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Abstract

Several biotic indices have been developed over the last two decades to assess water and habitat quality in the Mediterranean
Sea, with Posidonia oceanica serving as a Biological Quality Element (BQE). To contribute to this effort, we created a new Mul-
ti-metric Index for the Algerian coast based on P. oceanica (MIAPo), adapted from existing indices and calibrated at eight sites
with varying human pressures. This study also intends to compare the performance of MIAPo and PREI (P. oceanica Rapid Easy
Index) in assessing the ecological status of coastal Algerian waters. MIAPo was built using multivariate analyses that combined
five metrics: lower limit depth, leaf area index, epiphytic load, leaf tannin cell density, and leaf nitrogen content. To accurately
interpret MIAPo and PREI, a Pressure Index (PI) was calculated, taking into account urbanization, agriculture, coastal population,
uncontrolled dumping, fishing activity, rivers, industrial activity, and urban effluents. According to the Water Framework Direc-
tive (WFD) classification, the indices MIAPo and PREI demonstrated high comparability in the ecological status assigned to the
studied sites (62.5% agreement), which was validated using Spearman’s correlation coefficient (R = 0.88; p = 0.004). In addition,
MIAPo and PREI show a strong correlation with the PI (R =-0.96; p=0.0002 and R =-0.80; p = 0.02, respectively). The proposed
index, MIAPo, provides a more comprehensive measure than PREI for the assessment and monitoring of Algerian coastal waters.

Nonetheless, more field data collection is needed to expand the use of this valuable tool on a broader geographical scale.

Keywords: Posidonia oceanica; Biological indicator; Pressure-impact relationship; Water quality; Ecological status.

Introduction

The biological indicator Posidonia oceanica is widely
used as a Biological Quality Element (BQE) under the
Water Framework Directive (WFD, 2000/60/EEC). Sev-
eral multi-metric indices have been proposed to assess
the ecological quality of coastal waters based on plant
characteristics and/or meadow structure: the “PosSte”
(Buia et al., 2004), the “POMI” (Romero et al., 2007),
the “Valencian CS” (Fernandez Torquemada et al., 2008),
the “PREI ” (Gobert et al., 2009), the “BiPo” (Lopez y
Royo et al., 2010a) and “the Vitality Index” (Pergent et
al., 2015) (Table 1). To comply with the WFD, these in-
dices must meet a set of required criteria, including (i)
a significant relationship between the Ecological Quality
Ratio (EQR) and anthropogenic pressures and (ii) the use
of'a common scale of five ecological status classes: High,
Good, Moderate, Poor and Bad.
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Several studies analyzed and compared these mul-
ti-metric indices (including the number and type of met-
rics, survey depth, metric aggregation method, and ref-
erence condition definition) as well as their performance
across pressure gradient (Table 1). BiPo and PREI appear
to be the most widely adopted tools for quality water as-
sessment due to their rapid field-based protocols, ease of
use, and low cost (Table 1). On the other hand, the per-
formance of multi-metric indices based on P. oceanica
metrics to assess water quality appears to be related to the
number of metric types used, as demonstrated by Bennett
et al. (2011) and Mascaro et al. (2012).

Moreover, the intricate nature of seagrass habitats has
led numerous studies to underscore the importance of
employing multiple indices derived from various metrics
to evaluate the ecological status of P. oceanica meadows
(Montefalcone et al., 2006; Martinez-Crego et al., 2010;
Lopez y Royo et al., 2011; Giiresen et al., 2020a; Manci-
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Regions of development and other application regions

Gokgeada (Turkey) and Corsica (France) (Giiresen et al.,

2020b)
Tremiti Islands (Ttaly) (Tursi et al., 2022a);

Indices

Vitality Index Corsica (France) (Pergent ef al., 2015)

Table 1 continued
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ni et al., 2020; Tursi et al., 2022a). The study conducted
by Boumaza et al. (2015) on P. oceanica meadows along
the central Algerian coast indicates that the PREI most
accurately represents the anticipated ecological status. In
contrast, the BiPo exhibits a diminishing correlation with
human pressures. Kletou et al. (2020) established a strong
correlation between human pressures and both PREI and
BiPo in Vasiliko Bay, Cyprus. Significant correlations
between BiPo and anthropogenic pressures have been
identified along the Western Algerian coast (Bentaallah,
2017) and the Turkish coasts (Giiresen et al., 2020b).

Using multi-metric indices outside their intended re-
gional range requires adaptation, calibration, and valida-
tion to ensure effectiveness (Martinez-Crego et al., 2010;
Pergentetal.,2015; Dallas, 2021). The selection of appro-
priate multi-metric indices for assessing ecological status
is thus critical for coastal water quality management and
monitoring. The challenge of implementing a multi-met-
ric index based on P. oceanica, which is shared through-
out the Mediterranean basin, appears to be essential and
requires the collaboration of all scientists, as highlighted
by Di Camillo ef al. (2023) in the case of coralligenous
reefs. As part of ongoing efforts to harmonize monitor-
ing tools across the Mediterranean region, the purpose of
this work is to present a new multi-metric index called
the Multi-metric Index for the Algerian coast based on
P. oceanica (MI1APo), developed for the first time along
the southern Mediterranean coasts. It incorporates tannin
cells density as an additional descriptor alongside those
commonly used. The sensitivity of this cellular indicator
to anthropogenic pressures has been tested and demon-
strated by Boumaza et al. (2022). Its inclusion aligns
with current recommendations advocating for the inte-
gration of complementary metrics from the community
and population levels to biochemical and cellular levels
to achieve a more comprehensive ecosystem assessment
(Martinez-Crego et al., 2010; Martinez-Haro et al., 2015)
and rapid time responses (Ferrat et al., 2003; Romero et
al., 2016). Notably, this parameter stands out from other
metrics at a similar level due to its ease and rapid meas-
urement, without the need for advanced equipment. The
proposed index is based on previous multi-metric indi-
ces listed in Table 1 and attempts to assess the ecological
status of Algerian coastal waters. It was compared to the
previously existing multi-metric index PREI (Gobert et
al., 2009). We estimated the robustness of MIAPo and
PREI by investigating their relationships with cumulative
multiple human pressures represented by a Pressure In-
dex (PI).

Materials and Methods

Metrics selection and P. oceanica indices application
The most important aspect of the multi-metric in-

dex development procedure is metric selection, which

prevents an incorrect interpretation of the biological re-

sponse to environmental degradation (Stoddard et al.,
2008; Hawkins et al., 2010). MIAPo metrics are cho-
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sen based on our previous studies within the P. oceani-
ca meadows in the studied geographic area (Boumaza et
al., 2012, 2014, 2015, 2022; Sengouga, 2017; Sengouga
et al., 2018, 2019). These studies helped us identify the
most relevant metrics, particularly those that appeared
to be sensitive to anthropogenic pressures. Five metrics
were chosen (Table 2) based on recommendations from
Martinez-Crego et al. (2010)and Romero ef al. (2016).
The researchers emphasized the importance of using met-
rics at the population and community levels to maintain
ecological integrity and biomarkers to detect disturbances
early. Each type of metric was represented by one metric
on one side. This method is simple and avoids the prob-
lems that come with weighing one type more than an-
other. On the other hand, the performance characteristics
of the chosen metrics were related to their ability to dis-
tinguish between the least-disturbed and most-disturbed
sites (Stoddard et al., 2008). Furthermore, based on the
0.71 threshold established by Stoddard et al. (2008), a
redundancy test was carried out using Spearman’s cor-
relation analysis and showed that the selected metrics
were not redundant (Table 3). The PREI was elaborated
according to Gobert ef al. (2009), and it differed from
MIAPo in the metrics and their types (Table 2).

Reference levels and reference conditions

According to Romero et al. (2007), reference levels,
which referred to both the upper and lower limits of a
metric’s range, were used in the normalization process
required to generate MIAPo. The “hypothetical reference
site” was determined by averaging the two higher and
two lower values for metrics that decreased and increased
in response to anthropogenic disturbances, respectively
(Table 2). The “hypothetical worst site” was established
using the reverse procedure. In the case of the lower limit
depth, the maximum and minimum values observed in
the prospected geographical zone were used to elaborate
on the previous “hypothetical sites”. The reference con-
dition for generating the PREI index was defined by Gob-
ert et al. (2009). We adapted this approach to our studied
area by averaging the three highest values (after discard-
ing the maximum) for shoot density and leaf surface area,
0 dry weight for epiphytic leaf biomass E/L (considering
that healthy seagrass has non-epiphyted leaves), and the
maximum value for the lowest limit depth recorded in the
studied sites.

Table 2. Metrics used for MIAPo and PREI indices, categorized by metric type and expected response to anthropogenic distur-

bance (based on previous studies).

Types of metrics Metrics MIAPo PREI Responses

Community Epiphytic leaf biomass (E/L) (mg.mg™) + + Increase
Epiphytic load (mg.cm?) Increase

Population Shoot density (shoot.m) + Decrease
Leaf area index (m*.m™) + Decrease

Lower limit Type of lower limit + Typology modification
Depth of lower limit (m) + + Decrease

Individual Shoot leaf surface (cm?shoot) + Decrease

Cellular Leaf tannin cell density (cells.mm?) + Increase

Biochemical Leaf nitrogen content (% DW) + Increase

Table 3. Redundancy test using Spearman’s correlation analysis for the MIAPo selected metrics. Spearman correlation coeffi-

cients (R) are in bold; p-values are in regular font.

Spearman correlation R

Epiphytic Leaf area index Depth. of lower Leaf nitrogen  Leaf tanqin cell
load limit content density
. Epiphytic load - -0.52 -0.19 0.50 0.45
T§ Leaf area index 0.1827 _ 0.49 -0.12 -0.02
& Depth of lower limit 0.6494 0.2166 _ -0.37 -0.44
Leaf nitrogen content 0.207 0.7789 0.3652 _ 0.43
Leaf tannin cell density 0.2604 0.9554 0.2715 0.2894 _
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Ecological Quality Ratio

To ensure comparable values of MIAPo and PREI and
highlight concordant or discordant responses, MIAPo’s
EQR was estimated by normalizing data between 0 and
1 (PREI already represents the EQR value). An arbitrary
value of 0.1 was assigned to the boundary of the “bad”
status and the remaining interval from 0.1 to 1 was di-
vided into four equal intervals as required by the WFD
(Romero et al., 2007; Gobert et al., 2009). This EQR was
calculated as described by Romero et al. (2007), Oliva et
al. (2012) and Garcia-Marin et al. (2013)for their indices.
Thus, we combined the MIAPo metrics into a single scale
through a principal component analysis (PCA) based on
the correlation matrix to account for differences in meas-
urement scales (Legendre & Legendre, 1998). The two
hypothetical sites corresponding to the extreme condi-
tions (reference and worst) were included as supplemen-
tary objects. The EQR was calculated as follows:

) /(Cl o Clworst)

Reference

(1)
)

where, CI is the PCA’s first component scores; EQR_is
the ecological quality ratio of the site x; CI_is the score of
the site »; CT | forence is the score of the hypothetical “refer-

ence” site; CI | is the score of the hypothetical “worst”
site.

EQR’ =(Cl—ClI

worst

EQR=(EQR’ +0.11)/(1+0.10)

Study area, sampling collection and metrics measure-
ments

This study was carried out along the central Algerian
coast (Fig. 1). Eight P. oceanica meadows from two prov-
inces were analyzed, each with different levels and types
of anthropogenic pressure. Four sites in the western part
of the study area are in Tipaza province (Chenoua, Koua-
li, Berrard, and Bou Ismail), while four sites in the east-
ern part are in Algiers province (El Djamila, Ain Beni-
an, Rais Hamidou, and Aguelli). The available state data
on the various human activities in these two provinces,
obtained from publicly available and several studies on
the region (PNUE/PAM/CAR PAP, 2006; Bakalem et al.,
2009; Mangos & Claudot, 2013; Haouchine et al., 2015),
indicate that Tipaza is renowned for its significant agri-
cultural and forestry potential as well as tourism and fish-
ing vocations. Algiers, the country’s capital, is the most
densely populated area, with the highest concentration of
services, facilities, infrastructure, industry, and major ur-
ban developments.

For the assessment of MIAPo and PREI metrics, the
following data were collected in the field between July
and August 2018 at approximately 12 m depth (exclud-
ing the meadow lower limit depth and typology) to avoid
the masking effects of depth and seasonal variability. This
intermediate depth was selected considering the lower
limits of P. oceanica meadows in the geographical area,
which range from 14 to 20 m and mostly coincide with the
lower limit of the rocky substrate. The WFD recommends
using the protocols at shallower depths when meadows
do not reach the standard depth of 15 m (Blouet ef al.,

Z 2'4|° E '6|° E 2'8|° E 3°| E 3.2‘o E Z.
& N - ~. | ~"_|Studied municipalities: N - &
& A { / 1- Tipaza o
N }1 2- Ain Tagourait W E
. D 3- Bou Ismail
( ~ S %L“’( 4- Ain Benian S
- ean Seda 5- Rais Hamidou
ﬁedlte""“" 6- Reghaia
&1/ N o Q &
el Y ALGERIA / el
ea
. v a n e a n S
Medit€ r
z Ain Benian Rais Hamidou el z
S El Djamila . guelll | g
¥ ) Algiers Bay * ;
- 4 By 2
m all = ot ’NS‘ 6
B ow 1s ( ﬁ ¢ . S ¢
n (1)
Bou Ismail \ { f> . S 5 \ g R\P\
Chenoua / ~
{
Berrard ke / Legend
é_ I Kouali ! g . -i
S| —al? )/q { P\N *  Sampled sites g
b M‘\? Q/JJ 5 ) \ [ Studied municipalities
\ A m . |:| Provincial boundaries
§ Pre L Jdﬁ//“»#\\/\ f ?‘ ﬂz o 10 20
) : i ) : > | / | L | 1 | Km
24°E 2.6°E 2. 8° E 3°E 3.2°E

Fig. 1: Map of the study area with studied municipalities and location of the 8 P. oceanica meadows investigated.
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2011), and where the conditions are optimal for meadow
development (PNUE/PAM CAR/ASP, 2019):

Metrics 1-2: The lower limit depth was recorded in
situ and classified according to Meinesz & Laurent’s
(1978) typology.

Metric 3: Shoot density (shoots. m?) was estimated us-
ing 10 randomly located 0.16 m? quadrats. This sampling
effort provides the minimum standard error required for
an accurate estimation of mean seagrass density (Panayo-
tidis et al., 1981; Pergent et al., 1995; Pergent-Martini et
al., 2005; Lopez Y Royo et al., 2010b).

Metric 4-5: Leaf area per shoot (cm?) was estimated
from leaf morphometrics of 15 shoots collected and leaf
area index (LAI) from shoot leaf area and shoot density
(m?>.m?) (Buia et al., 2004; Pergent et al., 1995). To min-
imize the impact of destructive sampling methods (Buia
et al., 2004; Rotini et al., 2013; PNUE/PAM CAR/ASP,
2019), we adopted a relatively limited sampling effort of
15 shoots, which is considered sufficient for this purpose
(Pergent et al., 1995; Pergent-Martini et al., 2005). Fur-
thermore, the PREI assessment in this work is based on
a previous multi-year monitoring (Boumaza et al., 2015;
Sengouga, 2017; Sengouga et al., 2019) that showed con-
sistent PREI-anthropogenic pressure trends when using
20 shoots in 2011 and 15 shoots in both 2015 and 2018.

Metrics 6-7: Epiphyte biomass separated from each
shoot (15 shoots) was measured after drying (70°C for 72
h) and standardized to leaf dry mass (mg.mg'DW) (E/L)
(Terrados & Pons, 2008) and to leaf area (mg DW.cm?)
(Boumaza et al., 2014) to obtain epiphytic load.

Metric 8: Leaf tannin cell density (cells. mm™) was
carried out under a microscope, over cross-sections at the
basal, the middle and the apical region of all adult and
intermediate leaves (sensu Giraud, 1979) of 5 collected
shoots, as described by Boumaza et al. (2022).

Metric 9: Leaf nitrogen content was analyzed in all
adult and intermediate leaves from 9 collected shoots,
which were deemed sufficient based on sample sizes used
in previous studies (Delgado et al., 1999; Fourqurean et
al.,2007; Leoni et al., 2007; Scartazza et al., 2017). The
epiphyte-free leaves were lyophilized and ground into
powder. The nitrogen content was determined using the
Kjeldahl method with three or two subsamples (0.2 g)
from each aliquot of ground material and expressed as
%DW. This method has already been used with seagrass-
es (Duarte, 1990; Dawson & Dennison, 1996; Udy &
Dennison, 1997; Walker et al., 2004; Zhang et al., 2011).
Ammonium chloride was used as a reference material

and was analyzed in each series of six samples. The tests
produced a Root Mean Square Error of 0.02% DW.

Pressure assessment

To relate the status of P. oceanica meadows to human
activities, we quantified the key pressures in the studied
geographical area using publicly available and satellite
data, focusing on those that affect water quality. Eight
quantitative data-driven pressures were considered: ur-
banization (% of urbanized area to municipality area),
coastal population (% of municipality demography to
province demography), agriculture (% of agricultural
area to municipality area), fishing (number of fishing
vessels per harbor), urban effluents (number of discharge
points per municipality), uncontrolled dumping (% of
wastewater volume not connected to the sewer system
per municipality), rivers and industry (distance from the
nearest river or industrial zone). In the case of industrial
activities, river and fishing harbors, a distance of 10 km
was considered significant (Comeleo et al., 1996; Rodri-
guez et al., 2007; Lopez y Royo et al., 2009a; Parravicini
et al.,2012), implying that river mouths, industrial zones,
and harbors located more than 10 km away from a site are
not considered significant pressures.

PI was calculated using a rapid approach inspired by
prior research on the vulnerability of coastal areas and
rivers (Leopold, 1969; Bodéré et al., 1991; Hallegouét
et al., 1997; Larid, 2002). It represents a cumulative of
selected key pressures. It entails assigning scores ranging
from 1 (no effect) to 5 (high effect) to various anthro-
pogenic pressure values (Table 4) to categorize the pres-
sures within this scale in two steps:

(i) definition of “high effect” and “no effect” condi-

tions. In fact, for percentage-based pressures (urban-

ization, coastal population, agriculture, and uncon-
trolled dumping), “high effect” conditions correspond
to 100%, while “no effect” conditions correspond to
an arbitrary value of less than 5%, as assigned by (Lar-

id, 2002). For pressures represented as distances (in-

dustrial activity and rivers), “high effect” conditions

correspond to 0 km and “no effect” conditions corre-
spond to distances greater than 10 km, as predicted by

Comeleo et al. (1996), Rodriguez et al.(2007), Lopez

y Royo et al.(2009a) and Parravicini et al. (2012). For

pressures represented as activity counts (fishing ac-

tivity and urban effluents), the lowest recorded values

Table 4. Definition of “high effect” and “no effect” conditions of the selected key pressures.

Units Percentages (%) Distances (km) Numbers
Urbaniza- Coastal Agricul- Uncon- Industrial . Fishing Urban ef-
Pressures . . trolled . Rivers ..
tion population ture . activity activity fluents
dumping
No effect <5% > 10 km 0 0
High effect 100 % 0 km 339 11
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represent “no effect” conditions, while the highest re-
corded values represent “high effect” conditions.

(i1) pressure categorization (Table 5) is achieved by
dividing the interval between “no effect” condition
values and “high effect” condition values into 5 inter-
vals of equal amplitude.

PI, which ranges from 0 (no human impact) to 1 (high

human impact), is calculated as follows:

YV S,

where, S is the rate for each pressure, varying from 1 to
5,and P is the number of the considered pressures.

Statistical analysis

Statistical analyses were carried out in the R4.2.0
environment, with all tests performed at the 95% sig-
nificance level. When the parametric assumptions were
verified, one-way ANOVA was used to test differences
between sampling sites. Otherwise, a non-parametric
Kruskal-Wallis test was used. The Shapiro-Wilk and
Bartlett tests were used to prove distribution normality
and variance homogeneity, respectively. Metrics used to
construct MIAPo were combined using PCA. Then, hier-

archical clustering was used to determine whether the or-
dination of the studied sites along the first PCA axis was
consistent with meadow quality. The number of clusters
was decided using the number of ecological statuses ob-
tained from the MIAPo. The relationship between MIAPo
and PREI was investigated using Spearman’s rank corre-
lation, and an absolute average class difference (AACD)
analysis was carried out to assess the agreement between
these two indices, as described by Lopez y Royo et al.
(2011). The Spearman’s rank correlation was also used
to determine how well MIAPo, PREI, and their metrics
reflect human pressures. As the pressure data were evalu-
ated at the municipality level, we averaged the EQRs and
metrics of sites within the same municipality to allow for
correlation estimation.

Results
Ecological status class evaluation using MIAPo

Table 6 summarizes the mean (+ SE) values per site
for each metric used in the MIAPo calculation. Statisti-
cally significant differences among sites for all the met-
rics can be noted, allowing their use for the MIAPo con-
cept, as indicated by Stoddard et al. (2008).

Table 5. Anthropogenic pressure (Pn), data sources, and scores (Sn) by value interval.

Pressures (Pn) Data sources

Scores (Sn)

1 2 3 4 5
Urbanization (%) e Cartography using Google Earth
satellite imagery
Coastal population e Website of the Province of Tipaza
(%) e Statistical yearbook of the prov-
ince of Algiers
- - <5 5-28.7 28.8-52.5 52.6-76.2 76.3-100
Agriculture (%) e Cartography using Google Earth
satellite imagery
Uncontrolled dump- e Website of the Province of Tipaza
ing (%) e Statistical yearbook of the prov-
ince of Algiers
Fishing activity e Website of the Province of Tipaza
(number) e The Directorate of Fisheries and
L . <84 84-168 169-253 254-338 >339
Fisheries Production of the prov-
ince of Algiers
Urban effluents (num- e National Coastal Commission of
ber) Tipaza
e Public establishment for urban <3 3-5 6-8 9-10 >11
hygiene and environmental pro-
tection of the province of Algiers
Industrial activity e Ministry of Industry and pharma-
(Km) ceutical production, and cartog-
raphy >10 10-7.5 7.6-5 5.1-2.4 <25

Rivers (Km)

Cartography using Google Earth

satellite imagery

Mediterr. Mar. Sci., 26/3, 2025, 686-704
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Two axes, PCI and PCII, of 49.5% and 21%, respec-
tively, were extracted using PCA, explaining 70.5% of
the variance in P. oceanica metrics (Fig. 2). PCI was sig-
nificantly correlated with most of the metrics, indicating
that this axis is effective at indicating the state of mead-
ow health. Lower limit depth and leaf area index were
the most correlated with PCI, with the highest negative
loading scores (-0.83 and -0.81, respectively), indicating
a good status of meadows. In contrast, epiphytic load,
leaf tannin cell density, and leaf nitrogen content were
positively correlated with PCI, indicating a poor status of
meadow health (Fig. 2).

The PCA applied to the studied sites illustrates their
logical ordination along the first axis, following a quality
gradient from the ‘optimal’ site to the ‘worst’ site (Fig. 3).
The sampling sites were grouped into three statistically
significant clusters (Fig. 3).

(i) Cluster 1 (high status) consists of the Kouali and

Berrard sites in Tipaza Province. These sites are dis-

tinguished by the lowest leaf nitrogen content, the

highest lower limit depth, and the leaf area index (the

latter only in Kouali) (Table 6).

(i1) Cluster 3, which corresponds to the moderate sta-

tus at the El Djamila site (Algiers Province), has the

Table 6. Mean values of the selected metrics for MIAPo calculation (Mean values £SE) and the P-values from One-Way ANOVA
and Kruskal-Wallis (K-W) tests applied to P. oceanica metrics for the 8 studied sites.

Sites Tannin cell density Leaf nitrogen Epiphytic load Leaf area index Lower limit

(cells.mm™) content (%DW) (mg DW .cm?) (m%m?) depth (m)
Chenoua 44,54 £8.10 2.29 +0.04 1.32+0.10 4.60 +0.43 17
Kouali 17.12+2091 1.83 +£0.04 1.23+0.11 7.39+0.57 20
Berrard 14.94 + 3.66 1.71+£0.03 0.71 +0.10 4.97+0.33 19
Bou Ismail 22.03 +1.97 2.55+£0.02 1.83£0.18 4.64 £0.47 18
El Djamila 33.17 £ 6.47 1.91 £0.09 1.69 £ 0.20 2.52+0.26 14
Ain Benian 11.51+1.84 2.18+£0.02 1.53+£0.12 3.53+0.34 18
Rais Hamidou 19.58 + 1.94 2.28 +0.07 0.81+0.10 591+043 17
Aguelli 11.46 £2.65 2.17+0.02 1.15+0.11 4.45+0.29 17
Optimal 5.99 1.69 0.07 6.65 20
worst 68.68 2.57 3.20 2.25 14
p-value 2.0 E-04 2.3 E-08 3.9 E-07 23 E-12 /
Test K-w ANOVA K-W ANOVA /

PCA graph of variables
§1.0
§ Leaf Nitrogen.content
05 Epiphytic.load

Lowgr Limit.Depth (-0.829)

(-0.805)

00 pmm-mmmmmm e

-05

-1.0 -05

(0.724)

Tannin.cell..density
(0.633)

0.0 0.5 1.0
PCl (49.49%)

Fig. 2: Principal Component Analysis plot of P. oceanica metrics and their loadings on the first axis (in brackets).
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Fig. 3: (A) Principal Component Analysis plot with site scores. (B) Hierarchical clustering dendrogram, highlighting the 3 main
clusters corresponding to the 3 types of ecological statuses obtained from MIAPo.

lowest values for the leaf area index and lower limit

depth.

(iii) Cluster 2 represents a good status and includes

the remaining sites.

The EQR calculation classified the studied sites into
three levels of status: high, good, and moderate, with
values ranging from 0.44 to 0.86 (Table 7). The Algiers
province meadows had a lower mean EQR than the Ti-
paza province meadows (0.62 = 0.13 and 0.71 + 0.16,
respectively). Only one meadow was designated as mod-
erate (El Djamila), five as good (Chenoua, Bou Ismail,
Ain Benian, Rais Hamidou, and Aguelli), and two as high
(Kouali and Berrard).

Ecological status class evaluation using PREI and com-
parability with MIAPo

Table 8 summarizes the mean values per site (+ SE)
for each metric used in the PREI calculation. The data
analysis revealed statistically significant differences
across sites for all metrics.

The AACD shows that MIAPo and PREI are highly
comparable (62.5% agreement). Only three sites, Ber-
rard, Bou Ismail, and El Djamila, changed their MIAPo

Mediterr. Mar. Sci., 26/3, 2025, 686-704

status from “high, good, and moderate” to “good, moder-
ate, and poor” by the PREI (Fig. 4). Furthermore, a high-
ly significant correlation was found between MIAPo and
PREI (R =0.88, p =0.004; Fig. 5), while MIAPo consist-
ently produced higher values than PREI across all sites
(EQR mean values: 0.665 and 0.605 respectively), with
the exception of the Chenoua site (Fig. 4).

Evaluation of anthropogenic pressures

Table 9 lists the results of each site’s human pressure
evaluation. The PI values revealed that sites in Algiers
province experience higher pressures than sites in Tipaza
province.

The Spearman correlations between the PREI EQR
and MIAPo EQR values and the PI are statistically sig-
nificant (R = -0.80; p = 0.02 and R =-0.96; p = 0.0002,
respectively; Fig. 6).

Responses of metrics to human pressures

Correlations between P. oceanica metrics and the PI
are statistically significant for population and community
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Table 7. The scores on the first Principal Component Analysis axis and the resulting EQR values from each sampling site for the

MIAPo.

MIAPo
Sites
CI EQR Status

Chenoua 1.042 0.555

Kouali -2.143 0.863

Berrard -1.94 0.832

Bou Ismail 0.944 0.575

El Djamila 2.961 0.443 Moderate
Ain Benian 0.087 0.646

Rais Hamidou -0.679 0.726

Aguelli -0.272 0.684

Optimal -4.069 1.000

Worst 6.692 0.099

Table 8. Mean values of the metrics used for PREI calculation (Mean values + SE), P- values from One-Way ANOVA and
Kruskal-Wallis (K-W) tests applied to P. oceanica metrics and PREI EQR in the 8 studied sites.

Sites Shoot density L::::l(l:;;?e E/L (mg.mg! Lower limit depth PREI
(shoots. m>) Shoot) DW) (m) and type EQR
Chenoua 169.38 £8.2 271.68 £25.5 031+0.03 17 Stable 0.616
Kouali 211.88 +£20.2 348.73 £26.8 032+0.02 20 Stable 0.826
Berrard 195.00 + 13.2 254.99 +16.8 0.17+0.02 19 Stable 0.734
Bou Ismail 217.50+£21.9 213.42+21.6 0.54+0.04 18 Regressive 0.509
El Djamila 119.38+7.2 211.26 £21.8 0.39+0.05 14 Regressive 0.270
Ain Benian 151.88£8.5 232.58£22.5 038+0.03 18 Stable 0.622
Rais Hamidou 187.50 +21.6 315.27+£22.9 0.23+0.03 17 Stable 0.662
Aguelli 155.00 + 13.1 287.37+18.4 0.29+0.03 17 Stable 0.616
Optimal 300 467.76 0 20
Worst 0 0 1 14
p-value 2.4 E-04 8.7 E-05 3.8 E-08 /
Test K-W ANOVA K-W /

Status

Moderate
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Fig. 5: Significant positive correlation between the PRET EQR and the MIAPo EQR (R = 0.88, p = 0.004).

Table 9. The rates assigned for each pressure and the results of the pressure index (PI) calculated by municipality.

Provinces Tipaza Algiers
Municipalities Tipaza Ain Tagourait ~ Bou Ismail Ain Benian Rais Hamidou Reghaia
Sites Chenoug/ Berrard Bou Ismail ELDj ami.la /A Rais Hamidou Aguelli

Kouali Benian

Rates (Rn)

Urbanization 2 2 5 5 5 4
Agriculture 2 3 1 4 1 4
Coastal population 1 1 2 1 1 1
Uncontrolled dumping 2 2 2 1 1 1
Fishing activity 2 2 2 5 4 2
Rivers* 3 1 1 4 1 4
Industrial activity* 1 2 4 4 5 3
Urban effluents 5 3 4 2 2 1
Pl 0.45 0.38 0.50 0.60 0.48 0.48

* Despite the fact that the distances between sites within the same municipality vary, the outcome scores remain consistent.
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Fig. 6: Significative negative Spearman correlation between the pressure index (PI) and both PREI EQR and MIAPo EQR.

types, with the exception of shoot density (Table 10).

Discussion

The simultaneous use of two multi-metric indices,
MIAPo and PREI, provides comparable results in the
classification of the water quality of Algerian central
coastal waters despite the differences they present. Met-
rics were chosen and combined using an average for the
PREI and a PCA for the MIAPo. In fact, different stud-
ies discovered similarities when comparing such dispa-
rate indices (Gerakaris et al., 2017; Kletou et al., 2020;
Tursi et al., 2022a). Another notable difference between
MIAPo and PREI lies in how they define reference condi-
tions. In fact, while the worst condition of the PREI cor-
responds to extreme values for a recorded recent meadow
die-off (e.g., 0 shoot.m™ for shoot density and 1 mg.mg"!
DW for epiphytic load), the MIAPo uses only values of
field data from local scale to define both optimal and
worst conditions (e.g., 2.25 m>.m? for leaf area index).
Defining reference conditions can impact the precision

and robustness of biotic indices (Martinez-Crego et al.,
2010; Romero et al., 2016) and lead to incorrect interpre-
tation of results (Borja et al., 2012).

The proposed MIAPo has the potential to be a useful
tool for assessing the ecological status of Algerian coastal
waters for the following reasons: (i) The MIAPo is sensi-
tive to human pressures (R =-0.96) and can accurately re-
flect changes in ecological stress. (ii) Using hierarchical
classification, the studied sites were arranged into clusters
that corresponded exactly to their ecological status. This
implies that the spatial variability of the selected metrics
within the study area is clearly due to differences in mead-
ow quality. (iii) It integrates a small number of metrics
combining insights provided by the maximum variety of
metric types. (iv) Notably, it integrates leaf tannin cell
density as an easily applicable cellular indicator, adding
it to the commonly used descriptors, thereby improving
both cost-effectiveness and early detection. (v) To date,
it remains the only index developed within the southern
Mediterranean coast. (vi) The MIAPo has high quantita-
tive (R = 0.88) and qualitative (62.5%) agreement with
the PREI, which has already been used and verified in

Table 10. Spearman’s rank correlation between the pressure index (PI) and the studied metrics (MIAPo and PREI metrics are
superscripted by ‘M’ and ‘P’, respectively). Significative correlations are in bold.

Metrics Spearman’s rank correlation with PI

Types of metrics
R p-value

Epiphytic leaf biomass * 0.7239 0.04
Community

Epiphytic load M 0.7239 0.04

Shoot density ” -0.6258 0.1
Population

Leaf area index M -0.7976 0.02
Lower limit Depth of lower limit "M -0.9203 0.001
Individual Shoot leaf surface * -0.5767 0.13
Cellular Leaf tannin cell density ™ 0.0491 0.91
Biochemical Leaf nitrogen content M 0.135 0.75
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the same region (Boumaza et al., 2015; Sengouga, 2017,
Sengouga et al., 2019).

In terms of the sensitivity of the two applied indices
to human pressure, the results show a stronger correlation
between the MIAPo and the PI than the PREI (R =-0.96
and -0.80, respectively). This relative difference is most
likely due to differences in metrics and their types (Lopez
y Royo et al., 2011; Gerakaris et al., 2017; Mancini et al.,
2020). In fact, we have included additional metric types
to supplement those already included in the PREI: cellu-
lar and biochemical metrics ( leaf nitrogen content and
leaf tannin cell density). Martinez-Crego et al. (2010) and
Rocaetal. (2015)suggested that incorporating these types
of metrics can improve stress index sensitivity and early
detection efficacy. Furthermore, several studies have sup-
ported the use of these indicators in monitoring programs
(Dumay et al., 2004; Pérez et al., 2008; Boumaza et al.,
2012, 2014, 2022; Jones et al., 2018; Helber et al., 2021;
Kerninon et al., 2021; Jiménez-Casero et al., 2023).

In terms of metric adequacy, the population and com-
munity metrics (lower limit depth, leaf area index, and
epiphytic load) had strong loadings (higher than 0.72;
Fig. 2) on the PCA first axis, which was supported by
their high relationship with the PI. Gerakaris et al. (2017)
highlighted the strongest relationships between popu-
lation and community metrics and human pressures in
their research. These types of metrics are more useful
for assessing ecosystem conditions because they have
longer response times and are more integrative (Roca
et al., 2015; Romero et al., 2016). As for monitoring P,
oceanica meadows, leaf area index (Pergent et al., 1995;
Pergent-Martini et al., 2005; Kogak et al., 2011; Dural et
al.,2012; Tursi et al., 2022b), lower limit depth (Meinesz
& Laurent, 1978; Pergent et al., 1995; Pergent-Martini
et al., 2005; Boudouresque et al., 2009; Descamp et al.,
2011; Tursi et al., 2022b) and the epiphytic load (Per-
gent et al., 1995; Delgado et al., 1999; Dimech et al.,
2002; Cancemi et al., 2003; Pergent-Martini et al., 2005)
are commonly used to reflect the light condition, water
transparency and nutrient loading. In fact, the site with
the lowest EQR, El Djamila, is characterized by a set of
human activities that are the primary cause of water tur-
bidity and enrichment: a highly urbanized coastal line,
proximity to an important river, and proximity to a fish-
ing and pleasure port with the largest number of vessels
in the area.

In contrast, biochemical and cellular metrics are less
effective than population and community metrics in re-
flecting human pressure (p > 0.05), as also reported by
Gerakaris ef al. (2017). However, our PCAfindings show
that these indicators can provide insight into the variabil-
ity of meadow health (Fig. 2). The effectiveness of leaf
tannin cell density and leaf nitrogen content as early in-
dicators was perceived at Chenoua, the only site where
the EQR assessed by the PREI was higher than that as-
sessed by the MIAPo. While the three commonly used
metrics had moderate values at Chenoua site, these two
additional indicators showed signs of disturbance. This
finding supports previous recommendations to include
more sensitive and complex indicators, particularly those
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of biochemical and cellular types, for earlier detection
of environmental stress (Ferrat et al., 2003). However,
this pattern should be confirmed across a large number
of sites and supplemented with in situ measurements of
abiotic parameters. In fact, Martinez-Crego et al. (2010)
highlighted the limitation of indices based solely on
these types of metrics to assess the ecological integrity
of the habitat and recommended a combination of met-
rics from the biochemical to the community level to of-
fer a good diagnostic tool in the context of bioindication
(Martinez-Crego et al., 2010; Personnic et al., 2014;
Martinez-Haro et al., 2015; Romero et al., 2016). As a re-
sult, one of the benefits of the MIAPo is that it ensures the
complementarity of metrics from community, population,
biochemical, and cellular types to provide a comprehen-
sive assessment of the ecosystem.

In terms of study area classification, the results were
expected, and the sites of the capital, Algiers, were classi-
fied as the most disturbed zone, with the highest values of
PI and the lowest mean EQRs with both PREI (Algiers:
0.54; Tipaza: 0.67) and MIAPo (Algiers: 0.62; Tipaza:
0.71), which is obviously due to the concentration of hu-
man activities in this area. To ensure the survival of P
oceanica meadows, it is strongly advised that measures
be taken to reduce the impact of human activity in this
area. Similarly, several studies using BiPo (Lopez y Royo
et al., 2010a; Boumaza et al., 2015; Pergent et al., 2015;
Giiresen et al., 2020b) and PREI (Gobert et al., 2009;
Boumaza et al., 2015; Gerakaris et al., 2017; Rigo et al.,
2019)found a decrease in EQR values in urbanized and
densely populated sites.

It is also important to consider sites with EQR values
near the good/moderate boundary (EQR = 0.550), as rec-
ommended by Lopez y Royo et al. (2009b) and Romero
et al. (2016). It is the case of the Bou Ismail site, which
improves from moderate (with PREI) to good (with MIA-
Po), and the Chenoua site, which has an MIAPo EQR
of 0.555. If these sites are to be included in monitoring
programs, they must be given special attention, and pres-
sures must be precisely identified. The best EQR value
obtained using both indices at the Kouali site corre-
sponds to an undisturbed zone with low human pressure.
The Kouali meadow has previously been examined and
classified as having high primary productivity and vital-
ity (Boumaza & Semroud, 2000; Boumaza et al., 2014).
It was classified as having good/high ecological status
when using P. oceanica meadow as a BQE (Boumaza
et al., 2015; Sengouga, 2017; Sengouga et al., 2019) or
the macroalgae community as a BQE for the rocky bot-
tom quality (CFR) index (Anteur et al., 2024). This fact
makes the site interesting for classification and protection
(PNUE/PAM/CAR PAP, 2006; Mangos & Claudot, 2013;
UNEP/MAP-SPA/RAC, 2021).

The results discussed above demonstrate that indices
such as MIAPo and PREI, which use a smaller number
of metrics, can be valuable and quick tools for monitor-
ing and managing coastal ecosystems, providing criti-
cal insights for informed decision-making. However, in
this study, some shortcomings were unavoidable. (i) The
method for assessing human-induced pressure does pro-
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vide a quick assessment of human impact, but the level
of data aggregation is less precise than that used to col-
lect meadow vitality data. To ensure its effectiveness, it
is recommended that it be combined with other precise
methods for assessing human pressure. (ii) The relatively
small number of sites included in the study may have an
impact on the robustness of our findings, especially when
establishing the reference conditions. In fact, despite the
varied environmental conditions that characterize the
study area, no site has a bad ecological status. It appears
that the various anthropogenic pressures recorded at these
sites had no significant impact on the studied P. oceanica
meadows.

To confirm the accuracy and robustness of MIAPo in
reflecting the ecological status of Algerian water bodies,
we aim to apply it to the entire Algerian coastline in sites
with diverse environmental conditions (Martinez-Cre-
go et al., 2010). Finally, the P. oceanica meadows must
be protected in accordance with national (Law 02-2002;
Law 2012: Executive decree no. 12-03) and regional leg-
islation (Barcelona Convention 1976, amended 1995).
Thus, non-destructive techniques are recommended to
reduce the negative impact of sampling methods on P.
oceanica meadows (Montefalcone, 2009). The Non-De-
structive Sampling Methods (NDSM) developed by Gob-
ert et al. (2020)have already been tested and approved for
the PREI index. Future MIAPo applications will require
a similar test because the selected metrics do not require
rhizome sampling.

Conclusion

The multi-metric index MIAPo offers several advan-
tages. It was built from different types of metrics, and it
relates to human pressure and encompasses various time
responses to stress. It is simple, quick, effective, and low-
cost, meeting managers’ and decision-makers needs and
inter-calibration requirements. Its inter-calibration with
the PREI index yields comparable results with enhanced
reliability to human stressors by integrating biochemical
and cellular metrics (Martinez-Crego et al., 2010), and it
can be assessed using NDSM. However, further investiga-
tion is required for the index adoption: (i) a refinement of
the approach used to define reference conditions to avoid
eventual loss of precision in the classification of the eco-
logical status; (ii) other population-type metrics should
also be considered because they provide a more accurate
picture of meadow health. Furthermore, it is recommend-
ed that the ‘lower limit” indicator be calibrated, because
most of our meadows exhibit lower limits associated with
rocky substrates, controlled by hydrodynamic conditions,
as described by Clabaut et al. (2010) in Corsica (France),
the northern Gulf of Tunis (Tunisia), and El Kala National
Park (Algeria); (iiil) integration of environmental parame-
ters measurement when assessing the pressure index, spe-
cifically the nitrogen content in interstitial water, in order
to establish a relationship with the nitrogen content in tis-
sues (Leoni et al., 2008). In this context, we also propose
testing Specific Leaf Area (SLA) as a nutrient enrichment

700

indicator in P. oceanica meadows, as it has previously
been associated with light attenuation and leaf photosyn-
thetic rates (Olesen et al., 2002; Enriquez et al., 2004;
Nicastro et al., 2015)and leaf nutrient variation in other
magnoliophyte (Ainley et al., 2016) ; (iv) the tannin cell
density in leaves should be compared to other parts of the
plant, such as rhizomes, given their tendency to exhibit
minor fluctuations in phenolic compounds and a notable
response to effluent discharge (Migliore et al., 2007); (v)
MIAPo should be applied on a larger scale for compara-
bility and inter-calibration purposes, and its relationship
with several human pressure assessment methods should
be investigated. Additionally, a comparison with other in-
dices that utilize a greater number of descriptors, such as
the POMI or the CS Valencian, is necessary to enhance
understanding of its efficacy and facilitate the harmoniza-
tion of these indices.

Acknowledgements

We are very grateful to Boukortt Redouane for his sig-
nificant contributions to our scuba diving work. We also
remember Nihal Bouledjouidja’s exemplary commitment
to laboratory work. It is with great sadness that we mark
her passing at such a young age. Her memory will forever
be honored.

References

Ainley, L.B., Vergés, A., Bishop, M.., 2016. Congruence of
intraspecific variability in leaf traits for two co-occurring
estuarine angiosperms. Oecologia, 181 (4), 1041-1053.

Anteur, A.C., Bahbah, L., Bensari, B., Seridi, H., 2024. Evalu-
ation of the ecological quality of the macroalgal communi-
ties along the Algerian coast (Algeria, Mediterranean Sea).
Regional Studies in Marine Science, 78, 103767.

Bakalem, A., Ruellet, T., Dauvin, J.-C., 2009. Benthic indices
and ecological quality of shallow Algeria fine sand commu-
nity. Ecological indicators, 9 (3), 395-408.

Bellissimo, G., Sirchia, B., Ruvolo, V., 2020. Monitoring of
Posidonia oceanica meadows in the Sicilian coasts un-
der the Water Framework Directive (WFD). p. 510-518.
In: 8th International Symposium “Monitoring of Med-
iterranean Coastal Areas. Problems and Measurement
Techniques, Livorno, Italy, June 2020. Firenze University
Press, Florence. (https://books.fupress.com/doi/capito-
1i/978-88-5518-147-1_51)

Bennett, S., Roca, G., Romero, J., Alcoverro, T., 2011. Ecolog-
ical status of seagrass ecosystems: An uncertainty analysis
of the meadow classification based on the Posidonia ocean-
ica multivariate index (POMI). Marine Pollution Bulletin,
62 (8), 1616-1621.

Bentaallah, M., 2017. Contribution to the study of Posidonia
oceanica through the West Algerian coasts: localisation,
characterisation and use for coastal water status assess-
ment. Ph.D. Thesis. University of Milano-Bicocca, Ita-
ly, 47 pp.

Blouet, S., Lenfant, P., Dupuy de la Grandrive, R., Laffon, J-F.,

Mediterr. Mar. Sci., 26/3, 2025, 686-704



Chéré, E. et al., 2011. Mise en cohérence des méthodes de
suivis des herbiers de posidonies des sites Natura 2000
marins du Languedoc-Roussillon. Rapport ADENACNRS/
EPHE/UPVD-CG66-AAMP, 49 pp.

Bodéré, J.-C., Cribb, R., Curr, R., Davies, P., Hallégouét, B. et
al., 1991. La gestion des milieux dunaires littoraux. Evo-
lution de leur vulnérabilité a partir d’une liste de contrdle.
Etude de cas dans le sud du Pays de Galles et en Bretagne
occidentale. Norois, 151 (1), 279-298.

Borja, A., Dauer, D. M., Grémare, A., 2012. The importance of
setting targets and reference conditions in assessing marine
ecosystem quality. Ecological Indicators, 12, 1-7.

Boudouresque, C. F., Bernard, G., Pergent, G., Shili, A., Ver-
laque, M., 2009. Regression of Mediterranean seagrasses
caused by natural processes and anthropogenic distur-
bances and stress: a critical review. Botanica Marina, 52
(5), 395-418.

Boumaza, S., Semroud, R., 2000. Evaluation of past and pres-
ent primary production in Posidonia oceanica beds from
the cove of Kouali (Tipaza, Algeria) using the lepidochron-
ological method. Biologia marina mediterranea, 7, 26-30.

Boumaza, S., Mokeddem, Z., Hamoul, N., Semroud, R., 2012.
Effects of disturbances caused by coastal discharges on phe-
nolic compounds in the seagrass Posidonia oceanica. p. 34.
In: 3rd Mediterranean Seagrass Workshop, Essaouira, Mo-
rocco, 28 May-1 June, 2012.

Boumaza, S., Boudefoua, N., Boumaza, R., Semroud, R., 2014.
Effects of urban effluents on spatial structure, morphology
and total phenols of Posidonia oceanica: Comparison with
a reference site. Journal of experimental marine biology
and ecology, 457, 113-119.

Boumaza, S., Sengouga, A., Misraoui, A., Boumaour, A., Kahl-
al, M. etal., 2015. Assessment of the ecological status of Al-
giers coastal waters using two indices based on the seagrass
Posidonia oceanica: PREI and BiPo. In: 4th Mediterranean
Seagrass Workshop - MSW ’15, Oristano, Italy,18-22 May,
2015. (https://mediterranean.seagrassonline.org/sardinia/)

Boumaza, S., Sengouga, A., Gasmi, D., Misraoui, A., Pergent,
G. et al, 2022. Patterns of Posidonia oceanica (L.) Deli-
le tannin cells and leaf characteristics according to envi-
ronmental conditions. Mediterranean Marine Science, 23
(4), 879-889.

Buia, M., Gambi, M. C., Dappiano, M., 2004. Seagrass systems.
Biologia Marina Mediterranea, 11 (Suppl 1), 133-183.
Cancemi, G., Falco, G. D., Pergent, G., 2003. Effects of organ-
ic matter input from a fish farming facility on a Posidonia
oceanica meadow. Estuarine, Coastal and Shelf Science, 56

(5-6), 961-968.

Clabaut, P., Pergent-Martini, C., Pergent, G., Augris, C., Pas-
qualini, V. et al., 2010. Les relations entre les herbiers de
Posidonies, le substrat et I’hydrodynamisme. p. 49-54. In:
Proceedings of the 4th Mediterranean Symposium on Ma-
rine Vegetation. Yasmine-Hammamet, 2-4 December 2010.
RAC/SPA publ,Tunis. (https://www.rac-spa.org/node/670)

Comeleo, R., Paul, J., August, P., Copeland, J., Baker, C. et al.,
1996. Relationships Between Watershed Stressors and Sed-
iment Contamination in Chesapeake Bay Estuaries. Land-
scape Ecology, 11, 307-319.

Dallas, H.F., 2021. Rapid Bioassessment Protocols Using
Aquatic Macroinvertebrates in Africa-Considerations for

Mediterr. Mar. Sci., 26/3, 2025, 686-704

Regional Adaptation of Existing Biotic Indices. Frontiers
in Water, 3, 628227.

Dawson, S.P., Dennison, W.C., 1996. Effects of ultraviolet and
photosynthetically active radiation on five seagrass species.
Marine Biology, 125 (4), 629-638.

Delgado, O., Ruiz, J., Pérez, M., Romero, J., Ballesteros, E.,
1999. Effects of fish farming on seagrass (Posidonia ocean-
ica) in a Mediterranean bay: seagrass decline after organic
loading cessation. Oceanologica Acta, 22 (1), 109-117.

Descamp, P., Holon, F., Ballesta, L., Guilbert, A., Guillot, M.
et al., 2011. Fast and easy method for seagrass monitor-
ing: Application of acoustic telemetry to precision mapping
of Posidonia oceanica beds. Marine Pollution Bulletin, 62
(2), 284-292.

Di Camillo, C., Ponti, M., Storari, A., Scarpa, C., Roveta, C.
et al., 2023. Review of the indexes to assess the ecological
quality of coralligenous reefs: towards a unified approach.
Frontiers in Marine Science, 10, 1252969.

Dimech, M., Borg, J. A., Schembri, P., 2002. Changes in the
structure of a Posidonia oceanica meadow and in the diver-
sity of associated decapod, mollusc and echinoderm assem-
blages, resulting from inputs of waste from a marine fish
farm (Malta, Central Mediterranean). Bulletin of Marine
Science, 71, 1309-1321.

Duarte, C., 1990. Seagrass nutrient content. Marine Ecology
Progress Series, 67,201-207.

Dumay, O., Costa, J., Desjobert, J.-M., Pergent, G., 2004. Var-
iations in the concentration of phenolic compounds in the
seagrass Posidonia oceanica under conditions of competi-
tion. Phytochemistry, 65 (24), 3211-3220.

Dural, B., Aysel, V., Demir, N., Yazici, 1., Erdugan, H., 2012.
The status of sensitive ecosystems along the Aegean coast
of Turkey: Posidonia oceanica (L.) Delile meadows. Jour-
nal of Black Sea / Mediterranean Environment, 18 (3),
360-379.

Enriquez, S., Marba, N., Cebrian, J., Duarte, C.M., 2004. An-
nual variation in leaf photosynthesis and leaf nutrient con-
tent of four Mediterranean seagrasses. Botanica marina, 47
(4), 295-306.

Fernandez Torquemada, Y., Diaz-Valdés, M., Colilla, F., Luna,
B., Sanchez Lizaso, J. et al., 2008. Descriptors from Po-
sidonia oceanica (L.) Delile meadows in coastal waters
of Valencia, Spain, in the context of the EU Water Frame-
work Directive. ICES Journal of Marine Science, 65 (8),
1492-1497.

Ferrat, L., Pergent-Martini, C., Roméo, M., 2003. Assessment
of the use of biomarkers in aquatic plants for the evaluation
of environmental quality: application to seagrasses. Aquatic
Toxicology, 65 (2), 187-204.

Fourqurean, J.W., Marba, N., Duarte, C.M., Diaz-Almela, E.,
Ruiz-Halpern, S., 2007. Spatial and temporal variation in
the elemental and stable isotopic content of the seagrasses
Posidonia oceanica and Cymodocea nodosa from the Illes
Balears, Spain. Marine Biology, 151, 219-232.

Garcia-Marin, P., Cabago, S., Hernandez, I., Vergara, J. J., Sil-
va, J. et al., 2013. Multi-metric index based on the seagrass
Zostera noltii (ZoNI) for ecological quality assessment of
coastal and estuarine systems in SW Iberian Peninsula. Ma-
rine Pollution Bulletin, 68 (1), 46-54.

Gerakaris, V., Panayotidis, P., Vizzini, S., Nicolaidou, A.,

701



Economou-Amilli, A., 2017. Effectiveness of Posidonia
oceanica biotic indices for assessing the ecological status
of coastal waters in Saronikos Gulf (Aegean Sea, East-
ern Mediterranean). Mediterranean Marine Science, 18
(1), 161-178.

Giraud, G., 1979. Sur une méthode de mesure et de comptage
des structures foliaires de Posidonia oceanica (Linnaeus)
Delile. Bulletin de la Musee d’Histoire Naturelle de Mar-
seille,39, 33-39.

Gobert, S., Lefebvre, L., Boissery, P., Richir, J., 2020. A non-de-
structive method to assess the status of Posidonia oceanica
meadows. Ecological Indicators, 119, 106838.

Gobert, S., Sartoretto, S., Rico-Raimondino, V., Andral, B.,
Chery, A. et al., 2009. Assessment of the ecological status
of Mediterranean French coastal waters as required by the
Water Framework Directive using the Posidonia oceanica
Rapid Easy Index: PREI. Marine Pollution Bulletin, 58
(11), 1727-1733.

Gliresen, A., Giiresen, S. O., Aktan, Y., 2020a. Combined syn-
thetic and biotic indices of Posidonia oceanica to qualify
the status of coastal ecosystems in the North Aegean. Eco-
logical Indicators, 113, 106149.

Gliresen, A., Pergent, G., Giiresen, S. O., Aktan, Y., 2020b.
Evaluating the coastal ecosystem status of two Western and
Eastern Mediterranean islands using the seagrass Posidonia
oceanica. Ecological Indicators, 108, 105734.

Hallegouét, B., Hénaff, A., Morel, V., Yoni, C., 1997. Dynami-
ques économiques et anthropisation des bords de mer : im-
pacts sur les sociétés et les espaces littoraux armoricains
/ Economie dynamics and anthropization of the sea-side :
the impacts upon societies and coastal spaces of Brittany.
Cahiers Nantais, 47 (1), 377-386.

Haouchine, A., Haouchine, F. Z., Labadi, A., 2015. Change-
ments climatiques et activités anthropiques: impacts
sur les aquiféres cotiers en Algérie. LARHYSS Journal,
(24), 227-241.

Hawkins, C. P., Olson, J. R., Hill, R. A., 2010. The reference
condition: predicting benchmarks for ecological and wa-
ter-quality assessments. Journal of the North American
Benthological Society, 29 (1), 312-343.

Helber, S. B., Procaccini, G., Belshe, E. F., Santillan-Sarmien-
to, A., Cardini, U. et al., 2021. Unusually Warm Summer
Temperatures Exacerbate Population and Plant Level Re-
sponse of Posidonia oceanica to Anthropogenic Nutrient
Stress. Frontiers in Plant Science, 12, 662682.

Jiménez-Casero, J., Belando, M.D., Bernardeau-Esteller, J.,
Marin-Guirao, L., Garcia-Muiioz, R. et al., 2023. A Critical
Gap in Seagrass Protection: Impact of Anthropogenic Off-
Shore Nutrient Discharges on Deep Posidonia oceanica
Meadows. Plants, 12 (3), 457.

Jones, B.L., Cullen-Unsworth, L.C., Unsworth, R.K.F., 2018.
Tracking Nitrogen Source Using 815N Reveals Human and
Agricultural Drivers of Seagrass Degradation across the
British Isles. Frontiers in Plant Science, 9, 133.

Kerninon, F., Payri, C. E., Le Loc’h, F., Alcoverro, T., Maréchal,
J.-P. et al., 2021. Selection of parameters for seagrass man-
agement: Towards the development of integrated indicators
for French Antilles. Marine Pollution Bulletin, 170, 112646.

Kletou, D., Kleitou, P., Savva, 1., Attrill, M. J., Charalambous,
S. et al., 2020. Seagrass of Vasiliko Bay, Eastern Mediterra-

702

nean: Lost Cause or Priority Conservation Habitat? Journal
of Marine Science and Engineering, 8 (9), 717.

Kocak, F., Uluturhan, E., Gier, G.Y., Onen, S.A., 2011. Impact
of environmental conditions on Posidonia oceanica mead-
ows in the Eastern Mediterranean Sea. Indian Journal of
Geo-Marine Sciences, 40 (6), 770-778.

Larid, M., 2002. Le recul des plages en Algérie : problémes
et perspectives. p. 53-57. In: CIESM workshp series n°l8,
Erosion littorale en Méditerranée occidentale, Tanger, 18-
21 September, 2002.

Legendre, P., Legendre, L. (Ed.), 1998. Numerical Ecology. El-
sevier, Amsterdam, 853 pp.

Leoni, V., Pasqualini, V., Pergent-Martini, C., Vela, A., Pergent,
G., 2007. Physiological responses of Posidonia oceanica
to experimental nutrient enrichment of the canopy water.
Journal of experimental marine biology and ecology, 349
(1), 73-83.

Leoni, V., Vela, A., Pasqualini, V., Pergent-Martini, C., Per-
gent, G., 2008. Effects of experimental reduction of light
and nutrient enrichments (N and P) on seagrasses: a review.
Aquatic Conservation: Marine and Freshwater Ecosys-
tems, 18 (2), 202-220.

Leopold, L.B., 1969. Quantitative comparison of some aesthet-
ic factors among rivers. Vol.620. US Geological Survey,
Washington, 16 pp.

Lopez y Royo, C., Silvestri, C., Pergent, G., Casazza, G.,
2009a. Assessing human-induced pressures on coastal ar-
eas with publicly available data. Journal of Environmental
Management, 90 (3), 1494-1501.

Lopez y Royo, C., Silvestri, C., Salivas-Decaux, M., Pergent,
G., Casazza, G., 2009b. Application of an angiosperm-based
classification system (BiPo) to Mediterranean coastal wa-
ters: Using spatial analysis and data on metal contamination
of plants in identifying sources of pressure. Hydrobiologia,
633, 169-179.

Lopez y Royo, C., Casazza, G., Pergent-Martini, C., Pergent,
G., 2010a. A biotic index using the seagrass Posidonia oce-
anica (BiPo), to evaluate ecological status of coastal wa-
ters. Ecological Indicators, 10 (2), 380-389.

Lopez y Royo, C., Pergent, G., Pergent-Martini, C., Casazza,
G., 2010b. Seagrass (Posidonia oceanica) monitoring in
western Mediterranean: implications for management and
conservation. Environmental Monitoring and Assessment,
171, 365-380.

Lopez y Royo, C., Pergent, G., Alcoverro, T., Buia, M., Casaz-
za, G. et al., 2011. The seagrass Posidonia oceanica as in-
dicator of coastal water quality: Experimental intercalibra-
tion of classification systems. Ecological Indicators, 11 (2),
557-563.

Mancini, 1., Rigo, 1., Oprandi, A., Montefalcone, M., Morri,
C. et al., 2020. What biotic indices tell us about ecosystem
change: lessons from the seagrass Posidonia oceanica. Vie
et Milieu / Life & Environment, 70.

Mangos, A., Claudot, M.A., 2013. Economic study of the im-
pacts of marine and coastal protected areas in the Medi-
terranean. Plan Bleu, Valbonne, Plan Bleu, No 13, 58 pp.

Martinez-Crego, B., Alcoverro, T., Romero, J., 2010. Biotic in-
dices for assessing the status of coastal waters: A review of
strengths and weaknesses. Journal of environmental moni-
toring, 12, 1013-28.

Mediterr. Mar. Sci., 26/3, 2025, 686-704



Martinez-Haro, M., Beiras, R., Bellas, J., Capela, R., Coelho,
J.P. et al., 2015. A review on the ecological quality status
assessment in aquatic systems using community based indi-
cators and ecotoxicological tools: what might be the added
value of their combination? Ecological Indicators, 48, 8-16.

Mascard, O., Bennett, S., Marba, N., Nikoli¢, V., Romero, J. et
al., 2012. Uncertainty analysis along the ecological qual-
ity status of water bodies: The response of the Posidonia
oceanica multivariate index (POMI) in three Mediterranean
regions. Marine Pollution Bulletin, 64 (5), 926-931.

Meinesz, A., Laurent, R., 1978. Cartographie et état de la lim-
ite inferieure de 1’herbier de Posidonia oceanica dans les
Alpes-maritimes (France) - Campagne Poseidon 1976. Bo-
tanica marina, 21 (8), 513-526.

Migliore, L., Rotini, A., Randazzo, D., Albanese, N. N., Gi-
allongo, A., 2007. Phenols content and 2-D electrophore-
sis protein pattern: a promising tool to monitor Posidonia
meadows health state. BMC ecology, 7 (1), 1-8.

Montefalcone, M., 2009. Ecosystem health assessment using
the Mediterranean seagrass Posidonia oceanica: A review.
Ecological Indicators, 9 (4), 595-604.

Montefalcone, M., Albertelli, G., Nike Bianchi, C., Mariani,
M., Morri, C., 2006. A new synthetic index and a protocol
for monitoring the status of Posidonia oceanica meadows:
a case study at Sanremo (Ligurian Sea, NW Mediterrane-
an). Aquatic Conservation: Marine and Freshwater Ecosys-
tems, 16 (1), 29-42.

Nicastro, S., Innocenti, A. M., Passalacqua, N. G., 2015. His-
to-anatomical leaf variations related to depth in Posidonia
oceanica. Functional Plant Biology, 42 (4), 418-422.

Olesen, B., Enriquez, S., Duarte, C., Sand-Jensen, K., 2002.
Depth-acclimation of photosynthesis, morphology and de-
mography of Posidonia oceanica and Cymodocea nodosa
in the Spanish Mediterranean Sea. Marine Ecology Pro-
gress Series, 236, 89-97.

Oliva, S., Mascar9d, O., Llagostera, 1., Pérez, M., Romero, J.,
2012. Selection of metrics based on the seagrass Cymodo-
cea nodosa and development of a biotic index (CYMOX)
for assessing ecological status of coastal and transitional
waters. Estuarine, Coastal and Shelf Science, 114, 7-17.

Oprandi, A., Bianchi, C.N., Karayali, O., Morri, C., Rigo, I. et
al., 2021. RESQUE: A novel comprehensive approach to
compare the performance of different indices in evaluating
seagrass health. Ecological Indicators, 131, 108118.

Panayotidis, P., Boudouresque, C.F., Marcot-Coqueugniot, J.,
1981. Microstructure de I’herbier de Posidonia oceanica
(Linnaeus) Delile. Microstructure of Posidonia oceanica
(Linnaeus) beds. Botanica Marina, 24 (3), 115-124.

Parravicini, V., Rovere, A., Vassallo, P., Micheli, F., Montefal-
cone, M. et al., 2012. Understanding relationships between
conflicting human uses and coastal ecosystems status:
A geospatial modeling approach. Ecological Indicators,
19, 253-263.

Pérez, M., Garcia, T., Invers, O., Ruiz, J.M., 2008. Physiolog-
ical responses of the seagrass Posidonia oceanica as indi-
cators of fish farm impact. Marine Pollution Bulletin, 56
(5), 869-879.

Pergent, G., Pergent-Martini, C., Boudouresque, C., 1995. Uti-
lisation de I’herbier a Posidonia oceanica comme indica-
teur biologique de la qualité du milieu littoral en Méditer-

Mediterr. Mar. Sci., 26/3, 2025, 686-704

ranée: Etat des connaissances. Mésogée, 54, 3-27.

Pergent-Martini, C., Leoni, V., Pasqualini, V., Ardizzone, G.D.,
Balestri, E. et al., 2005. Descriptors of Posidonia oceani-
ca meadows: use and application. Ecological Indicators, 5
(3), 213-230.

Pergent, G., Pergent-Martini, C., Bein, A., Dedeken, M., Ob-
erti, P. et al., 2015. Dynamic of Posidonia oceanica sea-
grass meadows in the northwestern Mediterranean: Could
climate change be to blame? Comptes Rendus Biologies,
338 (7), 484-493.

Personnic, S., Boudouresque, C.F., Astruch, P., Ballesteros, E.,
Blouet, S. et al., 2014. An ecosystem-based approach to as-
sess the status of a Mediterranean ecosystem, the Posidonia
oceanica seagrass meadow. PloS one, 9 (6), €98994.

PNUE/PAM CAR/ASP, 2019. Les protocoles de surveillance
des Indicateurs communs 1 et 2 relatifs aux habitats marins.
UNEP/MED, Rome, Italie, No WG.474/3, 160 pp.

PNUE/PAM/CAR PAP., 2006. Programme d’Aménagement
Cotier (PAC) de la «zone cdtiere algéroise». Rapport final
intégré. MAP Technical Reports Series, PNUE, Athena, No
164, 190 pp.

Rende, F., Bacci, T., Penna, M., Trabucco, B., Giovanardi, F.
et al.,2011. WFD 2000/60/EC: Posidonia oceanica mead-
ows in the evaluation of ecological status of the Italian
coastal waters/WFD 2000/60 CE: Le praterie di Posidonia
oceanica nella valutazione dello stato ecologico delle ac-
que costiere Italiane. Biologia Marina Mediterranea, 18
(1), 322-323.

Rigo, 1., Montefalcone, M., Morri, C., 2019. Use of ecological
indices to assess the health status of Posidonia oceanica
meadows in Eastern Liguria. p. 271-280. In: Planning, na-
ture and ecosystem services. Gargiulo, C., Zoppi, C. (Eds).
Federico IT Open Access University Press, Naples.

Roca, G., Alcoverro, T., de Torres, M., Manzanera, M., Martin-
ez-Crego, B. et al., 2015. Detecting water quality improve-
ment along the Catalan coast (Spain) using stress-specific
biochemical seagrass indicators. Ecological Indicators,
54, 161-170.

Rodriguez, W., August, P., Wang, Y., Paul, J., Gold, A. et al.,
2007. Empirical relationships between land use/cover
and estuarine condition in the Northeastern United States.
Landscape Ecology, 22, 403-417.

Romero, J., Martinez-Crego, B., Alcoverro, T., Pérez, M., 2007.
A multivariate index based on the seagrass Posidonia oce-
anica (POMI) to assess ecological status of coastal waters
under the water framework directive (WFD). Marine Pollu-
tion Bulletin, 55 (1), 196-204.

Romero, J., Alcoverro, T., Roca, G., Pérez, M., 2016. Bioindi-
cators, Monitoring, and Management Using Mediterranean
Seagrasses: What Have We Learned from the Implementa-
tion of the EU Water Framework Directive? p. 161-182. In:
Experiences from Ground, Coastal and Transitional Water
Quality Monitoring. Munné, A., Ginebreda, A., Prat, N.
(Eds). Springer International Publishing, Cham.

Rotini, A., Belmonte, A., Barrote, 1., Micheli, C., Peirano, A.
et al., 2013. Effectiveness and consistency of a suite of
descriptors for assessing the ecological status of seagrass
meadows (Posidonia oceanica L. Delile). Estuarine, Coast-
al and Shelf Science, 130, 252-259.

Scartazza, A., Moscatello, S., Gavrichkova, O., Buia, M.C.,

703



Lauteri, M. et al.,2017. Carbon and nitrogen allocation strat-
egy in Posidonia oceanica is altered by seawater acidifica-
tion. Science of The Total Environment, 607-608, 954-964.

Sengouga, A., 2017. Evaluation de I’état écologique des eaux
cotieres algéroises par ['utilisation d’un indice basé sur
Posidonia oceanica. Magistére Thesis. Ecole Nationale
Supérieure des Sciences de la Mer et de b Aménagement du
Littoral, Algiers, Algeria, 88 pp.

Sengouga, A., Boumaza, S., Misraoui, A., Semroud, R., 2018.
Evaluation de 1’état écologique des eaux cotiéres algéroises
par "utilisation d’indices basés sur Posidonia oceanica. In:
3eme Workshop international sur la Biodiversité et la Ges-
tion des Ecosystemes Exploités BGEE, Algiers, Algeria, 27
October 2018.

Sengouga, A., Boumaza, S., Zerrouk, C., Misraoui, A., Sem-
roud, R., 2019. Temporal Evolution of Ecological Status in
Algerian Coastal Waters. p. 337-378. In: 14*International
MEDCOAST Congress on Coastal and Marine Sciences,
Engineering, Management and Conservation. Marmaris,
Turkey, 22-26, October 2019. Mediterranean Coastal Foun-
dation (MEDCOAST 19), Ortaca, Mugla, Turkey.

Stoddard, J.L., Herlihy, A.T., Peck, D.V., Hughes, R.M., Whit-
tier, T.R. et al., 2008. A process for creating multimetric
indices for large-scale aquatic surveys. Journal of the North
American Benthological Society, 27 (4), 878-891.

Terrados, J., Pons, F.J.M., 2008. Epiphyte load on the seagrass
Posidonia oceanica (L.) Delile does not indicate anthro-
pogenic nutrient loading in Cabrera Archipelago National
Park (Balearic Islands, Western Mediterranean). Scientia

704

Marina, 72 (3), 503-510.

Tursi, A., Mastrototaro, F., Bottalico, A., Montesanto, F.,
Chimienti, G., 2022a. Assessing the conservation status of
Posidonia oceanica at Tremiti Archipelago (Adriatic Sea):
a comparative analysis of different classification systems.
pp. 262-266. In: The 2022 IEEE International Workshop on
Metrology for the Sea; Learning to Measure Sea Health Pa-
rameters (MetroSea) October 2022. 1IEEE.

Tursi, A., Mastrototaro, F., Montesanto, F., De Giosa, F., Lisco,
A. et al.,2022b. The Status of Posidonia oceanica at Trem-
iti Islands Marine Protected Area (Adriatic Sea). Biology,
11 (6), 923.

Udy, J.W., Dennison, W.C., 1997. Growth and physiological re-
sponses of three seagrass species to elevated sediment nu-
trients in Moreton Bay, Australia. Journal of Experimental
Marine Biology and Ecology, 217 (2), 253-277.

UNEP/MAP-SPA/RAC., 2021. Conservation de la biodiversité
marine et cotiere méditerranéenne d’ici 2030 et au-dela By
A. Chalabi. SPA/RAC Tunisia, 140 pp.

Walker, D.I., Campey, M.L., Kendrick, G.A., 2004. Nutrient
dynamics in two seagrass species, Posidonia coriacea and
Zostera tasmanica, on Success Bank, Western Australia.
Estuarine, Coastal and Shelf Science, 60 (2), 251-260.

Zhang, J.-P., Huang, X.-P., Jiang, Z.-J., Thorhaug, A., 2011.
Comparison of the role of the foliar sheath in nutrient
(ammonium and phosphate) acquisition by the seagrass
Thalassia hemprichii (Ehrenb.) Aschers. at two different
sites on tropical Hainan Island, China. Hydrobiologia, 669
(1), 45-61.

Mediterr. Mar. Sci., 26/3, 2025, 686-704



