it 
would be safer and more representative to process them in combination 
with other samples collected during the year or to plan a different 
sampling strategy. This fact confirms once again that the appropriate 
sampling frequency is a very important parameter to be considered in 

monitoring routines and assessment studies of phytoplankton and 
pelagic habitats. 

The broad coverage of the different sub-regions of the Eastern 
Mediterranean ensured that our analysis covered a broad trophic spec
trum, ranging from oligotrophy in the SE (Aegean Sea) to meso-/ 
eutrophy in the NW (northern Adriatic). Only Taxonomic Richness and 
Margalef’s Diversity did not show significant latitudinal and longitudi
nal variations, while all other indices expressed significant spatial var
iations, indicating different prevailing conditions in the sub-regions 
studied. These variations on both the latitudinal and longitudinal axes 
were greater than the variations between the two levels of impact, which 
were nevertheless significant (the trend lines in Figs. 5 and 6 are sepa
rate). With the combination of the two dimensions a clear gradient from 
NW to SE was observed with increasing diversity and evenness, and 
decreasing dominance, which is consistent with the known trophic 
gradient in the Mediterranean (Colella et al., 2016; Siokou-Frangou 
et al., 2010) and Adriatic Seas (Polimene et al., 2006). Apart from the 
level of anthropogenic pressures, the northern Adriatic is a naturally 

Fig. 5. Latitudinal distribution of the diversity indices (green: not impacted; red: impacted). Full lines represent the average trend, while dashed lines represent the 
95% CI around the average (ANCOVA). The absence of overlap between the dashed lines indicates significant differences. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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richer environment overall (Lazzari et al., 2016; Solidoro et al., 2009) 
compared to the southern Adriatic, the Ionian Sea or Aegean-Levantine 
Seas (Krom et al., 2014). Although it is known that all these environ
ments are phosphorus-limited, the extent of this limitation varies (Cozzi 
and Giani, 2011; Krom et al., 2014). The relationship between phyto
plankton diversity and nutrient availability has rarely been studied, but 
Filstrup et al. (2014) found that the richness and evenness of the 
phytoplankton community in the lake is negatively related to the total 
phosphorus concentration. There is further evidence of a positive cor
relation between phosphorus and phytoplankton biomass and produc
tion (Giovanardi et al., 2018; Lazzari et al., 2016). For example, 
chlorophyll-a was positively correlated with phosphates and silicates in 
the coastal waters of the Aegean Sea, while often blooming Pseudo- 
nitzschia species were strongly associated with low nitrates and silicates 
(Varkitzi et al., 2018b). Conversely, the ability of a phytoplankton 
community to use the limiting resource efficiently (i.e. resource use ef
ficiency expressed as the ratio between phytoplankton biomass and total 

phosphorus) was positively correlated with diversity in terms of genus 
richness in a large-scale study involving Scandinavian lakes and Baltic 
Sea data sets (Ptacnik et al., 2008). 

If more resources are limited, the diversity of phytoplankton com
munities is expected to be even greater (Interlandi and Kilham, 2001), 
compared with environments with only one limiting resource. In the 
Eastern Mediterranean, phosphorus limitation during the summer 
period may become a co-limitation of nitrogen and phosphorus. Here, in 
the Aegean-Levantine basin, phytoplankton diversity is known to be 
high and also constant over time (Varkitzi et al., 2020). In contrast, the 
phytoplankton diversity is lower in the northernmost of the study areas, 
the Gulf of Trieste. Here, the great variability of the ecosystem is also 
reflected in the temporal variability of phytoplankton properties, 
including diversity: during a drought period in 2003–2007, which led to 
oligotrophic conditions, phytoplankton abundance decreased while di
versity increased (Cabrini et al., 2012). However, it must be stressed that 
today only the western part of the northern Adriatic is considered 

Fig. 6. Longitudinal distribution of diversity indices (green: not impacted; red: impacted). Full lines represent the average trend, while dashed lines represent the 
95% CI around the average (ANCOVA). The absence of overlap between the dashed lines indicates significant differences. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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eutrophic (Solidoro et al., 2009), while the larger part is meso- to even 
oligotrophic, which is also true for the Gulf of Trieste. This underlines 
the need to define space-specific baselines and thresholds to assess im
pacts that reflect the natural variation of indicators across the Medi
terranean spatial gradients. 

An interesting aspect of the spatial patterns is not only the differ
ences in the absolute value of the indices, but also the differences be
tween impacted and not impacted sites, which were greater for SE sites 
than for NW sites. In SE (coastal waters of the Aegean), the phyto
plankton community, which reflects the general oligotrophic character 
of the pelagic habitat of the Aegean as the prevailing conditions (Var
kitzi et al., 2018b, 2020), is more easily disturbed by anthropogenic 
pressures. In the case of the impacted sites, this disturbance is therefore 
reflected in changes in phytoplankton diversity, which are more pro
nounced at southern sites compared to northern sites. In contrast, pre
vailing conditions in pelagic habitats are much more variable in the NW, 

blurring the differences in the phytoplankton community between 
impacted and not impacted sites. In this area the baseline conditions will 
be more difficult to define. Evidence of the different prevailing condi
tions in the areas studied can also be found in the trophic regimes, as 
shown by chlorophyll satellite analysis (D’Ortenzio and Ribera d’Alcalà, 
2009). Almost the entire Aegean Sea is defined as a “no bloom” regime, 
where the uniformity of the values characterizes both a higher biomass 
autumn–winter period and a lower biomass spring-summer period. In 
contrast, the northern and western part of Adriatic Sea have a “coastal” 
regime with high variability (ibid.). 

The comparison of the vertical distribution of phytoplankton indices 
and their behavior with increasing distance from the coast also provided 
interesting results. The effect of the sampling depth was significant only 
at not impacted sites, where the phytoplankton communities were more 
uniform and less dominated by single species in deeper layers of the 
water column. Thus, the difference between impacted and not impacted 

Fig. 7. Depth distribution of the diversity indices (green: not impacted; red: impacted). Full lines represent the average trend, while dashed lines represent the 95% 
CI around the average (ANCOVA). The absence of overlap between the dashed lines indicates significant differences. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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sites was greater with increasing sampling depth. The fact that envi
ronmental effects are more easily detected in samples taken tens of 
meters below the sea surface could have important implications for the 
design of the sampling strategy and the assessment methodology. 

The magnitude of negative environmental impacts may decrease 
significantly with increasing distance from the coast, as the impacts are 
mainly related to activities on land and near the coast. In our study, no 
sampling stations beyond 5 km off the coast were categorized as severely 
impacted, so the results of the investigation of the effects of distance 
from the coast on the diversity indices were distorted by the prevalence 
of near-shore stations. It is nevertheless worth noting that the sites in 
open waters showed slightly higher diversity and evenness (and less 
dominance) compared to coastal stations, regardless of the extent of the 
impact attributed to the sites. This confirms the need to define baselines 
and target values in open marine waters that are threatened by different 
pressures and where gaps in knowledge involve different aspects (Crise 
et al., 2015). However, open waters, which have been largely neglected 
in the assessments of pelagic habitat under the requirements of the 

MSFD, often suffer from a scarcity of data and/or scattered distribution 
over time and space (Siokou-Frangou et al., 2010). Efforts currently 
dedicated to pelagic habitat monitoring in some countries, e.g. Italy (N. 
Ungaro, personal communication), will make new data sets available for 
future studies of phytoplankton diversity in the Mediterranean. 

5. Conclusions and future perspectives 

The present study confirms that biodiversity indices can distinguish 
the extent of anthropogenic impacts on plankton communities in 
different coastal environments of the Mediterranean sub-regions. Based 
on the results of scaling eight different phytoplankton indices against 
different levels of stress and spatial and temporal gradients, we recom
mend to further investigate the possible use of three indices for the 
assessment of pelagic habitats: the Shannon’s or Simpson’s Diversity in 
combination with Sheldon’s Evenness and one of the dominance indices. 

The sub-regional differences, which are well covered in this study by 
longitudinal and latitudinal gradients, as well as differences addressed 

Fig. 8. Distribution of the diversity indices at different distances from the coast (green: not impacted; red: impacted). Full lines represent the average trend, while 
dashed lines represent the 95% CI around the average (ANCOVA). The absence of overlap between the dashed lines indicates significant differences. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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by sampling depth and distance to the coast, indicate that space-specific 
thresholds should be carefully considered in the future development of 
assessment systems. An interesting pattern with implications for the 
sampling plans of monitoring programs resulted from the seasonal dis
tribution of the phytoplankton diversity indices, indicating that careful 
consideration should be given to any assessment based mainly on the 
summer months when the selectivity of the indices is lowest. 

In previous studies, metrics relating to the size of phytoplankton cells 
have been proposed because they are particularly sensitive to environ
mental stress and are able to distinguish between different levels of 
anthropogenic impact (Lugoli et al., 2012; Vadrucci et al., 2013). These 
indices describe the trait diversity at the individual level, which, ac
cording to recent progress (Fontana et al., 2018), better reflects the 
differences between phytoplankton communities under different trophic 
regimes. The use of size and diversity metrics, alone or combined in 
multimetric indices, could be an efficient approach for the operational 
implementation of monitoring, capable of maximizing accuracy and 
minimizing the uncertainty of estimates (Cozzoli et al., 2017). Unfor
tunately, individual size-related data are difficult to obtain and are 
usually not included in national monitoring programs or long-term 
ecological research, especially to compare geographically distant com
munities and those thriving under different anthropogenic pressures. 

However, an important step in the process of defining good envi
ronmental status for the pelagic habitat according to the normative 
definitions of the MSFD is first to reach a consensus on how to encap
sulate all the important characteristics of the habitat, which is so 
different from benthic and terrestrial ones (Dickey-Collas et al., 2017), 
which requires further work. 
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Appendix  

Table 5 
Summary of the linear model describing the variation of the diversity indices over the different distances from the coast and the two levels of impact (see Fig. 8). Highly 
significant terms are marked in bold. Non-significant variables or interaction terms have been removed by the technique of stepwise regression.   

Taxonomic Richness Shannon’s Diversity Simpson’s Diversity Margalef’s Diversity 

Predictors estimates std. error p estimates std. error p estimates std. error p estimates std. error p 

(Intercept) 21.78 0.19 <0.001 1.62 0.01 <0.001 0.64 0.001 <0.001 1.72 0.01 <0.001 
Distance − 0.19 0.05 <0.001 0.01 0.001 0.102 0.004 0.001 <0.001 − 0.01 0.001 0.011 
Impacted − 2.25 0.39 <0.001 − 0.16 0.02 <0.001 − 0.05 0.01 <0.001 − 0.28 0.03 <0.001 
Distance: Impacted 1.09 0.35 0.002       0.12 0.03 <0.001 

Observations 4032 4032 4032 4032 
R2 / adjusted R2 0.010 / 0.009 0.016 / 0.016 0.016 / 0.016 0.021 / 0.020  

Pielou’s Evenness Sheldon’s Evenness Berger-Parker’s Dominance McNaughton’s Dominance 
Predictors estimates std. error p estimates std. error p estimates std. error p estimates std. error p 

(Intercept) 0.55 0.001 <0.001 0.32 0.001 <0.001 0.51 0.001 <0.001 0.67 0.001 <0.001 
Distance 0.003 0.001 0.003 0.003 0.001 0.006 − 0.004 0.001 0.003 − 0.002 0.001 0.117 
Impacted − 0.05 0.01 <0.001 − 0.05 0.01 <0.001 0.05 0.01 <0.001 0.06 0.01 <0.001 
Distance: Impacted    − 0.01 0.01 0.104       

Observations 4031 4032 4032 4032 
R2 / adjusted R2 0.019 / 0.019 0.021 / 0.020 0.017 / 0.017 0.020 / 0.019  
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Table A1 
Categorisation of sampling sites into impact categories according to the type of pressures affecting the area (pressures are marked with x).   

Type of 
pressures 

Non-point pollution 
pressures 

Point pollution sources Industry Port Fisheries 

Geographic area Sampling 
station 

Impact 
category* 

Partial 
pressures 

Diffuse 
agricultural 
inputs 

Freshwater 
inputs 

Domestic 
discharges 

Domestic, 
industrial and 
agricultural 
discharges 

Industrial 
discharges 

Industrial 
area 

Water 
extraction 

Power 
generation 

Port 
activity 

Navigation Dredging Aquaculture Fisheries 

Northern Adriatic Sea 000F 0               
00CZ 2  x x  x          
00MA 1   x          x  
000 K 3   x  x  x   x x    
0DB2 3  x   x  x      x  

Central Eastern Adriatic 
Sea 

ST101 2  x x  x  x        
ST103 3   x  x x x   x     

Southern Eastern Adriatic 
Sea 

PL105 0  x x          x  
FPO5 0  x x          x  

Mediterranean Aegean 
Levantine_Central 
Aegean 

S1 3   x x x x x   x x   x 
S7 2    x  x x   x x   x 
S11 0           x   x 
DSS1 3    x        x   
DSS2 3    x       x x   
DSS3 2    x           
DSS4 1    x       x    
DSS5 1    x       x    

Mediterranean Aegean 
Levantine_North 
Aegean 

KR9 3  x x x x x        x 
KR10 3  x x          x x 
KR11 0  x            x 
KR12 1  x            x 
KR13 2  x           x x 

Southern Adriatic 
SeaSouthern Adriatic 
SeaSouthern Adriatic 
SeaSouthern Adriatic 
Sea 

MC_TR01 0               
MC_FF01 1  x x            
MC_FS01 1  x x            
MC_CA01 1  x x       x     
MC_FV01 1  x x x           
MC_PE01 1  x  x           
MC_VI01 2    x       x    
MC_MI01 2           x  x  
MC_MT01 2    x           
MC_MN01 2  x  x           
MC_FC01 3  x x x   x        
MC_CR01 2  x x x           
MC_AL01 1  x x            
MC_CM01 1  x x            
MC_FO01 2  x x x           
MC_BI01 1    x       x    
MC_ML01 1    x           
MC_BB01 2  x  x   x        
MC_BA01 1  x  x           
MC_MA01 1  x  x           
MC_MO01 1    x       x    
MC_FR01 1  x             
MC_VL01 1  x  x           
MC_TG01 0  x             
MC_PP01 0  x             

(continued on next page) 
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Table A1 (continued )  

Type of 
pressures 

Non-point pollution 
pressures 

Point pollution sources Industry Port Fisheries 

Geographic area Sampling 
station 

Impact 
category* 

Partial 
pressures 

Diffuse 
agricultural 
inputs 

Freshwater 
inputs 

Domestic 
discharges 

Domestic, 
industrial and 
agricultural 
discharges 

Industrial 
discharges 

Industrial 
area 

Water 
extraction 

Power 
generation 

Port 
activity 

Navigation Dredging Aquaculture Fisheries 

MC_CB01 3      x x  x      
MC_CC01 2  x  x           
MC_SC01 1  x  x           
MC_CE01 0               
MC_FA01 1  x x            
MC_TC01 1    x           
323_PUG 0               
324_PUG 0               
322_PUG 0               
321_PUG 1    x       x    
613_PUG 0               
614_PUG 0               
612_PUG 0               
611_PUG 3      x x  x      
623_PUG 0               
624_PUG 0               
622_PUG 0               
621_PUG 0               
223_PUG 0               
224_PUG 0               
222_PUG 0               
221_PUG 3  x x            
113_PUG 0               
114_PUG 0               
112_PUG 0               
111_PUG 1   x            
313_PUG 0               
314_PUG 0               
312_PUG 0               
311_PUG 2  x x x           
513_PUG 0               
514_PUG 0               
512_PUG 0               
511_PUG 1  x             
423_PUG 0               
424_PUG 0               
422_PUG 0               
421_PUG 1  x  x           
413_PUG 0               
414_PUG 0               
412_PUG 0               
411_PUG 1    x           
123_PUG 0               
124_PUG 0               
122_PUG 0               
121_PUG 1    x           
523_PUG 0               
524_PUG 0               
522_PUG 0               
521_PUG 0  x             
713_PUG 0               

(continued on next page) 
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Table A1 (continued )  

Type of 
pressures 

Non-point pollution 
pressures 

Point pollution sources Industry Port Fisheries 

Geographic area Sampling 
station 

Impact 
category* 

Partial 
pressures 

Diffuse 
agricultural 
inputs 

Freshwater 
inputs 

Domestic 
discharges 

Domestic, 
industrial and 
agricultural 
discharges 

Industrial 
discharges 

Industrial 
area 

Water 
extraction 

Power 
generation 

Port 
activity 

Navigation Dredging Aquaculture Fisheries 

714_PUG 0               
712_PUG 0               
711_PUG 1    x           
213_PUG 0               
214_PUG 0               
212_PUG 0               
211_PUG 2    x           

Ionian seaIonian sea MC_PR01 1  x             
MC_UG01 1  x             
MC_SM01 1  x             
MC_PC01 1    x           
MC_CP01 1  x  x           
MC_LS01 1  x  x           
MC_SV01 1  x  x           
MC_PN01 0               
MC_FP01 2  x x            
MC_FL01 2  x  x           
MC_GI01 2  x  x           
823_PUG 0               
824_PUG 0               
822_PUG 0               
821_PUG 1  x  x           
923_PUG 0               
924_PUG 0               
922_PUG 0               
921_PUG 2  x  x           
813_PUG 0               
814_PUG 0               
812_PUG 0               
811_PUG 1    x           
913_PUG 0               
914_PUG 0               
912_PUG 0               
911_PUG 0  x  x           
723_PUG 0               
724_PUG 0               
722_PUG 0               
721_PUG 1  x             

**Impact category: reference − 0, low − 1, moderate − 2, severe – 3. 
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Table A2 
Summary of the linear model describing the variation of diversity indices over months and the two levels of impact (see Fig. 4). Highly significant terms are marked in 
bold. Non-significant variables or interaction terms have been removed by the technique of stepwise regression.   

Taxonomic Richness Shannon’s Diversity Simpson’s Diversity Margalef’s Diversity 

Predictors estimates std. error p estimates std. error p estimates std. error p estimates std. error p 

(Intercept) 19.28 0.49 <0.001 1.57 0.03 <0.001 0.63 0.01 <0.001 1.54 0.04 <0.001 
month2 1.39 0.68 0.040 − 0.05 0.05 0.307 − 0.02 0.02 0.251 0.09 0.05 0.097 
month3 1.01 0.66 0.127 − 0.02 0.05 0.721 − 0.02 0.02 0.216 0.11 0.05 0.039 
month4 0.81 0.63 0.204 0.03 0.04 0.434 0.02 0.01 0.272 0.08 0.05 0.135 
month5 − 0.20 0.66 0.762 0.03 0.05 0.499 0.03 0.02 0.052 − 0.03 0.05 0.573 
month6 0.55 0.66 0.407 − 0.01 0.05 0.774 0.002 0.02 0.906 0.03 0.05 0.511 
month7 3.87 0.68 <0.001 0.08 0.05 0.096 0.04 0.02 0.012 0.26 0.05 <0.001 
month8 1.28 0.67 0.058 − 0.04 0.05 0.382 − 0.03 0.02 0.078 0.09 0.05 0.086 
month9 4.45 0.68 <0.001 0.33 0.05 <0.001 0.09 0.02 <0.001 0.39 0.05 <0.001 
month10 5.51 0.65 <0.001 0.22 0.05 <0.001 0.06 0.01 <0.001 0.43 0.05 <0.001 
month11 4.35 0.71 <0.001 0.01 0.05 0.850 − 0.01 0.02 0.470 0.28 0.06 <0.001 
month12 2.97 0.65 <0.001 0.13 0.05 0.004 0.04 0.01 0.015 0.23 0.05 <0.001 
Impacted − 1.36 0.31 <0.001 − 0.17 0.02 <0.001 − 0.05 0.01 <0.001 − 0.20 0.02 <0.001 

Observations 4032 4032 4032 4032 
R2 / adjusted R2 0.051 / 0.048 0.048 / 0.045 0.042 / 0.039 0.059 / 0.056  

Pielou’s Evenness Sheldon’s Evenness Berger-Parker’s Dominance McNaughton’s Dominance 
Predictors estimates std. error p estimates std. error p estimates std. error p estimates std. error  p 

(Intercept) 0.55 0.01 <0.001 0.33 0.01 <0.001 0.52 0.01 <0.001 0.68 0.01 <0.001 
month2 − 0.02 0.02 0.109 − 0.02 0.02 0.277 0.01 0.02 0.693 0.01 0.02 0.475 
month3 − 0.02 0.01 0.206 − 0.02 0.01 0.135 0.02 0.02 0.254 0.0001 0.01 0.982 
month4 0.004 0.01 0.771 − 0.01 0.01 0.544 − 0.01 0.02 0.340 − 0.01 0.01 0.393 
month5 0.02 0.01 0.297 0.01 0.01 0.577 − 0.03 0.02 0.034 − 0.004 0.01 0.788 
month6 − 0.01 0.01 0.508 − 0.02 0.01 0.233 0.001 0.02 0.971 0.005 0.01 0.739 
month7 − 0.00 0.02 0.820 − 0.04 0.02 0.015 − 0.04 0.02 0.011 − 0.01 0.02 0.624 
month8 − 0.02 0.02 0.139 − 0.03 0.02 0.049 0.03 0.02 0.033 0.02 0.02 0.299 
month9 0.08 0.02 <0.001 0.04 0.02 0.007 − 0.09 0.02 <0.001 − 0.09 0.02 <0.001 
month10 0.03 0.01 0.025 − 0.01 0.01 0.537 − 0.06 0.02 <0.001 − 0.05 0.01 0.002 
month11 − 0.03 0.02 0.085 − 0.05 0.02 0.002 0.02 0.02 0.169 0.01 0.02 0.634 
month12 0.03 0.01 0.079 0.004 0.01 0.760 − 0.03 0.02 0.074 − 0.03 0.01 0.025 
Impacted − 0.06 0.01 <0.001 − 0.06 0.01 <0.001 0.06 0.01 <0.001 0.06 0.01 <0.001 

Observations 4031 4032 4032 4032 
R2 / adjusted R2 0.039 / 0.036 0.032 / 0.029 0.042 / 0.039 0.040 / 0.037  
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Marasović, I., Prelesnik, H., 2015. Long term regulating mechanisms of 
phytoplankton biomass in a traditional shellfish aquaculture area. Fresen. Environ. 
Bull. 24 (9), 3001–3013. 

Solidoro, C., Bastianini, M., Bandelj, V., Codermatz, R., Cossarini, G., Melaku Canu, D., 
Ravagnan, E., Salon, S., Trevisani, S., 2009. Current state, scales of variability and 
decadal trends of biogeochemical properties in the Northern Adriatic Sea. 
J. Geophys. Res. 114, C07S91. https://doi.org/10.1029/2008JC004838. 

Spatharis, S., Roelke, D.L., Dimitrakopoulos, P.G., Kokkoris, G.D., 2011. Analyzing the 
(mis)behavior of Shannon index in eutrophication studies using field and simulated 
phytoplankton assemblages. Ecol. Ind. 11 (2), 697–703. https://doi.org/10.1016/j. 
ecolind.2010.09.009. 

Stanca, E., Cellamare, M., Basset, A., 2013. Geometric shape as a trait to study 
phytoplankton distributions in aquatic ecosystems. Hydrobiologia 701 (1), 99–116. 
https://doi.org/10.1007/s10750-012-1262-2. 

Teixeira, H., Berg, T., Fürhaupter, K., Uusitalo, L., Papadopoulou, N., Bizsel, K.C., 
Cochrane, S., Churilova, T., Heiskanen, A.-S., Uyarra, M.C., Zampoukas, N., Borja, 
A., Akcali, B., Andersen, J.H., Bauchard, O., Berzano, M., Bizsel, N., Bucas, M., 
Camp, J., Carvalho, S., Flo, E., Garcés, E., Herman, P., Katsanevakis, S., Kavcioglu, 
R., Krause-Jensen, D., Kryvenko, O., Lynam, C., Mazik, K., Moncheva, S., Neville, S., 
Ozaydinli, M., Pantazi, M., Patricio, J., Piroddi, C., Queirós, A.M., Ramsvatn, S., 
Rodriguez, J.G., Rodriguez-Ezpeleta, N., Smith, C., Stefanova, K., Tempera, F., 
Vassilopoulou, V., Verissimo, H., Yilmaz, E.C., Zaiko, A., Zenetos, A., 2014. Existing 
biodiversity, non-indigenous species, food-web and seafloor integrity Gens 
indicators. Deliverable 3.1, Devotes EU project, p. 198. 

Teixeira, H., Berg, T., Uusitalo, L., Fürhaupter, K., Heiskanen, A.-S., Mazik, K., Lynam, C. 
P., Neville, S., Rodriguez, J.G., Papadopoulou, N., Moncheva, S., Churilova, T., 
Kryvenko, O., Krause-Jensen, D., Zaiko, A., Veríssimo, H., Pantazi, M., Carvalho, S., 
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Viličić, D., Jasprica, N., Carić, M., Burić, Z., 1998. Taxonomic composition and seasonal 
distribution of microphytoplankton in Mali Ston Bay (eastern Adriatic). Acta Bot. 
Croat. 57, 29–48. 

Vukadin, I., 1981. Hydrographic properties of Mali Ston Bay and the adjacent Sea. In: 
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