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Abstract

Biotic indices are considered key assessment tools in most national and European policies aimed at improving the quality of
coastal waters. At present, several Water Framework Directive (WFD)-compliant biotic indices based on the marine angiosperm
Posidonia oceanica have been developed and applied in the Mediterranean Sea. In this study, we investigated the effectiveness of
four different P. oceanica indices (POMI, PREI, Valencian CS, and BiPo) in evaluating the ecological status of coastal waters in a
case study area of Greece. The evaluation, comparison, and validation of the Ecological Status Class (ESC) assessments obtained
by each index were based on a set of eight common sites that encompasses the maximum range of environmental quality in the
study area. Four sampling sites separated by tens of km were chosen in each of the two water bodies (WBs) studied. The spatial
variations of the features of P. oceanica meadows were examined according to a hierarchical sampling design across four spatial
scales, ranging from metres to tens of km, using independent nested analysis of variance. Except for the BiPo index, the reference
values for each metric/index were defined by the dataset available for the study area. All biotic indices classified the WBs of the
study area in Good ESC category. Only three of the four indices (PREI, Valencian CS, and BiPo) showed high comparability in
the assessment of ESC at study site level. It is assumed that the differences found in the remaining index (POMI) are due to the
different type of metrics taken into consideration and the different weighting given to them. Our findings suggest that all indices
can provide an overall view of the cumulative impact of multiple environmental stressors existing in the study area, and can thus

help raise awareness of ecosystem degradation.
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Introduction

The implementation of the European Water Frame-
work Directive (WFD 2000/60/EC) has been a key driver
for increasing research effort focused on the development
of several biological or ecological indicators (Marba et
al., 2012).

Seagrasses (i.e. marine angiosperms) are increasingly
being used as ecological indicators for the assessment of
overall environmental health status (Pergent et al., 1995;
Short and Wyllie-Echeverria, 1996; Hemminga & Du-
arte, 2000), due to their wide spatial distribution, essen-
tial ecological role, and high sensitivity to anthropogenic
disturbances. The indicator value of seagrasses has been
clearly outlined in the WFD, thus being included among
the four Biological Quality Elements (BQEs) that need to
be monitored for the ecological classification of coastal
waters (EC, 2000). In fact, the use of BQEs along with
detailed knowledge of anthropogenic pressures and their
impact on the coastal marine environment is fully rec-
ommended by the WFD. The DPSIR (Driver, Pressure,
State, Impact, Response) approach (IMPRESS, 2002) is
the main framework used for determining pressures, im-
pacts and responses under the WFD and is considered to
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provide an overall mechanism for analysing environmen-
tal problems (Borja et al., 2006).

The implementation of the WFD has led to the devel-
opment of several biotic indices aiming to assess the re-
sponse of marine communities to anthropogenic impacts
(Marba et al., 2012). The efficiency of biotic indices as
classification and monitoring tools is mainly determined
by their ability to identify the ecological quality objec-
tives to be achieved and their ability to provide guidance
to policy-makers and managers in planning adequate in-
tervention policies to restore water quality (Bacci et al.,
2013).

Posidonia oceanica (L.) Delile is the most common
and abundant seagrass in the Mediterranean Sea, forming
extensive meadows and playing a key ecological, geo-
logical and economic role (Boudouresque et al., 2012).
Due to its high sensitivity to environmental degradation
and its responses to specific human-induced disturbances,
P. oceanica is widely considered as an effective ecologi-
cal indicator (Pergent et al., 1995; Ruiz & Romero 2001;
Martinez-Crego et al., 2008; Boudouresque et al., 2012).
Indeed, the indicator value of P. oceanica has been high-
lighted through intercalibration exercises performed by
the Mediterranean Geographical Intercalibration Group
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(MedGIG), where the species was selected as BQE rep-
resentative of Mediterranean marine angiosperms for
monitoring the ecological status of coastal waters (Med-
GIG, 2007). Several biotic indices have been proposed
to assess the ecological quality of coastal waters using
P. oceanica (POMI: Romero et al., 2007; Valencian CS:
Fernandez-Torquemada et al., 2008; PREI: Gobert et al.,
2009; BiPo: Lopez y Royo et al., 2010). Most of P. oce-
anica biotic indices are WFD-compliant, i.e. they meet
a set of required criteria, including: (i) the expression
of ecological status, called the Ecological Quality Ratio
(EQR), as a numerical value between 0 and 1, (ii) the
existence of a significant relationship between EQR and
anthropogenic pressures, and (iii) the use of a common
scale of five ecological status classes: High, Good, Mod-
erate, Poor and Bad.

P. oceanica biotic indices has been used successfully
mainly in the Western Mediterranean and the Adriatic
Sea (central Mediterranean Sea) (Nicolic et al., 2009;
Lopez y Royo et al., 2011; Mascar6 et al., 2012; Costan-
tino et al., 2015). In Greece, P. oceanica is the dominant
seagrass species with a wide distribution along the coast-
lines of the Ionian and Aegean Seas (Telesca et al., 2015).
Indeed, P. oceanica meadows can be found from the very
remote and pristine areas up to the most urbanized areas
with significant human pressure. However, none of the
proposed biotic indices has ever been applied in Greek
seas or the wider area of the Eastern Mediterranean Sea.

In this context, the aim of this study was to evalu-
ate the efficiency of P. oceanica biotic indices as clas-
sification and monitoring tools in a case study area in the

Eastern Mediterranean Sea (Saronikos Gulf, Aegean Sea,
Greece). To this end, the main objectives of our study
include: (i) the application and comparison of four bi-
otic indices (POMI, PREI, Valencian CS, and BiPo), (ii)
the validation of the obtained results by correlating ESCs
and anthropogenic pressures, and (iii) an overall evalua-
tion of the performance of biotic indices and their useful-
ness as monitoring tools.

Materials and Methods

Study area

The Saronikos Gulf is a semi-enclosed embayment
on the western coastline of the Aegean Sea in the Eastern
Mediterranean (Fig. 1). The Gulf is characterised by sea
surface temperatures (13-26 °C) and salinities (38-39 %o)
that are typical of the Eastern Mediterranean basin (Kon-
toyiannis et al., 2005). The Gulf region exhibits very
low rainfall rates throughout the year while the prevail-
ing winds blow predominantly from the north (HNMS,
1999). Around the Gulf, there are ten river basins with
one main river system (Kifissos River). However, these
river basins have limited runoff to the coastal areas.

The main human activities that are considered to have
major impacts on the marine environment of the study
area include national and international shipping (the port
of Piraeus is the third largest port in the Mediterranean
in terms of container traffic), urbanization and extensive
modification of the coastline (Athens metropolitan area:
ca. 4 million inhabitants), industrial discharges, increas-
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Fig. 1: Geographic location of the eight sampling sites along the coasts of Saronikos Gulf. The main river basins, main rivers and

streams, and water bodies are also included on the map.
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ing recreational and fishing activities, and urban sew-
age discharges (Psittalia’s Waste Water Treatment Plant
- WWTP).

Sewage discharge from Psittalia’s WWTP outfall, in
particular, is considered as the main source of stress ex-
erted on the marine ecosystem of the Gulf, and the effects
have been monitored regularly for more than two dec-
ades (Siokou ef al., 1999; Simboura et al., 1995; 2005).
Integrative studies on different aspects of the marine
environment (benthic communities, macroalgae, chemi-
cal compounds) indicate the presence of a clear environ-
mental gradient along the coasts of the Saronikos Gulf
(Simboura et al., 2005; 2014; Tsiamis et al., 2013). More
specifically, earlier studies on the Ecological Quality
Status (EQS) of the Saronikos Gulf indicated that water
quality —especially in the inner part of the Gulf— presents
a clear gradient from Poor to Good status, depending on
the distance from Psittalia’s WWTP outfall (Simboura et
al., 2005; 2014; Tsiamis et al., 2013).

Under the WFD monitoring plan, four distinct coast-
al water bodies (WB) have been designated in the study
area: “Inner (Central) Saronikos Gulf”, and “Inner (Cen-
tral) Saronikos-Psittalia” as operational WB, i.e. WBs
identified as being at risk of failing to meet their envi-
ronmental objectives, and “Western Saronikos Gulf”, and
“Outer Saronikos Gulf” as surveillance WB, i.e. WBs as-
sessed for the likelihood of failing to meet their environ-
mental objectives (Fig. 1) (HCMR, 2008). Definition of
the boundaries of each WB was based on hydrological
and geomorphological features (Coachman et al., 1976),
as well as on the distribution of anthropogenic pressures
along the coastal zone of the study area (HCMR, 2008).

Table 1. The different metrics used by each biotic index.

However, the division of each WB was carried out irre-
spective of the extent or ecological status of P. oceanica
meadows within the study area.

P. oceanica meadows are absent in two of the four
WBs (“Western Saronikos Gulf” and “Inner (Central) Sa-
ronikos-Psittalia”) (Panayotidis & Simboura, 1989; au-
thors’ personal observations). Therefore, the assessment
of ESC was conducted only in the other two WBs (“Inner
(Central) Saronikos Gulf” and “Outer Saronikos Gulf”).
In the inner Saronikos Gulf, P. oceanica meadows colo-
nize mostly sandy bottom with mild slopes, whereas, in
the outer Saronikos Gulf, meadows extend both on sandy
and rocky bottoms with moderate to high slopes.

Posidonia oceanica biotic indices applied

Four biotic indices (POMI, PREI, Valencian CS and
BiPo) were applied. Three of them (POMI, PREI, and
Valencian CS) have been successfully intercalibrated
through MedGIG (Mediterranean Geographical Inter-
calibration Group) exercises (MedGIG, 2011). The biotic
indices differed in two aspects: (i) the different set of
metrics used (Table 1) and (ii) how the different metrics
were aggregated or combined to produce values on the
Ecological Quality Ratio (EQR) 0 - 1 scale (Table 2).

For the application of each index, a specific dataset
of various metrics is required (Table 1). The individual
metrics selected for each index were gathered from sev-
eral levels of biological organization, ranging from bio-
chemical to community level and thus, encompassing
different time responses to stress and different specificity
to stressors (Romero et al., 2016). All indices incorporate

Biotic Level Metric

POMI Valencian CS PREI BiPo

Herbivore pressure (%)
Epiphytic biomass (mg/cm?)
Epiphytic/Leave Biomass (E/L)
N content in epiphytes (% dw)

Community

+
+

Type of lower limit

Depth lower limit (m)
Meadow cover (%)

Dead matte cover (%)
Shoot density (shoots/m?)
Plagiotropic rhizomes (%)

Population

Rhizome baring/burial (cm)
Shoot leaf surface (cm*shoot)
Shoot length (mm/shoot)

Leaf necrosis (% leaves/shoot)

Individual

+
+ |+ + + +

+

N content in thizomes (% dw)
P content in rhizomes (% dw)
Total n-s carbohydrates (% dw)
Physiological - 8N ratio in rhizomes (%o)
Biochemical 8%*S ratio in rhizomes (%o)
Cu content in rhizomes (pg/g)
Pb content in rhizomes (ug/g)

Zn content in rhizomes (ug/g)

+ o+ + o+ o+ |+
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Table 2. Class boundaries and colour code for the different
levels of ecological status.

EQR ESC Colour Code
1-0.075 High
0.774 - 0.550 Good
0.549 - 0.325 Moderate Yellow
0.324 - 0.100 Poor Orange
<(0.100 Bad

metrics from individual, population and community lev-
els while POMI also embodies metrics from biochemical
and physiological levels (Table 1).

Concerning the integration or combination of metrics
into a single index, two different approaches (classification
methods) have been used. The BiPo and PREI indices are
multimetric and thus the integration of their metrics into a
single index is based on averaging the scores of the chosen
individual metrics (Gobert et al., 2009; Lopez y Royo et
al., 2010), while POMI and Valencian CS are considered
as multivariate indices, since multivariate analysis meth-
ods (e.g. Principal Component Analysis-PCA) are used
for the aggregation of the metrics (Romero et al., 2007;
Fernandez-Torquemada ef al., 2008).

Regarding the POMI index, the isotopic ratio in rhi-
zomes 6**S was not included in the current evaluation
due to technical and logistic constraints. Still, according
to Bennett et al. (2011), the classification precision of
POMI is resilient enough in a reduced version as long as
the different levels of organization are still represented.
Reduced versions of POMI (POMI 9 and POMI 5) have

Table 3. Reference values for each metric in the Saronikos Gulf.

been previously applied and revealed consistent results
compared to those of the initial POMI version (POMI 14)
(Bennett et al., 2011; Mascar6 et al., 2012).

Reference conditions

Since all indices were initially developed in the West-
ern Mediterranean basin, Reference Condition (RC) values
have been modified from their original values and were
defined by the available dataset in the spatial extent of the
case study area. With an exception in the case of BiPo in-
dex whose RC values have already been determined for
the whole Mediterranean Sea based, on a western Mediter-
ranean dataset, the setting of RC values for the remaining
indices (POMI, Valencian CS, and PREI) was based on the
formation of a “virtual” site, serving as a reference site. In
each case, this hypothetical site was constructed based on
the best values observed for each of the metrics, under the
assumption that this “virtual” site has ecologically ideal
conditions in relation to each of the metrics (Romero et
al., 2007; Fernandez-Torquemada et al., 2008; MedGIG,
2011). In all cases, the optimum (i.e. reference) value of
each metric for the “virtual” reference site (i.e. “best” site)
was derived as follows: the three best values recorded for
each metric were chosen when all sites were included,
and the highest value excluded; the final reference value
was calculated as the mean of the remaining two values.
A “worst” site was also calculated for the POMI and Va-
lencian CS indices, following the same procedure and us-
ing the worst values for each metric. The reference values
used for each biotic index are summarized in Table 3.

Metrics Reference values “worst
POMI Valencian CS PREI BiPo values”

Depth lower limit (m) - - 30" 38 14
Meadow cover (%) 100 100 - - 25
Dead matte cover (%) - 0 - - 27.5
Shoot density (shoots/m?) 615 615 615" 599 50
Plagiotropic rhizomes (%) 0 0 - - 77.5
Rhizome baring/burial (cm) - 10 - - -2
Shoot leaf surface (cm*/shoot) 442 442 442" - 91
Shoot length (mm/shoot) - - - 978 358
Leaf necrosis (% leaves/shoot) 33 33 - - 100
Herbivore pressure (%) - 0 - - 50
Epiphytic biomass (mg/cm?) - 0 - - 1.57
Epiphytic/Leave Biomass (E/L) - - 0" - 0.43
N content in rhizomes (% dw) 0 - - - 2.2
P content in rhizomes (% dw) 0 - - - 0.2
Total n-s carbohydrates (% dw) 44 - - - 2
8"5N ratio in rhizomes (%) 2 - - - 7.3
N content in epiphytes (% dw) 0 - - - 1.9
Cu content in rhizomes (ug/g) 0 - - - 20
Pb content in rhizomes (ng/g) 0 - - - 5
Zn content in rhizomes (pg/g) 0 - - - 151

* RC values used in PACA region (France) by Gobert et al. (2009) were: Depth lower limit (m)=34; Shoot density (shoots/m?) = 675; Shoot leaf

surface (cm?shoot) = 465; E/L=0

+ RC values used in Italy by Bacci et al. (2013) were: Depth lower limit (m)=38; Shoot density (shoots/m?) = 599; Shoot leaf surface (cm?/shoot) =310; E/L=0
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Sampling design and data acquisition

Eight sampling sites were chosen encompassing the
maximum range of environmental quality in the study
area. Four sites (Floisvos, Voula, Vouliagmeni, Aigina)
located in the inner Saronikos Gulf and four sites (Lago-
nissi, Anavyssos, Patroklos, Poros) in the outer Saronikos
Gulf (Fig. 1). The study was conducted in August 2013,
thus avoiding the possible masking effects of seasonal
variability (Alcoverro et al., 1995; Vizzini et al., 2003).

The data required for the application of the indices was
collected using a sampling protocol resulting from the com-
bination of sampling methods used for the four indices.

To take into account the spatial variability existing
in the different P. oceanica metrics (Balestri et al., 2003;
Gobert et al., 2003), a hierarchical sampling design was
selected. This design focused on variability among mead-
ows on four spatial scales, ranging from meters to tens of
kilometres. Four sites separated by tens of km were cho-
sen in each water body (WB). At each site, two 300m?
zones, 25m apart, were randomly selected, while in each
zone three linear 10m transects were randomly selected
for the measurements of meadow cover and dead matte
cover. In each zone, ten 20x20cm quadrats, separated by
at least 1m, were randomly chosen for the measurements
of shoot density, plagiotropic rhizomes, and rhizome bar-
ing (Fig. 2). In each quadrat, one orthotropic shoot of P
oceanica was randomly measured for its shoot length and
rhizome baring and then taken as a sample.

To partially minimize spatial variability that may ex-
ist among the different meadows on the larger scale (tens
of km), factors such as wave exposure, substrate type, and
slope of the seabed were taken into account for the selec-
tion of sampling sites (meadows) (Balestri et al., 2003).
Specifically, all sampling sites were selected in meadows
growing on sandy substrate with low or medium bottom
slopes and under the same wave exposure regime.

At each study site, data collection and sampling were
performed by SCUBA diving at two depths: the interme-
diate depth of 15m (MedGIG, 2007) and the lower limit
of each meadow. The methods used to obtain the data for
the application of all the metrics studied are summarized
in Table 1 of the Appendix. Further details on laboratory
analyses can be found in the respective references.

Assessment of Ecological Status Classes

The ESC for each sampling site was determined by
each of the four indices. For all indices, ecological status
was classified into one of five ESCs from “High” to “Bad”,
set within the EQR scale (Table 2) (MedGIG, 2007). The
overall status of each WB was determined by averaging
the EQR values of the respective four sampling sites.

Assessment of spatial variability of P. oceanica metrics

The total variance and variance components associ-
ated with each spatial factor were estimated using nested
analyses of variance (ANOVA) on untransformed data
with quadrats nested within zones, zones nested within
sites and sites nested within WB. All spatial factors were
treated as random. The homogeneity of variance was
tested by Levene’s test. When the test was significant (p
< 0.05), a more stringent criterion of 0=0.01 was applied
to avoid Type I errors (Underwood, 1997).

Assessment of anthropogenic pressures

The anthropogenic pressures were evaluated at each
of the studied sites using two simple, time and cost-ef-
fective methods, which cumulatively consider all the po-
tential sources of impact: the satellite image method of
Lopez y Royo et al. (2009) and the Land Uses Simplified
Index (LUSI) (Flo et al.,, 2011). Both methods provide
a qualitative visual assessment of human-induced pres-
sures through the analysis of satellite images (Google

25m

Fig. 2: Sampling design to test the spatial variability within each sampling site. Two circular zones (A, B) of ca. 300 m? were
marked 25m apart. Shoot density was measured in 10 random quadrats of 20x20 cm in each zone. Meadow cover was estimated
along 3 linear 10m transects (T1, T2, T3) in each zone. One orthotropic shoot was randomly sampled from each quadrat. The green

polygon is a part of a hypothetical meadow.
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Earth, 2013) or land use map data (e.g. CORINE Land
Cover 2000 database). The main types of pressure that
have been taken into consideration in the method of
Lopez y Royo et al. (2009) were: land use, industrial ac-
tivity, river discharges, port activities and artificial struc-
tures. Regarding the application of the LUSI index, we
selected the LUSIsg version that takes into consideration
indirect (land-based: urban, commercial and industrial,
agriculture) and direct (sea-based: mariculture, sewage
outfall, harbour) anthropogenic pressures within a 3 km
radius (MedGIG, 2011).

Biotic indices comparability

The results obtained by each index were compared
pairwise both qualitatively and quantitatively. The qualita-
tive comparison was performed using the absolute aver-
age class difference (AACD), an indicator recommended
by the WFD-GIG (EC, 2011). The criterion proposed to
define sufficient comparability between classification sys-
tems is that of less than a half class (0.5) difference (EC,
2011). The quantitative comparison was carried out using
non-parametric Spearman’s rank correlation analysis be-
tween the EQR values obtained by each method. The abil-
ity of each biotic index to reflect human-induced pressures
was also demonstrated using Spearman’s rank correlation
analysis. Correlation analyses were conducted using sam-
pling sites as replicates. All statistical analyses were per-
formed using IBM SPSS Statistics 20 (IBM Corp., 2011).

Results

Evaluation of Ecological Status Class

Three of the four indices, specifically PREI, Valen-
cian CS and BiPo, classified seven sites as Good ESC
and one as Moderate (Tables 4, 5, 6). In the case of the
POMI index, five sites were classified as Good ESC and
three as Moderate (Table 7).

The ESC of the “Inner (Central) Saronikos” and
“Outer Saronikos” WBs was Good according to all the
applied indices (Tables 4-7).

Evaluation of spatial variability components

Fifteen out of 21 metrics studied showed statistically
significant differences of their mean values for at least
one of the spatial scales investigated, with most differ-
ences observed at site scale (Table 2, Appendix). Compo-
nents of variation calculated on each of the spatial scales
indicate that the spatial scales <10m (among quadrats
within-zones) and the scale at 10km (among meadows
within-WB) were the most important in explaining to-
tal variances (11-77%, mean value=28.2% and 12-85%,
mean value=52% of total variance, respectively) (Fig. 1,
in the Appendix). The tens of m scale (i.e. among zones
within-meadow), on the other hand, was the least impor-
tant source of variation for all metrics examined (<25%
of total variance, mean value= 7.5%).
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Table 4. Evaluation of sites and water bodies using the PREI index. Reported values are means + standard errors. Maximum values are in bold; minimum values are in italic. N score

estimated for each metric at each site using the corresponding equations (Table 3, Appendix).

PREI

Sites / Water Body

Outer Saronikos Gulf

Inner - Central Saronikos Gulf

Vouliagmeni Aigina Lagonissi Anavyssos Patroklos Poros

Voula

Floisvos

N score Mean value N score

N score Mean value N score Mean value Nscore Mean value

Mean value

Mean value N score Mean value N score

N score

Mean value
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Table 7. Evaluation of sites and water bodies using the POMI index. Reported values are means + standard errors. Maximum values are in bold; Minimum values are in italic. Scores on

the first axis (PC 1) of the PCA (not shown).

168

Sites / Water Body

POMI 13

Outer Saronikos Gulf

Inner - Central Saronikos Gulf

Voula

Poros

Patroklos
1000 = 0.00

357.0

Anavyssos
80.0 = 2.04

318.8

Lagonissi

75.0
275.0

Aigina

Vouliagmeni

81
317.2

Floisvos

58.8
231.3

Metrics

1.04

97.5
406.3

2.04

+

+ 0.00

100.0
318.8

3.15

+ 239

3

76
281.3

591

+

Meadow cover (%)

42.21
+ 270

+

33.07

+

16.81

+

27.14
+ 4.77

+

28.39

+

21.50
3.85

+

30.79
5.86

+

31.46

+

Shoot density (shoots/m?)

223
180.8

202 + 270

207.5

14.7 + 477
3186 + 929

69

28.3
199.1

3.19

16.3
221.5

28.5
145.7

22
264.7

383 + 5.74

321.0 +

Plagiotropic rhizomes (%)

11.18

3.49

0.20
+ 0.01

+

7.50

+

9.29
291

+

14.00
4.09

+

13.75
2.98
0.12
0.01
0.27
0.39
0.05
0.56
0.30

+

10.02
3.78

+

15.55
5.17

Shoot leaf surface (cm*shoot)

746 =+

788 + 249

+ 2091
+ 0.08

1

67.1

+

78.4

+

619 =+ 65.5

746 =+

Leaf necrosis (% leaves/shoot)

+

1.89
0.07
44.5

0.14
0.02
0.92

1.52

1.08

0.08
0.01
1.29

0.20
0.00

1.90
0.27
6.84

1.35
0.08
35.7

+  0.22
0.02

1.50
0.11

+

0.92

1.60 + 033

0.10
30.1

124 £+ 0.06

0.08

N content in rhizomes (% dw)

0.09 =+

0.19 = 0.01

15.0 =+

0.10 =+

+ 0.0l

+ 0.0l

P content in rhizomes (% dw)

1.07
+ 038

194 +

1.29

20 + 022

53

42

1.11
1.02
0.00

+ 0.89
+ 037

1.75

252 =+
7.1

Total n-s carbohydrates (% dw)

3.1

27 £ 0.84

1.5
10.1

52 = 020
1.9 += 0.02

188 £ 085

2.8

0.60
0.00
1.40
0.80

+

5.4
0.6
13.6 =+

5.5

+ 044

8'5N ratio in rhizomes (%o)

09 =+ 0.00

164 =

0.16

+

0.0
9.8

04 = 001

12.5

Epiphyte N content (% dw)

1.40
0.60
5.60

0.99
0.12

14.3

6.6
2.5
146.5

+ 0.58
+ 0.86

[Cu] in rhizomes (pg/g)

+

3.6
67.6 =+

+

0.6
92.4

1.13
+ 477
0.997

4.0
91.8

2.6
75.3

3.0
66.0 =+

4.1
105.8

35

[Pb] in rhizomes (ng/g)

14.10

+

14.00

+
0.225

10.67

5.64

+
-0.252
0.581

8.55

67.0 =+

[Zn] in rhizomes (ug/g)

Score on PC 1
EQR_Site

-0.485

-0.753
0.619

-0.311
0.585

-0.003
0.562

Good

0.402
0.531
Moderate

0.599
Good

0.485

Moderate

0.544
Moderate

Good

Good

Good

Status_Site

EQR_WB

0.572

0.555

Status WB

Good

Good

* Score on PC 1 for “optimal” and “worst” site is -5.840 and 6.020, respectively.

Evaluation of anthropogenic pressures

The results of the evaluation of human
pressures at each study site are summarized
in Tables 8 and 9. Both methods produced the
same results and reached total agreement. The
results indicate that one site was classified as
subject to high pressures, five to moderate, and
two to low pressures. Therefore, six out of the
eight sites are subject to significant human-in-
duced pressures (high-moderate).

Spearman’s correlation coefficients re-
vealed that the ESCs estimated by all indices
were negatively correlated and thus, tended to
decrease with the evaluation of anthropogenic
pressures (Table 10). Specifically, two indices,
PREI and BiPo, presented significantly high
correlations with human pressures (Table 10).

Response of metrics to anthropogenic
pressures

Correlations between metrics and anthro-
pogenic pressures proved statistically signifi-
cant for most of the metrics (15 out of 21). In
particular, significantly high correlations were
primarily observed in metrics belonging to the
population and individual level, while most of
the metrics for the physiological and biochemi-
cal level (e.g. Cu, Pb, Zn, P and total n-s carbo-
hydrates in rhizomes) did not show significant
correlation (Table 11).

Comparability of biotic indices

The absolute average class difference
(AACD) results exhibit high comparability be-
tween the PREI, Valencian CS and BiPo indices
(100% agreement) (Fig. 3). Sufficient compa-
rability was also observed between these three
indices and POMI: all pairwise comparisons
showed an AACD <0.5 below the proposed
criterion (75% agreement) (Table 12).

Spearman’s correlation coefficients re-
vealed that EQR values resulting from the ap-
plication of each index were all positively cor-
related (Table 13). However, high significant
correlation occurred only for the EQR values
obtained by the application of the PREI, Valen-
cian CS and BiPo indices (p < 0.05) (Table 13).

Discussion

The seagrass P. oceanica, being sensitive
to environmental deterioration, has proven
to be a useful indicator for the assessment of
coastal ecosystems in the Mediterranean Sea.
The Posidonia oceanica biotic indices applied
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Table 8. Assessment of pressures for each type of pressure and overall evaluation for each site, using the method of Lopez y Royo
et al. (2009). For rivers, industries and ports the distances from the site in km (within an area of 15 km radius), “No” when absent
from the considered range. Agricult. Agricultural; Ind. Industrial; Com. Commercial; Recr. Recreational.

Sites Landuse (%) River Industry Ports (km) Artificial  Pressure  Pressure
Urban Agricult. Natural (km) (km) Ind. Com. Recr. Structures Score Evaluation

Floisvos 100 0 0 5 5 11 9 1 Yes 3 High

Voula 85 0 0 11 12 No No 2 Yes 2 Moderate
Vouliagmeni 44 7 48 No No No No 1 Yes 2 Moderate
Aigina 27 38 33 No No No No 1 Yes 2 Moderate
Lagonissi 85 0 6 No No No No 9 Yes 2 Moderate
Anavyssos 22 25 51 No No No  No 2 Yes 2 Moderate
Patroklos 12 20 68 No No No No 7 Yes 1 Low

Poros 8 48 42 No No No No 3 Yes 1 Low

Table 9. Assessment of pressures for each type of pressure and overall evaluation for each site, using the Land Uses Simplified
Index (LUSI). Pressures evaluated within an area of 3 km radius, “No” when absent from the considered range. Confinement:
refer to different types of coastline (correction numbers: Convex 0.75; Straight 1; Concave 1.25). Ind. Industrial; Artif. Artificial;

Com. Commercial,

Landuse (%) Sea-based
Sites Ind Aori Confine- Pressure Pressure
Urban - gri- Natu- Sewage Aqua- Freshwa- Com ment Score  Evaluation
Artif. cult. ral outfall cult. ter input port
Floisvos 88 12 0 0 Yes No Yes Yes Straight 7 High
Voula 66 34 0 0 No No No No Straight 3 Moderate
Voul.lag— 30 29 5 36 No No No No Concave 3.75
meni Moderate
Aigina 0 0 75 25 No No No No Straight 3 Moderate
Lagonissi 34 4 18 43 No No No No Straight 3 Moderate
Anavyssos 19 0 44 36 No No No No Straight 3 Moderate
Patroklos 0 0 17 83 No Yes No No Convex 1.5 Low
Poros 8 0 42 50 No No No No Convex 1.5 Low

Table 10. Spearman’s correlation coefficients (r) between the EQR values and pressures. LR: Lopez y Royo et al. (2009) method.

PREI BiPo Valencian CS POMI

Correlation Coef. -0.913 -0.913 -0.730 -0.391

LR * p-value (two tailed) 0.002 0.002 0.040 0.338
N 8 8 8 8

Correlation Coef. -0.932 -0.792 -0.702 -0.715

LUSI p-value (two tailed) 0.001 0.019 0.052 0.046
N 8 8 8 8

in this study allowed integration of relevant ecological
information into an overall expression of ecological in-
tegrity (Martinez-Crego et al., 2010).

Prior to the assessment of the ESC of the study area, the
magnitude of potential spatial variability existing in P. oce-
anica meadows was investigated. According to our results,
P, oceanica meadows exhibited a within-meadow heteroge-
neity that mainly exists on a smaller than 10m spatial scale.
In particular, the high variability that was observed among
quadrats within-zones (mean value=28.2%), along with the
low variability detected among zones (mean value=7.5%),
indicates that the recorded within-meadow heterogeneity
may be caused by patchiness on the smaller spatial scales
(Panayotidis et al., 1981; Balestri et al., 2003). According
to Bennett ef al. (2011), the above findings suggest that the
spatial replication design (more than one spatial scale and
multiple zones at each study site) that was employed in this
study can be considered adequate to capture within-meadow

Medit. Mar. Sci., 18/1, 2017, 161-178

heterogeneity. Thus, the estimates of the mean values of the
different metrics can be considered good enough to provide
an unbiased assessment of ESC at each site (Balestri ef al.,
2003; Romero et al., 2007).

Overall, our results on the ESC of the Saronikos Gulf
seem to be quite close to the general ecological quality gra-
dient that has been recorded along the coasts of the Gulf
in the context of previous integrative studies on different
aspects of the marine environment (Simboura et al., 2005;
2014; Tsiamis et al., 2013). Indeed, given that qualitative
agreement of all indices is high (75%) as regards ESC as-
sessment, they classified the study site located in the prox-
imity of Athens metropolitan area and within the impact
zone of the WWTP as Moderate ESC. In contrast, with the
exception of the POMI index whose ESC assessment was
partially differentiated, the remaining three indices (PREIL,
Valencian CS and BiPo) classified the sites located in the
outer part of the Gulf as Good ESC.
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Table 11. Spearman’s correlation coefficients (r) between metrics and anthropogenic pressures. LR: Lopez y Royo et al. (2009) method.
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Coupled with the total quali-
tative agreement (100%) of the
PREI, Valencian CS and BiPo indi-
ces, the significantly high correla-
tion (r >0.70) of their EQR values
with human pressures [as evaluated
following the two methods of Flo
et al. (2011) and Lopez y Royo
et al. (2009)] suggest that these
three indices respond sufficiently
to environmental impairment of
the study area, and thus present
adequate broad-scale applicability.
Nevertheless, the usefulness of the
applied indices for management
purposes is primarily determined
by a set of key properties such as
sensitivity to environmental altera-
tion, specificity to stressors, rel-
evance to ecological integrity and
early-detection capacity (Martinez-
Crego et al., 2010).

According to Roca et al
(2015), the properties mentioned
above are defined by the various
types of metrics that each index
takes into consideration. Since all
indices applied in this study are
based, at least, on the structural or
functional attributes of the individ-
ual, population or community level,
they all have the ability to provide
an integrative view of the ecologi-
cal integrity of the marine envi-
ronment (Martinez-Crego et al.,
2010). This fact is also enhanced
by the results of correlation analy-
sis, where the respective individual,
population and community metrics
showed the highest correlations
with human pressures. However, as
highlighted by Martinez-Haro et al.
(2015) among others, it is expected
that biotic indices whose metrics
refer only to the previously men-
tioned biotic levels —as in the case
of PREI, Valencian CS and BiPo—
lack specificity to stressors and ear-
ly-detection capacity. By contrast,
the POMI index also integrates bio-
chemical and physiological metrics
that potentially increase its sensitiv-
ity to stressors and early-detection
efficiency (Martinez-Crego et al.,
2010). Still, most of these metrics
(e.g. Cu, Pb, Zn, P concentration
and total ns carbohydrates in rhi-
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Table 12. The results of qualitative comparison using the Abso-
lute Average Class Difference (AACD).

Agreement 1 Class
AACD i (%) Difference (%)
PREI - BiPo 0 100 0
PREI - Valencian CS 0 100 0
PREI - POMI 0.25 75 25
BiPo - Valencian CS 0 100 0
BiPo - POMI 0.25 75 25
POMI - Valencian CS 0.25 75 25

zomes) did not show significant statistical correlations with
human pressures. Therefore, it is apparent that in this study
area all indices can provide only a broad assessment of the
EQS and thus, cannot significantly help to identify and dis-
criminate the multiple stress factors.

The level of qualitative disagreement (25%) observed
in the classification of the ESC between the POMI and the
remaining three indices (PREI, Valencian CS and BiPo),
along with the low level of quantitative agreement of their
EQR values, may indicate the existence of essential differ-

Table 13. Spearman’s correlation coefficients (r) between the EQR values obtained by the four indices.

PREI BiPo Valencian CS POMI
Correlation Coef. 1 0.905 0.810 0.452
PREI p-value (two tailed) 0.002 0.015 0.260
N 8 8 8 8
Correlation Coef. 0.905 1 0.905 0.286
BiPo p-value (two tailed) 0.002 . 0.002 0.493
N 8 8 8 8
Correlation Coef. 0.810 0.905 1 0.143
Valencian CS p-value (two tailed) 0.015 0.002 . 0.736
N 8 8 8 8
Correlation Coef. 0.452 0.286 0.143 1
POMI p-value (two tailed) 0.260 0.493 0.736
N 8 8 8 8

ences due to the definition of the reference conditions, and/
or different types of metrics used, and/or different weighting
of each metric.

Regarding the definition of RC in relation to human
pressures, the POMI index shares the same method with Va-
lencian CS. Hence, its different ESC assessment can prob-
ably be explained by the different types of metrics and/or
the different weighting given to each metric that it takes into
consideration. It is likely that the physiological metrics of
the POMI index (e.g. Zn, Cu, Pb, or P concentrations in rhi-
zomes) play a determinant role in the final ESC assessment
because of their different weighting in the application of the
index. Indeed, since reference values under the POMI in-
dex were defined by the dataset available for the case study

1

area, the weighting given to each metric was determined by
the optimal and worst values taken into account in the re-
spective spatial extent. Nevertheless, the Zn, Cu, Pb, or P
concentrations reported in this study are not indicative of
the existence of environmental stress (Campanella et al.,
2001). Thus, the resulting assessment of ESCs provided by
the POMI index was probably misleading (Fig. 3, Table 7).

Given the correlation results of the EQR values and
individual metrics with the estimated anthropogenic pres-
sures, it is apparent that both methods used for the assess-
ment of human pressures could be considered relatively
conservative and may not always be sufficient for the iden-
tification of the pressure sources. In other words, although
visual assessment of pressures based on satellite images

High
0.775 = ‘
1 =
Good | I I l I
& 0550 = = H (= | L =PREI
mBiPo
Moderate
= Valencian CS
0.325 F POMI
Poor
0.100
Bad ‘ i

Floisvos Voula Vouliagmeni Aigina

Lagonissi Anavyssos Patroklos Poros

Sampling sites

Fig. 3: EQR values and classification of sampling sites according to the four indices under study. The differences in EQR values
among PREI, Valencian CS and BiPo were on average of 0.0434+0.005, whereas their comparisons with the POMI index indicate

average differences of 0.122+0.017.
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or land uses is considered adequate and evaluates human-
induced pressures on the coastal environment reliably, not
all sources of pressure or special conditions that may oc-
cur only at local scale were taken into consideration. Both
methods used could be considered reliable only in terms of
broad assessment (Lopez y Royo et al., 2009; Bacci et al.,
2013). The use of an enriched with water and sediment key
abiotic factors dataset may thus be useful for both an ac-
curate identification of all sources of impact that can affect
the meadows of the study area, and discrimination between
pressures (Lopez y Royo et al., 2009; Bacci et al., 2013).

Additionally, Lopez y Royo et al. (2009) noted the need
for more precise identification of pressures in the case of
classifications where EQR values are close to the bound-
ary of Good/Moderate ecological status (EQR=0.550), as
observed at the sites of Vouliagmeni and Aigina when clas-
sified by the POMI index. In such cases, the risk of misclas-
sification is significantly high (up to 50%) (Bennett et al.,
2011); hence, it is possible that they have been subjected to
pressures shifting their ESC from Good to Moderate (Lopez
y Royo et al., 2009).

Our results on the classification of WBs (Good status
for both WBs: “Inner-Central Saronikos Gulf” and “Outer
Saronikos Gulf”) are not completely consistent with a previ-
ous integrative classification of the Gulf by Simboura ef al.
(2014). Specifically, the classification of the “Inner-Central
Saronikos Gulf” WB as Good ESC by all indices proved
less conservative than the classification given by other
BQEs (macroalgae, macroinvertebrates), which classified
the WB as Moderate ESC.

The fact that the WBs of the study area are subject to
several sources of anthropogenic pressures indicates that the
ESC assessment based on P. oceanica biotic indices should
be considered accordingly (Mascaro et al., 2012). In such
cases, it is possible that the effects of human pressures are
unevenly distributed among the different P. oceanica mead-
ows in each WB. This widens the natural variability among
meadows within a WB, and thus potentially increases the
level of uncertainty of the ESC classification of P. oceanica
meadows (Mascaro et al., 2012).

As also noted by Mascaro et al. (2012), such high levels
of variability among meadows within a WB might be due to
either a high natural heterogeneity of meadows or a possi-
ble inadequate definition of the spatial extent and number of
WaBs in the study area. Indeed, the spatial replication design
used in this study revealed the existence of spatial hetero-
geneity on the larger spatial scale (tens of km: among sites
(meadows) within a WB). It is possible that an adequate
spatial replication design could capture the extra variability
caused by anthropogenic pressures. However, the differ-
ences in mean EQR values among different meadows of
the same WB were high (e.g. PREIL: 0.395 - 0.707 in WB
“Inner Central Saronikos”), and a greater replication effort
will not be able to reduce the uncertainty associated with the
classification system (Mascaro et al., 2012). A possible re-
definition of the spatial extent and the number of WBs in the
study area may therefore be needed to ensure that the clas-
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sification of the spatial extent of coastal WBs adequately re-
flects their water quality and the human pressures to which
the coastline is exposed (EC, 2000; Mascaro et al., 2012).
Nevertheless, the EQR values obtained by all indices for the
“Inner-Central Saronikos Gulf” WB are close to the bound-
ary of Good/Moderate ecological status (EQR=0.550). This
different classification of Poceanica biotic indices may be
due to the significantly high (up to 50%) risk of misclassifi-
cation that exists in such cases (Bennett ez al., 2011).

In conclusion, the P. oceanica biotic indices examined
in this study provided a broad assessment of the ecologi-
cal quality status of the Saronikos Gulf’s coastal waters.
Our findings suggest that only three out of the four indices
(PREIL, Valencian CS and BiPo) can provide an overall view
of the cumulative impact of multiple environmental stres-
sors existing at two different spatial scales (site, WB) in the
study area, and can thus help raise awareness of ecosystem
degradation. In comparison, the fourth index (POMI) pro-
vided a corresponding assessment of environmental impair-
ment only at WB spatial scale.

Moreover, it is apparent that our results regarding the
broad assessment of ecological quality status and human-
induced pressures in the study area cannot adequately sup-
port the determination of the appropriate remedial actions to
be implemented by decision-makers and managers. Hence,
precise estimation of human-induced pressures and iden-
tification of their sources proved to be a critical point for
validating the effectiveness of the indices for both ESC as-
sessment and decision-making.

Still, it should be noted that our findings are based on
a single case study, where the actual dataset on P. oceanica
used for the evaluation of biotic indices is rather limited,
particularly regarding the availability of data from critically
degraded meadows (belonging to the Poor ESC). There-
fore, it is evident that further research on the application
of P. oceanica biotic indices in different case studies with
known environmental gradients in the Aegean and Ionian
Seas could contribute significantly to drawing conclusions
on the larger scale of the Eastern Mediterranean basin.
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Table 3. Equations used by each index for the calculation of EQR.

Biotic index EQR’ equations Overall EQR equations

‘= (X_LB> 0,225 +

X = value measured,

B'P . , ’ ’ ’
(Lo ezl ORo o LB = lower boundary value of class to which X EQR = EOR), depth tE QRLLrype +EQR densiy EOR,, length
B tI; / }2]009})] corresponds, 4

HB = higher boundary value of class to which X
corresponds,

0.225 is the width of a class on the EQR scale.

E
+N +N (f) N
EQR, _ density leaf surface area lower limit
3,5
Nensity = value measured/reference value;

hoot leaf surface area — VAIUE measured/ reference value;
_ EQR"+ 0,11
PREI N,, = [1-(E/L)]*0.5 EQR = FQRTOIT

(Gobert et al., 2009) over i = (N’ -worst value)/(reference 1+0,10
value—worst value).
N’ = depth noted on the field + k, where k =0
(stable limit),
k =3 (progressive limit) or k = -3 (regressive
limit).
CL, — Clworst
POMI EQR™= Clomml — Clworst
(Romero EQR’_is the ecological quality of the site x;
etal., 2007) o i
_ CI_ is the score of the site x on the 1st component; EQR"+ 0,11
Valencian CS CInplimal is the score of the ‘optimal’ site (reference EQR = 1+0,10
(Fernandez- site)
Torquemada on the 1st component;
et al., 2008)

CI,, is the score of the “worst’ site on the 1st
component.
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