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Abstract

In the present paper, sedimentological, water physicochemical data and biological benthic assemblages are compiled to
provide an integrated environmental assessment of a protected shallow Mediterranean lagoon with a long history of man-
agement interventions (Klisova Lagoon, Western Greece). Satellite remote sensing techniques were used for mapping the
seagrass Cymodocea nodosa (Ucria) Asch, which presents an extensive expansion in the study area. The results showed
that Klisova is a hypersaline, well-oxygenated lagoon presenting changes in temperature, salinity, pH and dissolved oxygen
over the course of 1 year, but largely lacks any spatial differentiation other than an east-west gradient in salinity in spring
and summer. Sediment was classified as silty sand to silt, rich in total organic carbon (TOC), total nitrogen (TN) and total
phosphorus (TP). The benthic community was characterised by a high species richness and the presence of marine species,
without a clear spatial pattern. The multivariate-AZTI’s marine biotic index (M-AMBI) showed that the ecological quality
of the macrobenthos was good in most stations. C. nodosa covered over 70% of the lagoon area and formed meadows even
in the eastern part of the lagoon where salinity during spring and summer was close to the reported upper tolerance limit of
the species (> 50). The present multidisciplinary approach provides valuable baseline information on various components
of the ecosystem which can be used as a basis for management bodies and future conservation plans for the lagoon.
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Introduction

The transitional zones between freshwater and marine envi-
ronments, such as lagoons, coastal marshes, estuaries and
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aramfos @upatras.gr cal, geological and chemical properties. Such ecosystems,
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(Kjerfve 1994; Bird 2011). These coastal barriers comprise
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The degree of this confinement, along with the other geo-
graphical and topographical features of each lagoon, leads
to the development of strong spatial and seasonal gradients
of the abiotic properties (e.g. temperature, pH, dissolved
oxygen, conductivity, etc.) which in turn affect the produc-
tivity, diversity and distribution patterns of the fauna and
flora (Nicolaidou et al. 2005).

During the last two decades, a lot of scientific effort
has been invested in the typology of these highly hetero-
geneous and variable ecosystems towards the grouping of
transitional waters (TWs) and the definition of ecological
units that are more easily managed (Nicolaidou et al. 2005;
Barbone et al. 2012; Basset et al. 2013). Although common
key elements that drive the functionality of TWs have been
identified (i.e. salinity, confinement, tidal regime) (Basset
et al. 2006), knowledge of the specific hydrogeological and
biological features of each lagoon is imperative for the con-
servation and recovery of good ecological status under the
Water Framework Directive (WFD), as well as for manage-
rial purposes. The monitoring of lagoon systems is also vital
as most lagoons face threats from anthropogenic impacts,
including climate change, eutrophication and changes in the
hydrological regime (Basset et al. 2013). Thus, adequate
knowledge of their abiotic and biotic characteristics is cru-
cial for decision making and preservation of their important
roles for ecology, society and economy.

As part of the monitoring of TWs under the WFD, mac-
robenthic communities are one of the biotic quality elements
used to assess ecological status. Macrobenthic organisms
are often considered highly adequate descriptors of the eco-
system condition owing to their mostly sedentary lifestyle
and their reaction to changes in the environment. They have
also been extensively studied as indicators for water qual-
ity assessment for many decades (e.g. Simboura and Reizo-
poulou 2008). A variety of biotic indices have been pro-
posed towards this end, such as AZTI’s marine biotic index
(AMBI, Borja et al. 2000), multivariate-AMBI (M-AMBI)
(Muxika et al. 2007), BENTIX (Simboura & Zenetos 2002),
benthic opportunistic annelida amphipod index (BO2A;
Dauvin & Ruellet 2007), index of size distribution (ISD;
biomass size structure index, Reizopoulou & Nicolaidou
2007) or index of size spectra sensitivity index (ISS; Bas-
set et al. 2012) (see Cabana et al. 2013 for a detailed over-
view). Many of these indices have been evaluated in different
regions and countries and have been found to locally differ
in their effectiveness in detecting anthropogenic disturbance
(e.g. Reizopoulou et al. 2018, Magni et al 2023; Barbone
et al. 2012). In most Mediterranean EU states, including
Greece, the M-AMBI index has been adopted for the pur-
pose of monitoring transitional waters (Reizopoulou et al.
2018). It is a multi-metric index based on the original AMBI
index, but including species richness and Shannon diversity.
One of its major strengths is that it allows for the definition
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of different reference conditions for different habitats. This
makes the M-AMBI especially suitable for lagoons which
usually present very idiosyncratic conditions as a result of
their geomorphological, sedimentary, meteorological and
physicochemical characteristics (Kjerfve 1986).

Seagrass species in lagoons constitute a key component
regarding ecosystem stability, resilience and biodiversity
(Pergent et al. 2002; Signorini et al. 2008). In parallel, sea-
grass species are especially vulnerable to various stress fac-
tors (natural or anthropogenic) which cause regression to
their expansion (Boudouresque et al. 2009) and, as such, the
mapping of their distribution is highly important.

The present study aims to describe and characterise sev-
eral environmental and ecological components of Klisova
Lagoon, which belongs to one of the most important Greek
wetlands, the Messolonghi—Aitoliko—Klisova lagoons com-
plex. We combine data concerning the physicochemical
regime of the water with multi-proxy techniques of sedi-
mentology, macrozoobenthic analyses and remote sensing
for mapping the C. nodosa meadows in the lagoon to provide
baseline information and demonstrate an integrated approach
useful for management bodies and future conservation plans
for the lagoon.

Study area

The study was conducted in Klisova Lagoon, located in
western Greece and belonging to the extensive wetland
of the Messolonghi—Aitoliko—Klisova lagoonal complex
(Fig. 1). It is protected by the Ramsar Convention and listed
in the Natura 2000 network (code GR2310001). The lagoon
of west Klisova is economically important as it is tradition-
ally exploited for fishing, mainly by means of barrier traps,
having an average annual production of 22 mt which mostly
comprises the species Liza aurata, Liza saliens, Mugil ceph-
alus, Sparus aurata, Anguilla anguilla and Dicentrarchus
labrax (Katselis et al. 2003). The lagoon is also ecologically
important as it is a nursing area for the Dalmatian pelican
Pelecanus crispus among other bird species.

Klisova Lagoon is a typical shallow Mediterranean brack-
ish lagoon with 1 m mean depth (maximum 1.5 m). It has
formed and evolved during the last 4000 years before the
present (BP) in response to Evinos River discharge and delta
progradation, combined with climatic conditions and anthro-
pogenic activity (Emmanouilidis et al. 2022). The lagoon
was separated by the main Messolonghi—Aitoliko lagoon
complex in 1885 by the construction of a road in its western
part. In the late 1960s, the lagoon was separated artificially
into West Klisova of approximately 1900 ha and East Klis-
ova of 600 ha (Fig. 1). Water exchange with the sea in West
Klisova takes place directly through two major channels
(30 m width, 2 m depth) at its southern part and indirectly
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Fig.1 The Messolonghi—Aitoliko—Klisova lagoonal complex (left)
and the study area (right). Black and blue circles: sampling stations
for physicochemical characteristics and sediment samples. Blue cir-

through three smaller channels (10 m width, 2 m depth)
along its western side (Fig. 1). In the 1970s, to facilitate the
operation of the two adjacent salt work companies, the inte-
rior of the lagoon was divided into smaller parts through the
construction of soil barriers that restricted water circulation
and consequently led to increased salinity. Along the bar-
riers openings with varying widths ranging from 8 to 25 m
existed, which facilitated water exchange between the artifi-
cial ‘compartments’ in the lagoon. In parallel, all freshwater
inputs in the lagoon were cut off (i.e. streams and artificial
canals) and significant amounts of the hypersaline water
from the lagoon is being pumped towards the saltworks and
replenished by seawater during the warm period of the year.
Thus, salinity in the study area has been reported to range
between 30 psu (spring) and 55 psu (late summer) during the
year in its western part, whereas in the more isolated north-
ern and eastern parts, salinity often exceeds 70 (Hotos and
Avramidou 1997). In the early 2000s, some of the soil bar-
riers were removed to improve water circulation and, since
then, three separate parts can be defined in the lagoon (i.e.
northern, central and southern) by artificial or natural barri-
ers which restrict water circulation to varying extents. The
salinity regime of the lagoon seems to be controlled by two
main processes: on the one hand, the existence of the inter-
nal barriers restricts water circulation in the lagoon which

cles: sampling stations for macrofaunal samples and Cymodocea
shoot collection. Arrows indicate the water exchange channels

results in increased salinity. On the other hand, the pumping
stations of the saltworks draw significant amounts of high-
saline waters from Klisova (approximately 8 million m~>
during the warm season; Seretaki 2012 — Technical report,
in Greek) which is replenished by the lower salinity water
of Patraikos Gulf (38-39, Ramfos et al. 2005). Historically,
Klisova is referred to as a hypersaline lagoon with values
ranging around 40 in the western part and close to 90 in the
more isolated parts of the northern and eastern parts during
summer months (Chatzikakidis 1953; Hotos and Avramidou
1997). Although there are fragmentary observations during
the last decades, it is possible that the partial removal of the
barriers in 2005 improved water circulation in the lagoon
and prevented the development of the extreme salinity values
that have been observed in the past.

Although some parts of the Messolonghi—Aitoliko—Klis-
ova lagoon complex suffered several times in the past from
hypoxic and anoxic events, especially in Aitoliko and East
Klisova lagoons (Avramidis et al. 2010, 2015, 2017; Gianni
and Zacharias 2012), there is no record of such events
for West Klisova. During the last 25 years, studies have
described several environmental aspects of Klisova lagoon,
covering heavy metal concentrations in sediments (Papathe-
odorou et al. 2002; Marazioti et al. 2010; Karageorgis et al.
2012), water physicochemical parameters, macrophytes and
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seagrasses (Hotos and Avramidou 1997; Christia and Papas-
tergiadou 2007; Christia et al. 2018; Orfanidis et al. 2020).

Materials and methods
Sampling and field measurements

The physicochemical characteristics of the water column in
West Klisova were monitored seasonally during one year
(July and November 2016, January and March 2017). The
sampling grid comprised 20 stations (1-20) and one sample
was collected in each station per season (Fig. 1). Sediment
samples were collected from the same stations in summer
2016. Positioning was achieved with a hand-held GPS (accu-
racy 2 m). Seasonal physicochemical measurements such as
pH, salinity, temperature (T, C) and dissolved oxygen (DO,
mg/L) were measured in situ with a portable HACH HQ40D
(Loveland, Colorado, USA) instrument. In each monitor-
ing station, surficial sediment samples were collected using
a Van Veen grab with a sampling surface of 0.025 m. A
subsample from the top 5 cm of sediment was collected for
sediment analysis.

During the sampling of March 2017, macrofaunal sam-
ples were collected at seven of the stations (i.e. 1, 2,4, 6, 8,9
and 15) covering, as much as possible, the different parts of
the lagoon (Fig. 1). In each station, three separate replicates
were taken with a Van Veen grab (0.025 m? sampling sur-
face). The collected material was sieved through a 0.5 mm
mesh and the remaining material was fixed in 4% formal-
dehyde buffered with seawater. Both the time of sampling
(spring) as well as the sampling methodology follow the
protocol of the national benthic macroinvertebrate monitor-
ing of transitional waters for the Water Framework Directive,
thus the results of this study are comparable with those data.

Finally, during summer 2016 when C. nodosa presents its
highest shoot density (Zavodnik et al. 1998), the presence/
absence of C. nodosa meadow was visually confirmed in
all sampling stations, as well as along the routes between
sampling stations. Presence/absence of C. nodosa was also
noted during sampling for macrobenthos. Additionally, to
obtain an indication of the shoot density of the meadows,
shoots were collected in stations 1, 2, 4, 6, 8, 9 and 15 by
grab sampling. In the cases of vegetated sediment, the grab
was gently pushed by hand into the sediment to penetrate
through the rhizomes and the collected shoots were rinsed
and counted in the laboratory.

Sedimentology
Sediment samples were analysed for granulometric and

chemical analysis. Material coarser than 4 @ (>2 mm)
was dried and sieved, fine-grained material (<2 mm) was
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analysed using a Malvern Mastersizer 2000, and grain size
distribution was calculated. Colours were identified using a
Minolta CM-2002 hand-held spectrophotometer on the basis
of the Munsell colour chart. The sediment’s total organic
carbon (TOC) content was determined by the titration
method (Gaudette et al. 1974; Avramidis and Bekiari 2021),
and total nitrogen (TN) with a CHNS-O EA 1108 Elemental
Analyzer by Carlo Erba. Total phosphorus (TP) was deter-
mined on the basis of the APHA 2005-4500-P method with
a spectrophotometer DR 3800 HACH-LANGE. Carbonates
(CaCO;) were measured on the basis of Miiller and Gastner
(1971) and Jones and Kaiteris (1983) using a FOG II/Digital
calcimeter, version 2/2014 (BD INVENTIONS).

Macrobenthic assemblages

Macrobenthic samples were washed to remove excess for-
maldehyde, and organisms were extracted from the sediment
residues under a stereomicroscope and transferred to 70%
ethanol. All animals were identified to species level and their
abundance was counted; in cases where this was not pos-
sible owing to poor condition of the organism or very small
size, taxa were assigned to the next highest taxonomic level.
The most recent taxonomic literature was used for identifica-
tion, and all taxonomic names were cross-checked against
the World Register for Marine Species (WoRMS Editorial
Board 2022).

For the analyses of macrofaunal data, replicates were
pooled and their abundances averaged per station. Abun-
dance data were standardised to densities (individuals m™2).
Biodiversity indices [number of individuals, number of taxa,
Shannon—Wiener index H’ (Shannon 1948), Pieclou’s index,
but not the M-AMBI index] were calculated on the pooled
and averaged data. To estimate the ecological quality of the
macrobenthos, the M-AMBI index was calculated (Muxika
2007). The M-AMBI index is a multivariate index which
incorporates species richness, the Shannon diversity index
and the AMBI index (Borja et al. 2000). The AMBI index is
based on an approach where taxa are assigned to one of five
ecological groups (EG), on the basis of their sensitivity to
disturbance. The proportions of each group in the sample are
calculated and each proportion is multiplied with a modifier.
This results in a number between 0O (only sensitive species
present, pristine conditions) and 6 (only highly tolerant spe-
cies present, highly polluted conditions) and resulting in 7
when the sediment is azoic. The M-AMBI index then uses
factor analyses which incorporates the three metrics, but also
requires the user to specify reference values for the ‘high’
(i.e. unpolluted) and ‘bad’ (i.e. highly polluted) conditions.
Since Klisova Lagoon is considered a euhaline restricted
lagoon in accordance with national River Basin Management
Plans, reference values for the calculation of the M-AMBI
index and its boundaries follow those in Reizopoulou et al.
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(2018) and were set as follows: reference for ‘high’ status:
AMBI=0.05; H =4; S=50; boundaries between classes:
high: > 0.83; good: > 0.62-0.83; moderate: > 0.41-0.62;
poor: 0.20-0.41; bad: <0.20).

To assess the relatedness of the sampling stations on
the basis of the identity and abundance of macrofaunal
organisms, data were square root-transformed to reduce the
effect of very high abundances on the analyses, similari-
ties between stations were calculated using the Bray—Curtis
index (Bray and Curtis 1957) and a hierarchical dendrogram
was plotted using the complete linkage method.

The macrofaunal multivariate dataset was correlated with
the standardised physicochemical water parameters of both
the winter and the spring sampling and with the sediment
characteristics (separate analyses), to determine those abiotic
parameters showing the highest correlation with the macro-
faunal community data. A comparison was made both with
the winter and the spring sampling to assess the correlation
of the macrofaunal pattern with the environmental condi-
tions at the time of sampling, but also determine potential
effects that preceding conditions (i.e. in winter) might have
had on the current condition of the macrofauna. The correla-
tion was performed through the BIOENYV analysis in the R
package vegan 2.5-7 (Oksanen et al. 2020). All statistical
analyses were performed in R version 4.1.2 with the excep-
tion of the M-AMBI index, for which the AMBI software
(https://ambi.azti.es/) was used.

Cymodocea nodosa mapping

A Worldview-2 bundle image of 23 August 2015 (one pan-
chromatic and eight multi-spectral bands) was acquired and
processed. The panchromatic band has a spatial resolution
of 0.46 m, while the multi-spectral bands have a spatial reso-
lution of 1.84 m. The Worldview-2 image comprises four
typical visible and near-infrared bands similar to previous
multi-spectral satellites, such as Ikonos Quickbird, Geo-
eye Landsat-7 and four novel bands. These new spectral
channels permit the user to distinguish very small existing
spectral differences into the image, which might be difficult
to observe in traditional multi-spectral imagery. The pro-
cessing of the Worldview data was performed in ERDAS
Imagine software in three steps: (1) fusion of panchromatic
and multi-spectral data, (2) image orthorectification and (3)
principal component analysis.

The panchromatic and the eight multi-spectral bands
were fused to ameliorate the spatial resolution of the multi-
spectral while at the same time keeping the spectral informa-
tion invariable. According to the results of previous studies
(Nikolakopoulos 2008; Nikolakopoulos and Oikonomidis
2015), the Pansharp algorithm was selected for the fusion of
the panchromatic and multi-spectral data. The final produced

image of the study area has eight bands with a spatial resolu-
tion of 0.46 m.

After the fusion, the Worldview-2 imagery was ortho-
rectified in the Imagine Photogrammetry Suite of ERDAS
Imagine Software using the relevant sensor (Worldview-2)
model. The orthorectification procedure used ten ground
control points and a very accurate digital surface model with
5 m spatial resolution. A double-frequency global naviga-
tion satellite system (GNSS) receiver was used to collect
the ground control points (GCPs) used in the next stages
for data processing and accuracy assessment. During the
GCP measurements, the horizontal root mean square error
(RMSE) was between 0.8 and 1.2 cm, whereas the vertical
RMSE was between 1.5 and 2.1 cm. Therefore, the final
RMSE of the orthorectification was lower than half of the
image pixel size. Afterwards, a principal component analysis
(PCA) was performed to extract the maximum information
from the orthorectified Worldview-2 image. PCA is a math-
ematical transformation technique of the original image to
a new set of uncorrelated components derived in decreas-
ing order of importance by applying a Gaussian distribution
(Kyriou and Nikolakopoulos 2020). The new image bands
are more easily interpretable than the original ones.

Results
Physicochemical characteristics of the water column

Mean water temperature of all monitoring stations (1-20) in
the four different sampling periods fluctuated between 15.1
and 29.3 °C (Table 1) with a yearly average temperature
of 21 °C, whereas the minimum and maximum recorded
temperature was 14.4 and 32.8 °C, respectively. Salinity pre-
sented highest values in summer and lowest in winter but
was overall high in all sampling stations: average salinity
ranged from 36.9 to 52.9 psu (Table 1) with a yearly mean
of 44.4 psu. The spatial distribution of salinity was more or
less homogeneous during autumn and winter but presented a
clear increasing trend along the west—east axis during spring
and summer (Fig. 2). During summer, salinity in the western
part of the lagoon ranged between 43.0 and 48.9 psu and
increased towards the eastern part where it ranged from 58.8
to 67.2 psu. The lagoon was well oxygenated during all sam-
plings. Mean dissolved oxygen (DO) values ranged between
6.2 mg L~! (summer) and 8.76 mg L~! (autumn) (Table 1).
DO was above 5.0 mg L™! during all sampling periods, with
the exception of sites 11, 18 and 19 during summer where
DO was 4.8, 4.9 and 3.5 mg L', respectively. Mean pH val-
ues presented lowest values in autumn and highest in spring
(Table 1). Average pH during the sampling period ranged
between 8.22 and 8.99.

@ Springer
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Table1 Mean+SD,
minimum and maximum

values (in parenthesis) for the

physicochemical properties of
the water in Klisova Lagoon
during the different sampling
periods

Water
Summer 2016 Autumn 2016 Winter 2017 Spring 2017
Temperature (°C) 29.3+2.7 15.1+0.4 16.0+0.7 25.8+0.5
(26.2-32.8) (14.4-15.9) (15.2-17.3) (25.2-27.0)
Salinity 52.9+8.1 40.6+2.1 37.0+3.2 46.9+3.0
(43.0-67.2) (37.1-44.6) (31.741.3) (42.6-51.8)
Dissolved oxygen (mg L) 6.2+1.2 8.8+0.9 8.1+0.5 73+1.3
(3.5-8.5) (7.6-10.2) (6.8-8.8) (5.2-9.3)
pH 8.6+0.2 8.2+0.2 8.5+0.1 9.0+0.2
(8.0-9.0) (7.9-8.5) (8.3-8.7) (8.6-9.3)

Sediments grain size and nutrients

The lithological sediment types were estimated on the basis
of Folk’s (1974) classification. The main lithological type
of the lagoon sediments was very dark grey to very dark
greyish-green, silt to sandy silt. The sand fraction ranged
between 0.8% and 55%, the silt fraction ranged between 39%
and 90%, while the clay fraction was < 10% in all samples.
Total organic carbon (TOC) concentrations in the sediment
ranged from 2.01% to 5.3% with a mean value of 3.71%,
while total nitrogen (TN) concentration varied from 0.19%
to 0.74% with a mean value of 0.36%. Total phosphorus (TP)
concentration ranged from 103 to 373 ppm, with a mean
value of 232 ppm. Carbonates fluctuated between 8.1% and
45% with a mean value of 24.8%. All chemical characteris-
tics of the sediment presented a rather uniform spatial distri-
bution in the lagoon without any obvious pattern (Table 2).

Macrobenthic assemblages

Overall, 71 taxa and 1197 individuals were found in the
seven sampling stations during March 2017. The highest
number of taxa was found in station 1 (42 species) and the
lowest in station 2 (7 species; Table 3). The average number
of individuals per m~2 varied from 213 in station 2 to 3973
in Station 8. Pielou’s evenness index ranged from 0.68 in
station 9 to 0.93 in station 2. The Shannon—Wiener diversity
index was highest at station 1 (4.64) and lowest at station
2 (2.60).

Polychaetes were the dominant taxon at all stations except
for stations 8 and 9 where crustaceans were the most abun-
dant taxon (Fig. 3). However, no single taxon dominated
at any of the stations (the highest relative abundance was
Microdeutopus sp. with 41.0% at station 9); this was also
reflected in the relatively high evenness values of Pielou’s
index.

Overall, the fauna was characterised by euryhaline
and marine taxa, whereas only few individuals of typi-
cal brackish water taxa, such as Gammarus insensibilis,
Idotea balthica, Naineris laevigata, Nephtys hombergii
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or oligochaetes and chironomid larvae were encountered.
The finding of the fabriciid polychaete Novafabricia posi-
doniae Licciano and Giangrande 2006 is the second pub-
lished record of this taxon in Greece (Faulwetter et al.
2017) and the first record for the Ionian Sea. The eco-
logical status for benthic macroinvertebrates (expressed
through the M-AMBI index) was good at all stations,
except for station 1 which was classified as ‘High’ and
station 2 which was classified as ‘Moderate’ (Table 3 and
Fig. 4).

The hierarchical dendrogram of stations (Fig. 5) based on
macrofaunal communities showed that station 2 was strongly
different (> 80% dissimilarity) from other stations based on
the community characteristics. All stations showed a rela-
tively high dissimilarity (over 50%) to each other and only
stations 8 and 9 presented a slightly higher similarity. No
evident spatial clustering could be discerned in the dendro-
gram, apart from stations 8 and 9 which are spatially close to
each other. The BIOENYV analysis did not detect any notable
correlations (p <0.4 in all cases) between the macrofaunal
community distribution and any abiotic parameters meas-
ured in the lagoon (Table 4).

Cymodocea nodosa mapping

The principal component analysis produced uncorrelated
spectral bands which facilitated the detection of the hidden
spectral information in the original unprocessed imagery.
This revealed two areas with a characteristically different
colour than the rest of the area which were characterised by
the absence of C. nodosa (Fig. 6 pink colour) in contrast to
the vegetated areas (Fig. 6 green colour). These two areas
of bare sediments covered almost 7% of the total sediment
surface of the lagoon. Visual and grab ground truthing con-
firmed the extensive distribution of C. nodosa in the lagoon
as well as its absence in the two bare areas. Meadow den-
sity was not uniform and shoot density ranged among sta-
tions from 400 to 1600 shoots per m~2 with an average of
833 + 536 shoots per m~2.
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Fig.2 Salinity distribution in West Klisova Lagoon during the four different sampling seasons

Discussion

Klisova has been categorised as an euhaline lagoon (Hotos
and Avramidou 1997; Christia et al 2018) but according to
this study, Klisova presents seasonally hypersaline condi-
tions as salinity is higher than 40 during most of the year.
Despite the salinity gradient in the lagoon which was
observed mainly in summer and to some extent in spring,
all other physicochemical parameters in water and sediment

presented a rather homogeneous distribution in the lagoon.
Mediterranean lagoons typically show a strong environ-
mental gradient from the sea towards the inner parts of the
lagoon (Reizopoulou et al 1998; Reizopoulou and Nico-
laidou 2004) which in turn shapes the biotic communities
(i.e. the confinement theory established by Guelorget and
Perthuisot 1983). Typically, communities closer to the open-
ing of the lagoon to the sea are characterised by marine and
euryhaline species, whereas species in the inner parts of
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Table 2 Sediment parameters in all sampling stations during summer

Station TOC (%) TP (ppm) TN (%) Carbonate (%)
1 222 312.0 0.24 8.1
2 3.64 290.3 0.44 12.7
3 2.90 263.0 0.22 40.1
4 3.31 201.7 0.32 31.3
5 3.52 3733 0.5 13.6
6 2.82 272.0 0.27 39.9
7 3.56 179.7 0.28 -
8 4.16 234.7 0.46 22.8
9 4.46 287.3 0.19 22.3
10 4.10 168.0 0.42 36.5
11 4.60 314.7 0.47 13.2
12 2.01 178.0 0.20 37.9
13 2.75 258.7 0.29 44.8
14 4.21 232.0 0.38 10.8
15 3.60 170.3 0.39 23.7
16 3.68 215.7 0.33 12.4
17 3.49 103.0 0.26 45.0
18 5.00 217.3 0.74 12.4
19 4.83 209.3 0.23 24.8
20 5.30 173.3 0.54 19.0

the lagoons are composed of brackish and even freshwater
species (Nicolaidou and Reizopoulou 2005). In this study,
marine and euryhaline species dominated at all stations.
This is likely owing to the fact that Klisova Lagoon does not
receive freshwater input apart from rainfall and groundwater,
and thus retains relatively high salinities in all sampling sta-
tions. In addition, the pumping mechanism of the saltworks
creates an artificial hydrodynamic regime which increases
water renewal rates from the sea, and thus affects the com-
position of macrobenthic communities.

The lack of a spatial structuring of the macrobenthic
communities was also apparent from the clustering based
on the Bray—Curtis coefficient. No spatial clustering was
observed in the dendrogram (with the exception of the two
neighbouring stations 8 and 9 which cluster together), and

communities showed a high degree of dissimilarity. No
correlation of macrobenthic communities with environ-
mental parameters could be detected (see BIO-ENV analy-
sis, Table 4), thus community composition seems to not be
influenced by any of the measured water or sediment char-
acteristics but possibly by highly localised conditions, such
as different levels of habitat complexity formed by different
types of vegetation, which have been shown to influence
taxonomic and functional diversity (Verdonschot et al. 2012;
St. Pierre and Kovalenko 2014; Cabana et al. 2017).

Especially the presence or absence of seagrass could
play a role in shaping the benthic communities. Complex
biogenic habitats, such as seagrass meadows, often host a
higher biodiversity than uniform sediments (e.g. Barnes
et al. 2022, Connolly 1997, Edgar 1994); however, it has
also been shown that species richness and abundance in dis-
turbed or fragmented biogenic habitats can be even higher
than in undisturbed ones (e.g. Urra et al. 2013; Fahrig 2003;
Bostrom et al. 2010). This can be explained by edge effects:
the fact that communities at the boundaries between habitats
are influenced by the different species pools of the individual
habitats, leading to a higher biodiversity (e.g. Bologna et al.
2002, Tanner 2005).

In Klisova, the sampled stations hosted different macro-
faunal communities with different characteristics. Station 2
was located on bare sediment and showed the lowest values
of the Shannon—Wiener index, as well as the most dissimilar
community composition compared with the other stations.
Station 1, located at the edge of the meadow towards the
bare area showed the highest macrofaunal diversity, which
could be owing to an edge effect, as seen in other studies
(Tanner 2005, Moore and Hovel 2010). Similarly, stations
8 and 9 show similar macrobenthic communities and are
located in a similar habitat (sparse meadow) but are also
located spatially close to each other. Again, these effects
cannot be disentangled easily. Overall, as no strong cor-
relations with environmental parameters nor any obvious
spatial grouping could be detected, the characteristics and/
or complexity of the Cymodocea meadow (both in terms of
density and patchiness/proximity to edges) may be a factor

Table 3 Average abundance (ind m~2), number of taxa, biodiversity and M-AMBI values for each station during Spring 2017

Station Habitat Average ind./m> No. taxa Shannon-Wie- Pielou’s M-AMBI Ecological status
ner index evenness of macrobenthos

1 Vegetated, at edge of meadow 2530.0 42 4.64 0.86 0.88 High

2 Bare 2133 7 2.60 0.93 0.48 Moderate

4 Vegetated 1120.0 13 2.97 0.80 0.63 Good

6 Vegetated 2338.7 21 3.44 0.78 0.68 Good

8 Vegetated (sparse) 3972.7 21 3.35 0.76 0.65 Good

9 Vegetated (sparse) 3372.0 19 2.87 0.68 0.65 Good

15 Vegetated 1253.3 20 342 0.79 0.67 Good

@ Springer
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Fig.5 Hierarchical diagram
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Table 4 Results of the BIOENV analysis between macrofaunal community patterns and sediment and water parameters. For brevity, only the
five combinations of variables with the highest Spearman correlation coefficient (p) are shown for sediment data

Sediment Water—spring Water—winter
p Variables p Variables p Variables
0.39 Carbonates (%), TN (%), clay (%) 0.36 Salinity, temperature (°C) 0.22 Salinity, temperature (°C),
pH, DO (mg L)
0.36 TN (%), clay (%) 0.22 Salinity, temperature (°C), 0.22 pH
DO (mg L™
0.30 Clay (%) 0.22 Salinity 0.19 Temperature (°C),
pH
0.25 Carbonates (%), TN (%), TOC (%), clay (%) 0.14 Salinity, temperature (°C), 0.18 Salinity, temperature (°C),

0.09 Carbonates (%), TN (%), TOC (%), clay (%), sand (%)

pH, DO (mg L) pH

structuring these communities. In addition, it has been found
that lagoons dominated by seagrasses may not show any
confinement of the macrobenthic communities, as these sys-
tems can influence water renewal times and local organic
enrichment (Barnes 2023).

The macrozoobenthic community sampled in spring in
Western Klisova showed a high species richness overall,
except at station 1. The near-undisturbed reference condi-
tions for a restricted euryhaline lagoon in Greece have been
estimated to have a species richness of 50 and a Shannon
index of 4 (Reizopoulou et al. 2018). In Klisova, only sta-
tion 1 approached (species richness) or surpassed (Shan-
non—Wiener index) these values. Nevertheless, the total
biodiversity of the lagoon was higher than these reference
values. The only published study on the macrozoobenthos
of the Klisova Lagoon dates back to 1983 (Bogdanos and

@ Springer

Diapoulis 1984). These authors found a total of 28 species,
several of which were also found in this study (e.g. Capitella
capitata, Oxydromus pallidus (as Podarke pallida), Nean-
thes acuminata (as Neanthes caudata) and Naineris laevi-
gata, Oligochaeta sp.). However, these authors used a larger
mesh size of 1 mm and likely missed many of the meiofau-
nal-sized species found in this study, such as several spe-
cies of Fabriciidae and Exogoninae. Furthermore, advances
in taxonomy (such as revisions of taxa and descriptions of
new species) as well as the different available identification
literature make direct comparisons difficult.

According to the most recent River Basin Management
Plans (RBMPs) compiled during the monitoring for the
Water Framework Directive (2000/60/EC), the ecological
status of the whole Messolonghi—Klisova lagoon complex
has been characterised as ‘moderate’, taking into account
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Fig.6 A RGB image of the PCA bands. The areas without C. nodosa are presented in pink and green circles represent sampling stations

various physicochemical and biological quality elements,
and the chemical status has been characterised as ‘good’.
Additionally, a ‘moderate’ ES was also found by Orfanidis
et al. (2020) on the basis of the characteristics of C. nodosa.
Here, we only assessed the ecological quality of the
macrozoobenthos,which provided a rather positive assess-
ment, as the macrobenthic communities at all but one station

showed a good or high status., This positive classification
could be owing to the fact that Western Klisova is practi-
cally isolated from the adjacent degrading pressures (e.g.
irrigation waters, waste waters, etc.) which are responsible
for various problems in other parts of the complex and have
mainly been attributed to eutrophication (Gianni et al. 2013;
Avramidis et al. 2017). Moreover, it has been suggested
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that the various biological quality elements used for the ES
assessment present a higher ratio of disagreement in TWs
compared with coastal environments (Borja and Rodriguez
2010) and as such, the implementation of the ‘one out-all
out’ principle often leads to an underestimation of the actual
ES of the system, a problem that has also been pointed out
by Prato et al (2014).

The extensive presence of C. nodosa in Western Klisova
can be considered as a significant indicator of ‘low pres-
sure’ and good ecological status (however, no assessment
sensu WFD has been done, in which additional parameters,
such as phytoplankton, chlorophyll a (Chl-a), fish commu-
nity etc., are taken into account). The presence of seagrasses
in transitional waters has been linked to higher ecological
status compared with unvegetated areas (Prato et al. 2014)
and pristine coastal lagoons are in many cases dominated by
extensive coverage of seagrass species, such as C. nodosa,
Zostera noltei and Ruppia cirrhosa (Basset et al. 2006).
Seagrasses reduce eutrophication, acting as water filters,
transporting nutrients to the sediment and in parallel pro-
vide niche for invertebrates, fishes and macroalgae (Lloret
and Marin 2009; Prato et al. 2014; Cabana et al. 2017), thus
increasing the resilience of TWs to pressures. Owing to their
ecological importance, detailed knowledge of the distribu-
tion of seagrasses in lagoons is an important prerequisite for
successful management, and this study showed that remote
sensing processing of Worldview-2 images allowed the exact
mapping of C. nodosa and the detection of areas covered by
bare sediments. Although ground truthing was performed
approximately 1 year after the satellite image was taken, it
did not seem to significantly affect our results. C. nodosa
meadows can present stability and resilience in space and
time (Peralta et al 2021) and large differences in their distri-
bution are not expected in the time period of 1 year without
any drastic parallel changes in the hydrological regime of the
lagoon. As remote sensing presents the advantages of accu-
racy and repeatability, it could be a very useful way to detect
the distribution of seagrass cover in similar lagoons and as a
tool to monitor changes, thus allowing managerial bodies to
take early conservation actions (Zoffoli et al. 2020).

C. nodosa in Klisova Lagoon during spring and sum-
mer, seems to be well acclimated to the hypersaline condi-
tions in the lagoon, especially in the eastern part. This is
also supported by the observed shoot density of the mead-
ows which is within the reported density range (300-2000
shoots per m) in lagoons and estuarine ecosystems (Fer-
rat et al. 2003; Peralta et al. 2021). C. nodosa is the sec-
ond most abundant seagrass species in the Mediterranean,
colonising coastal and transitional waters as it is more tol-
erant to salinity fluctuations than Posidonia oceanica (Piro
et al. 2015). Both field and experimental studies set its
salinity tolerance limits between 20 and 54 and its optimal
range for growth and survival in the range of 30—40 (Lloret
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et al. 2005; Fernandez-Torquemada and Sanchez-Lizaro
2011). Experimental studies in aquaria have demonstrated
the negative effects of increased salinity in C. nodosa
growth, survival, photosynthetic rate and metabolic pro-
cesses (Garrote-Moreno et al. 2014; Pages et al. 2010; Piro
et al. 2015; Tsioli et al. 2022) even after short periods of
acclimation. However, it is possible that under natural con-
ditions, in which salinity rises more gradually during the
warm period, seagrass species have more time for accli-
mation and might present a higher tolerance to osmotic
stress than in experimental conditions (Ralph 1998). In the
present study, C. nodosa meadows were present in areas
where measured salinity exceeded the reported tolerance
limit of the species (i.e. 54). Whether this fact is owing to
acclimation or tolerance of C. nodosa to these conditions,
needs further investigation. It is possible that high salinity
may have restricted the growth of the species only in one
part of the lagoon (eastern part, around station 5) as this
site coincided with the highest recorded salinity values. On
the other hand, the absence of meadows in the bare area
in the western part is human induced as it is caused by the
use of this area for recreation, where hundreds of people
use this part of the lagoon for swimming and mud baths
during the whole summer.

This study provides a contribution to an unusual coastal
ecosystem in Greece: a seasonally hypersaline lagoon
with little biological/ecological zonation and high eco-
logical value owing to its dense coverage by the seagrass
C. nodosa. We acknowledge the limitations of the study,
as not all parameters were measured at a high temporal
frequency or over a long period of time. Regular seasonal
sampling over several years would yield valuable additional
insights into the complex interplay of the ecosystem com-
ponents, but sampling strategies always need to be weighted
against the available resources (Gray and Elliot 2009). We
instead opted for denser spatial coverage, as recommended
by Cabana et al. 2016 in their monitoring guidelines for
Mediterranean lagoons, covering different habitats as well
as the inner and outer part of the lagoon, and choosing a
number of stations adequate to detect spatial gradients in the
macrobenthic communities. This is in line with many other
studies (e.g. Arvanitidis et al. 1999, Barbone et al. 2012,
Bonifazi et al. 2023, Bray et al. 2022, Cabana et al. 2016,
Giampaoletti et al. 2023, Pitacco et al. 2019, Reizopoulou
et al. 2014, Simboura & Reizopoulou 2008). However, in a
lagoon, such as Klisova, which is not monitored regularly
under the WFD, even ‘snapshots’ of the conditions in the
lagoon provide valuable information which can be used as a
reference in the future. Our study demonstrates the value of
an integrated approach in the ecological characterisation of
various ecosystem components through different techniques:
by combining remote sensing, ground truthing, in-situ analy-
ses and geological and biological sample analysis a holistic
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image of the environmental conditions of the ecosystem
could be constructed.
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