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W N e

Abstract: The Kotychi Lagoon (western Peloponnese, Greece), together with other coastal wetlands
such as Pappas, Prokopos and Lamia, is part of the wider area of the Strofylia Wetlands National Park
and Protected Areas of Western Peloponnese, which has been protected by the Ramsar convention
since 1971 and classified as a Natura 2000 area due to its high diversity and ecological value. This
study aimed to estimate the water surface evolution of the Kotychi Lagoon using optical remote
sensing techniques to record parameters and indices related to the geometrical and landscape
orientation features for the 1945-2016 period and to evaluate the ecological and environmental
status of the lagoon through in-situ measurement and sample analysis. High-resolution aerial photos
at a scale of 1:30,000, orthomosaics, and satellite images were used and linear regression rates (LRR)
were calculated to determine the changes. Seasonal sampling of water, sediment, and macrofaunal
organisms in the lagoon was performed to monitor environmental and ecological parameters. The
results showed that the lagoon’s water surface shrank during the 1945-2016 period, showing different
rates in four segments. The shrinkage prevailed in the northeastern and southern parts of the lagoon,
with rates of 17.75 and 6.46 m/year, respectively. The ecological status was determined to be poor,
although nutrient input seemed to have been moderate over the study period. We conclude that
applying remote sensing techniques using a combination of high-resolution images constitutes an
effective and accurate method for the spatiotemporal mapping of wetlands. The ecological problems
of the Kotychi Lagoon were highlighted and confirmed through complementary in-situ analyses.
These problems need to be addressed by the respective managerial bodies in order to restore the
lagoon to good ecological status.

Keywords: wetlands; GIS; LRR; lakes; ecosystems; sediments characteristics; ecological status;
macrobenthos; WFD

1. Introduction

The water on the surface of the Earth appears as rivers, lakes, wetlands, and seas,
all of which are important ecosystems supporting a variety of human needs, such as
agricultural and biogeochemical activities, that must be preserved by humanity in the
coming years [1]. Due to the recent climate changes, wetlands can be considered as some of
the most threatened ecosystems, affected by sea level rise, storm and river flooding as well
as human activities [2].

Coastal lagoons represent a transitional zone where freshwater and marine ecosystems
are linked to each other [3]. They are usually oriented parallel to the shore [4,5] and formed
in topographically low regions behind coasts [6]. Depending on their degree of water
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exchange with the sea, lagoons can be classified as choked, restricted, and leaky lagoons [7].
Choked lagoons occur on coasts where a littoral drift has emerged due to high wave action,
restricted lagoons communicate with the sea through two or more inlets, and leaky lagoons
have many entrance channels.

Monitoring the evolution of the water boundaries of a lagoon is essential to understand
its evolution and predict future changes. For instance, alterations to the water boundaries
during the seasons of the year as well as the rate of isolation from the open sea can have a
devastating effect on vital natural resources, the soil, and water volume of the lagoon.

In the remote sensing research field, accurately monitoring water bodies is an essen-
tial and fundamental application in which accuracy is a prerequisite. Various mapping
approaches have been developed to extract water bodies from multispectral images using
relevant algorithms, such as the Normalized Difference Water Index (NDWI) introduced
by ref. [8] and the Modified Normalized Difference Water Index (MNDWI) introduced by
ref. [9], which improved the NDWI index and gave more accurate results applied in built-up
areas by removing the relative noise. In addition, the Normalized Difference Vegetation
Index (NDVI) [10,11] and the Tasseled Can Transformation (TCT) [12-15] also been used.
The main drawback of these semi-automatic techniques is that they are generated on the
basis of spectral information provided by the bands of satellite images, requiring very
expensive high-resolution multispectral images to be acquired, especially in cases where
large areas should be covered.

For this reason, in the present study, available high-resolution panchromatic and RGB
orthomosaics were utilized in order to extract the water body of the wetland manually
through an on-screen digitizing process where uncertainties and errors [16,17] are greatly
reduced and limited to the pixel and rectification error. In addition, it was shown in a
recent study [18] that the shoreline vectors extracted from high-resolution datasets have
negligible uncertainty and thus are suitable for such studies.

The present study is an extensive application of several morphometric parameters and
indices introduced by ref. [19] and used by ref. [20] on the Kotychi Lagoon (Figure 1), which
were recently implemented as a pilot by our research team in the Prokopos lagoon [18].
These parameters are related to the geometrical characteristics of lagoons, such as the
perimeter, water surface, and diameter (min and max), while four parameters have no
units of measurement and are related to the landscape orientation of the lagoon, such as
the restriction ratio (Pr), orientation or anisotropy parameter (Por), shore development
parameter (Ds), and number of inlets or channels (CMAR).

Spatiotemporal changes of the water surface extension of the studied wetland were
computed using remote sensing techniques in a geographical information system (GIS)
environment, while the water shoreline evolution was examined via linear regression for
the 1945-2016 period utilizing linear regression rates (LRR) from the ArcMap plugin of the
Digital Shoreline Analysis System (DSAS).

In the current work, we present a survey of existing remote sensing-based approaches
for monitoring the Kotychi Lagoon water body during the period 1945-2016 and the results
are statistically analyzed. The study adds valuable knowledge about the historical evolution
of wetlands in western Peloponnese, where limited studies have existed, since 1945 [21,22].
Moreover, a valuable database with spatiotemporal parameters was established related
to the water surface alterations of the lagoon, revealing the general trend of evolution in
the coming years. Thus, the local stakeholders and management authorities would be able
to identify when the lagoon’s ecosystem is under environmental pressure and action is
necessary to protect its balance.

In addition to the assessment of water surface changes through remote sensing, we
analyzed water parameters, nutrient input, sediment characteristics, and the macrozooben-
thic composition of the lagoon over three seasons. Samples were collected from a grid of
stations throughout the lagoon in order to assess its spatiotemporal environmental and
ecological characteristics. This information was then used to complement the information



J. Mar. Sci. Eng. 2023, 11, 411 30f18

from the remote sensing analyses and allowed us to form a holistic assessment of the
environmental status of the lagoon.
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Figure 1. Wetlands of western Peloponnese and the location of the study area (Kotychi Lagoon).

2. Materials and Methods
2.1. Study Area

Western Peloponnese is one of the most significant areas of Greece in terms of coastal
lagoon ecosystems [23,24] and consists of important geoarchives for the study of climatic
and environmental changes in relation to societal changes [25,26]. The Kotychi Lagoon is
part of a series of wetlands along the coast of northwest Peloponnese, Greece, that have
been protected by the Ramsar convention since 1971. The Kotychi Lagoon is listed in
the Natura 2000 (E.C.) Catalogue with code GR2330006 and is characterized as a Special
Protected Area with high diversity and ecological value [22]. The Kotychi Lagoon is
situated in the Achaia Prefecture, and it is an important ecosystem with rare species of
plants and animals and natural beauty, but it also provides space for a multitude of human
activities, such as fishing, cultivation, and recreation. The wider area is supervised by the
Ministry of Environment and Energy of Greece. It is believed that the lagoon formed in
the prograding delta of the Palaeo-Peneus river more than 7000 years ago [27,28]. It is the
largest lagoon in the Peloponnese, currently covering an area of 480 hectares depending
on the annual rainfall, with a maximum depth of 1 m. It is separated from the Ionian Sea
by a narrow sand strip about 5 km in length and communicates with the sea through an
opening almost 200 m long and 30 m wide, while it receives freshwater input from the two
remaining streams since 1987 that discharge into the lagoon and supply it with water and
sediment [22]. The climate of the area is typical Mediterranean without particularly high
temperatures in summer or very low temperatures in winter, with approximately 300 days
of sunshine per year, thus making possible observation from optical satellites. Regarding
tectonism, the study area is under a compressional regime due to major fault systems
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forming neotectonic blocks that exhibit diverging trends of vertical movement, while uplift
rates between 0.16 and 0.67 mm/year characterize the hinterland and the coastal strip is
subsiding [29,30]. The construction of the Pinios Dam in the late 60’s and the change in
land use from non-irrigated to irrigated have affected the hydrological conditions of the
lagoon [21]. In 1987, the lagoon was covered by swampy areas due to irrigation works that
began in the early 70’s and rapidly changed the ecological and environmental situation
of the lagoon [21]. Many detrimental impacts have been observed as a result of intensive
agriculture, aquaculture, industry, overexploitation of the water resources, pollution due
to human activities and urbanization, intense pasturing, and as overfishing. The Kotychi
Lagoon is one of the most important Greek biotopes and thus its diachronic water surface
alterations should be monitored in order to protect the lagoon and the wider wetlands.

2.2. Remote Sensing Surveys
2.2.1. Materials

In the present study, different high-resolution datasets, such as high-resolution Greek
official orthomosaics, aerial photos, satellite, and CORONA declassified images, with spa-
tial resolutions ranging from 0.25 to 5 m, were combined and processed. All of the images
showed 0% cloud cover over the study area and were used to digitize the polygons of the
lagoon’s water surface. Official orthomosaic datasets from 1945, 2008, and 2016 with spatial
resolutions of 1.0, 0.5, and 0.25 m, respectively, were the most accurate datasets for the Greek
territory and were acquired through the National Greek Cadastre and Mapping Agency.
We did not process these datasets any further. For the years 1960 and 1987, analogue aerial
photographs at 1:30,000 scale with 60% along track overlap were accessed through the
Hellenic Military Geographical Service (HMGS). For the year 2000, a panchromatic scene of
the Indian Remote Sensing satellite (IRS) with a spatial resolution of 5 m was used. Finally,
CORONA declassified images from 1965, 1968, and 1975 were freely downloaded from the
United States Geological Survey (USGS) through the Global Visualization Viewer (GLOVIS)
site (http:/ /earthexplorer.usgs.gov/, accessed on 13 January 2023). ERDAS IMAGINE
Leica Photogrammetry Suite (LPS) software was used to process the images, ArcGIS 10.8
software was used for vector generation, editing, and map composition, and DSAS v5.0
software was used for statistical analysis [31]. The DSAS functionalities were described
in detail in a previous study [32]. All datasets used in the current study are presented in
Table 1.

Table 1. Datasets used in current study.

Month/Year Data Type Source Reference System Spatial Resolution
Official Greek National Greek Cadastre Hellenic Geodetic
08/2016 Orthomosaic and Mapping Agenc Reference System of 0.25m
pping Agency 1987 (Greek Grid)
Official Greek National Greek Cadastre Hellenic Geodetic
08/2008 Orthomosaic and Mapping Agenc Reference System of 0.50 m
pping Agency 1987 (Greek Grid)
IRS-Pan Satellite United States Geological
05/2000 Imagery Survey (USGS) No Reference System 5m
Official Greek Ministry of Rural Hellenic Geodetic
08/1996 Orthomosaic Development & Food Reference System of Im
P 1987 (Greek Grid)
Analosue Aerial Hellenic Military
07/1987 & Geographical Service No Reference System 1m

Photography

(HMGS)
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Table 1. Cont.

Month/Year Data Type Source Reference System Spatial Resolution
Declassified Satellite United States Geological
12/1975 Imagery Survey (USGS) No Reference System 4m
Declassified Satellite United States Geological
2/1968 Imagery Survey (USGS) No Reference System 2m
Analogue Aerial Hellenic Military
05/1960 Pho t%) raph Geographical Service No Reference System 1m
graphy (HMGS)
Official Greek National Greek Cadastre Hellenic Geodetic
08/1945 . ) Reference System of 1m
Orthomosaic and Mapping Agency

1987 (Greek Grid)

2.2.2. Quantitative Morphometric Parameter Estimation

We developed two models for controlling the evolution of the water surface of the
Kotychi Lagoon. The first model concerned the multitemporal calculation of several mor-
phodynamical parameters from 1945 to 2016 related to the geometrical characteristics,
such as the perimeter, water surface, and diameter (min and max), as well as the land-
scape changes in the lagoon’s boundaries, such as the restriction ratio (Pr), orientation or
anisotropy parameter (Por), shore development parameter (Ds), and number of inlets or
channels (CMAR) (Table 2). The interpretation of these morphodynamical parameters were
described in detail in a previous study [6] and are not repeated in the current paper.

Table 2. Morphometric lagoon parameters (modified after ref. [19]).

Parameter Type/Abbreviation Units
Restriction ratio Pr no unit
I?:iirr;téel::-n or anisotropy Por no unit
Shoreline development Ds no unit
Lagoon surface SLAG Km?
Lagoon perimeter PERI Km
Maximum diameter of the lagoon DMAX Km
Minimum diameter of the lagoon DMIN Km
f;;iil;gtiﬁﬁiar distance to the open DPER Km
fs;zillie; jistance to the open sea DPAR Km
Number of inlets or channels CMAR no unit

We manually digitized the lagoon’s boundaries (on-screen method) for the years 1945,
1960, 1968, 1975, 1987, 1996, 2000, 2008, and 2016 in a geographic information system
(G.LS.) environment, using the wetted boundaries that were visible in the images. Then, the
quantitative morphometric parameters describing the lagoon’s orientation and structure
were determined and compared for each year.

2.2.3. Estimating Changes in the Kotychi Lagoon Coastal Zone

The second model concerned the estimation of the lagoon’s shoreline change during
the same period (1945-2016) using the LRR statistical rates provided by the DSAS plug-in.
The LRR was calculated including all the available datasets and determined by fitting a
least square regression line from all shoreline positions along each transect. The inclination
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of the line was the linear regression rate [31]. The method had the potential to use more
than two shorelines and thus overlap the disadvantages of the end point rates (EPR) [33].

Shoreline vectors were imported in a geodatabase created in the ArcGIS platform,
following DSAS v5.0 requirements such as acquisition date, identity, shape, length, and
uncertainty. A baseline divided into parts as the shoreline change rates were significantly
different in several segments of the lagoon’s boundaries, thus LRR values were computed
separately for each sector. Furthermore, transects were set every 1 m along the baseline and
the LRR values (m/year) were estimated. Rates between —0.10 and +0.10 m/year were
considered as no change in the coast. The tidal range was approximately 10-15 cm while
the average depth was only 0.5 m [22], corresponding to a lagoon with a low beach slope.
Thus, these factors did not affect the results provided by the DSAS. The overall workflow
is presented in Figure 2.

High resolution images

&

T On-screen digitizing
Image orthorectification - wet boundaries —> M

U &

Georeferenced to ]
Hellenic Geodetic Morphometric
Reference System of lagoon parameters

1987 (Greek Grid) ‘

1945 - 2016 LRR (m/yr)

&

END of
Procedure

Georeferencing, digitizing, pixel, and sea level fluctuation errors are associated with
the rate of the uncertainty of the shoreline position [34]. Orthomosaics and satellite images
with spatial resolutions ranging from 0.25 to 5.00 m were used, while the georeferencing
error for the aerial photographs and satellite images was calculated lower than 0.5 pixel.
Moreover, we set the predetermined confidence level percentage provided by the DSAS
for linear regression (LCI) at 90%, while the mean LCI value was assigned as a confidence
band around the reported LRR values.

Figure 2. General workflow of the proposed methodology.

2.2.4. Uncertainty Considerations

2.3. Physicochemical and Ecological Parameters
2.3.1. Sampling

Field sampling was performed in Kotychi Lagoon during three seasons in 2021 (2 April,
25 August, and 12 November); no samples could be collected in the winter season due
to repetitive storm events that caused the sandy barrier to break and made access to the
lagoon impossible. Twelve sampling stations in the lagoon were surveyed; however, not
all of them were accessible during all seasons due to low water levels. At each station,
depth was measured using an electronic hand-held depth meter and water transparency
was measured using a Secchi disk. Physicochemical parameters of the water column
(temperature, salinity, pH, and dissolved oxygen) were measured using a Hach-Lange
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HQA40D portable sonde. Water samples were collected by hand from the surface layer of
the water column and stored in a portable cooler until their arrival at the laboratory. A
surface sediment sample for granulometric and geochemical analyses was collected with a
Van-Veen grab with a surface of 0.025 m? and a separate sediment sample was collected for
analysis of the macrobenthic invertebrates. The sediment for macrobenthic analysis was
passed through a sieve with a 0.5 mm mesh size, preserved in 4% buffered formalin, and
stained with Rose Bengal.

2.3.2. Analysis of Water Samples

Water samples were analysed for total organic carbon (TOC) and total nitrogen us-
ing a Shimadzu TOC-VCSH TOC/TN analyzer coupled to a chemiluminescence detector
(TNM-1 TN unit). This created a simultaneous analysis system using oxidative combustion-
infrared analysis based on DIN EN 15936 for TOC [35] and an oxidative combustion-
chemiluminescence method based on ASTM D5176 for TN. Phosphates were determined
following the Standard Methods protocol [36]. Concentrations of nitrates, nitrites, and am-
monium were analyzed with cuvette tests (nitrates: Hach-Lange LCK 339, 0.23-13.50 mg/L
NO3-N; nitrites: LCK 341 0.015-0.6 mg/L NO,-N; ammonium: LCK 304, 0.015-2.0 mg/L
NH4-N).

2.3.3. Analysis of Sediment Samples

Grain size determination was performed using a Malvern Mastersizer 2000 Hydro
(Laser Analysis), as all samples were fine sediments (silt and clay). TOC and TN contents
of the sediment were calculated using the catalytic oxidation method for the simultaneous
determination of total organic carbon and total nitrogen [37,38] and total phosphorus (TP)
according to ref. [36].

2.3.4. Determination of Ecological Quality

Macrobenthic samples were transferred to a series of water baths to remove the
formalin solution. Organisms were removed by hand from sediment residues under a
stereomicroscope, transferred to 70% ethanol, and subsequently identified to the lowest
possible taxonomic level. For identification, the most recent taxonomic literature was used
and taxon names were standardized with the World Register of Marine Species [39]. To
assess the ecological status of the lagoon, the following indices were calculated per sample:
number of species (S), number of individuals m~!, Shannon-Wiener index (with log,
base), Pielou’s index of evenness, and the M-AMBI index [40]. For the latter, the following
reference values were used for high status following the recommendations of ref. [41] for
a restricted polyhaline/euhaline lagoon: AMBI: 0.05; richness: 50; and diversity: 4. The
boundaries for the M-AMBI classes likewise followed the recommendations of ref. [41] and
were as follows: high: >0.83; good: >0.62-0.83; moderate: >0.41-0.62; poor: 0.20-0.41; and
bad: <0.20.

3. Results
3.1. Remote Sensing
Using the diachronically vectorized shorelines of the lagoon, we calculated several

morphometric parameters for each year related to the geometrical characteristics and
landscape orientation of the lagoon and attempted to compare them (Figure 3).
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Multitemporal shoreline monitoring of Kotychi Lagoon
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Figure 3. Multitemporal fluctuations in Kotychi Lagoon. Base map of the year 2000.

3.1.1. Estimation of Morphometric Parameters
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In Figure 4, the calculated restriction ratio (Pr) values are presented. The Pr indicates
if the lagoon is isolated or communicates with the sea. The Pr values ranged from 0 to 1.
Values close to 0 correspond to a lagoon isolated from the open sea, while values close to 1
correspond to a lagoon that communicates with the sea [19]. For the Kotychi Lagoon, the Pr
values fluctuated between 0.01 and 0.02, while the average value was 0.02, corresponding

to a lagoon isolated from the sea.

0.025
0.02
0.015
0.01
0.005

0.015

Restriction ratio (Pr)

1945

0.02 '
0.017
0.014
0.012
] I I I I I

1960 1968 1975 1987 1996

EmPr —Average Pr

0.018

2016

Figure 4. Kotychi Lagoon restriction ratio (Pr) index fluctuations during the study period. The blue

line represents the average Pr value.
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The orientation parameter (Por) is related to the geometry of the lagoon. The lagoon
has orthogonal dimensions if Pr ~ 1, while it is more elongated in parallel or perpendicular
to the shore direction if Por > 1 or Por < 1, respectively. The average Por value was 1.76,
indicating that the lagoon was elongated in parallel to the shore direction (Figure 5).

Orientation parameter (Por)
2.5
2.095 2.003 2.094 1.986 1.76
2 L een 1.567 1.575 156
15 1.42
1
0.5
0
1945 1960 1968 1975 1987 1996 2000 2008 2016
EmPor —Average Por
Figure 5. Kotychi Lagoon orientation parameter (Por) index fluctuations during the study period.
The blue line represents the average Por value.

In addition, the shore development parameter (Ds), which indicates the shape of the
lagoon’s shoreline in comparison to the circumference of a circle with an area equivalent to
that of the lagoon, had values ranging from 1.339 (min) to 1.856 (max). Ds values equal or
close to 1 mean that the lagoon’s shape is closer to a circle. The mean Ds value was 1.64,
corresponding to a flattened lagoon (Figure 6).

Shoreline development (Ds)
2> 1.64
2 1.856 : 1.814
1752 1.625 154 1.555 161 1.67
1.5 1339
1
0.5
0
1945 1960 1968 1975 1987 1996 2000 2008 2016
EmDs —Average Ds

Figure 6. Kotychi Lagoon shoreline development index (Ds) fluctuations during the study period.
The blue line represents the average Ds value.

The major source of lagoonal sediments is river supply. Figure 7 shows the number
of inlets (CMAR-index) diachronically discharging their water into the lagoon’s area. It is
notable that only two main rivers are left to supply the lagoon with water since 1996, as the
smaller channels appear to have been dammed up and turned into agricultural land.

Moreover, regarding the lagoon’s water surface area fluctuations (SLAG-index), the
maximum rate was 7.55 km? in 1945, while the minimum rate was 4.7 km? in 2016, and
the mean rate was 5.19 km?, showing that significant shrinkage had occurred during the
1945-2016 period (Figure 8). In addition, although the water surface fluctuations were
close to 7.0 km? for the 1945-1975 period, a severe redaction of the water surface had
occurred since 1975, which continued until 2000. The total reduction for this period was
36%, while it seemed that the water surface area stabilized in the period 2000-2016 to a
value of approximately 4.8 km?.
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Number of inlets discharging into the Kotychi Lagoon
(CMAR-index)
7
%) 6
E 6
5
g 5
S 4 4 4
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=
0
1945 1960 1968 1975 1987 1996 2000 2008 2016
Years
Figure 7. Number of inlets (CMAR-index) diachronically discharging their water into the Kotychi
Lagoon.
Kotychi Lagoon area rate of change (SLAG-index)
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Figure 8. Water surface area fluctuations (%) during the study period in the Kotychi Lagoon.

A similar trend in the lagoon perimeter index (DPERI) was observed in Figure 9, where
the maximum value was 18.07 km in 1945, the minimum value was 10.46 km in 2000, and
the mean value was 14.32 km. The statistics revealed that the perimeter length had almost
stabilized to a value of approximately 12 km since 2000. The remainder of the geometrical
parameters are illustrated in Table 3.

The maximum diameter of the lagoon (DMAX) ranged from 3.77 km (min) to 5.14 km
(max), while the mean value was 4.30 km. The respective values corresponding to the
minimum diameter of the lagoon (DMIN) were 1.25, 1.70, and 1.55 km, respectively. Finally,
the perpendicular distance to the open sea coastline (DPER) ranged from 0.04 km (min) to
0.07 km (max), while the mean value was 0.05 km. The respective values of the parallel
distance to the open sea coastline (DPAR) ranged from 3.54 km (min) to 4.12 km (max),
while the mean value was 3.70 km.
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Figure 9. Perimeter fluctuations (%) during the study period in the Kotychi Lagoon.
Table 3. Geometrical parameters of Kotychi Lagoon.
Year DMAX (km) DMIN (km) DPER (km) DPAR (km)
1945 5.14 1.67 0.06 3.53
1960 4.65 1.67 0.04 3.66
1968 4.62 1.70 0.04 4.04
1975 4.60 1.70 0.04 412
1987 4.09 1.69 0.05 3.59
1996 4.02 1.59 0.06 3.54
2000 3.77 1.37 0.07 3.62
2008 3.92 1.31 0.05 3.55
2016 3.88 1.25 0.04 3.64
Min 3.77 1.25 0.04 3.53
Max 5.14 1.70 0.07 412
Mean 4.30 1.55 0.05 3.70

3.1.2. Kotychi Lagoon’s Littoral Zone Evolution

The shoreline change rates based on LRR, such as maximum (max) and average values,
were computed for each shoreline segment and expressed for the period of 1945-2016, as
shown in Table 4.

Table 4. Multitemporal statistical rates for the 1945-2016 period based on LRR (m/year).

Baseline S1 S2 S3 S4
Sectors (S)/Length (5.14 km) (1.60 km) (1.38 km) (1.75 km)
Number of transects 514 160 139 175
Mean LRR (m/year) 0.85 2.06 6.46 17.75
Mean LCI 0.56 1.08 1.99 4.62

The mean LRR values in the 51 and S2 segments were 0.85 and 2.06 m/year, respec-
tively, showing that these areas were less affected during the study period. On the other
hand, the LRR value in the S3 segment was 6.46 m/year, which was higher than the pre-
vious rates, revealing that accretion prevailed in the area. Meanwhile, the LRR in the 54
segment revealed a maximum value of 17.75 m/year (Figure 10), showing that severe
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accretion took place in that site of the lagoon. Moreover, the LRR values in each section
are presented in conjunction with the confidence band around the reported LRR values in
Figure 11.

+ + + +
1945-2016 shoreline evolution

N LRR (m/yr)
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Figure 10. Kotychi Lagoon’s LRR shoreline change rates for the 1945-2016 period separated into four
different sections of change.
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Figure 11. LRR values in each section in conjunction with the confidence band (LCI90%). (a) S1
section with LCI90% of +0.56 m/year, (b) S2 section with LCI90% of £1.08 m/year, (c) S3 section
with LCI90% of +1.99 m/year, and (d) S4 section with LCI90% of £4.62 m/year.

3.2. Water and Sediment Characteristics

The water temperature in Kotychi Lagoon was highest in August 2021 with a max-
imum of 29.3 °C and lowest in November 2021 with a minimum of 13.6 °C (mean + SD,
23.7 £ 5.62 °C) (Table 5). Salinity showed an inverse pattern, ranging from 11.9 in August 2021
to 37.0 in April 2021 (19.6 =+ 6.16). Dissolved oxygen was high overall, with an average of 8.90
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mg/L (SD 2.98 mg/L); no anoxic conditions were recorded. The pH ranged from 7.96 to 8.61

(8.31 £ 0.183).

Table 5. Mean £+ SD (minimum and maximum values in parenthesis) for water and sediment

properties as well as ecological and biodiversity indices in Kotychi Lagoon.

Parameter April 2021 August 2021 November 2021
Water parameters
Depth () 0.4+ 0.13 0.51 & 0.03 0.51 + 0.08
P (0.2-0.5) (0.5-0.6) (0.4-0.7)
022 +0.16 0.28 £ 0.06 0.37 £ 0.08
Water transparency (m) (0.1-0.5) (0.2-0.4) (0.25-0.5)
Temperature (°C) 16.32 + 0.64 28.07 + 0.78 14.89 £ 0.64
P (15.4-17.2) (26.9-29.3) (13.6-15.7)
Salinit 28.52 & 4.97 17.75 + 3.33 25.8 +2.97
Y (23-37) (11.87-21.33) (21.19-30.06)
‘ 11.76 + 0.6 92+ 44 7.27 + 0.57
Dissolved Oxygen (mg/L) (11.02-12.6) (5.75-19.89) (6.48-8.07)
- 8.46 £ 0.09 8.42 £ 0.13 8.15 4 0.11
p (8.35-8.61) (8.24-8.61) (7.96-8.3)
3.02 +2.11 9.07 + 1.41 48+ 145
TOC (mg/L) (0.57-5.88) (6.67-11.57) (2.84-7.52)
0.38 £ 0.2 0.76 £ 0.18 0.32 £ 0.05
TN (mg/L) (0.05-0.65) (0.44-1.08) (0.26-0.41)
0.06 & 0.02 0.11 £ 0.04 0.16 & 0.25
Phosphates (mg/L) (0.05-0.1) (0.07-0.17) (0.05-0.68)
. 0.25 & 0.04 0.29 & 0.08 02340
Nitrate (mg/L) (0.23-0.32) (0.23-0.44) (0.23-0.23)
o 0.01£0 0.06 £ 0.05 0.01+0
Nitrite (mg/L) (0.01-0.01) (0.01-0.19) (0.01-0.01)
Ammonium (mg/L) 0.01£0 0.09 & 0.03 0.01£0
onum {mg (0.01-0.01) (0.01-0.14) (0.01-0.01)
Sediment parameters
) 132 £0.26 1.58 £ 0.18 0.67 £+ 0.12
TOC (%) (1.16-1.82) (1.27-1.81) (0.5-0.91)
IN (mg/s) 0.92 & 0.22 1.05 £ 0.21 0.44 + 0.13
8/8 (0.71-1.33) (0.76-1.37) (0.28-0.64)
TP (mg/g) 0.42 + 0.06 0.37 £ 0.05 0.49 £ 0.11
878 (0.34-0.5) (0.26-0.43) (0.35-0.78)
Ecological and diversity indices
Specics richness 633 £ 1.21 44141 575+ 1.6
(5-8) (1-5) (3-8)
Individuals/m? 3286.67 £ 2694.16 421333 £374454  8876.67 + 8216.57
tviduals (1520-8640) (680-10640) (1400-25120)
s Wiener ind 1.29 + 0.48 0.92 & 0.58 1.25 + 0.74
anhon-vviener mdex (0.53-1.82) (0-1.96) (0.32-2.21)
Piclow’s evenness index 048 +0.15 0.49 + 0.21 0.49 £ 0.25
(0.23-0.61) (0.18-0.84) (0.16-0.88)
0.19 £ 0.06 0.15 + 0.06 02+0.1
M-AMBI (0.1-0.27) (0.06-0.25) (0.06-0.35)
Ecological status Poor Poor Poor
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Levels of nutrients and organic matter in the water column showed a slight seasonal
pattern, with values of TOC, TN, nitrates, nitrates, and ammonium being highest in summer,
and phosphate levels being highest in autumn (Table 5). A similar pattern was observed
for TOC, TN, and TP in the sediment: the highest average values of TOC and TN were
observed in summer (TOC: 1.58 £ 0.177%, TN: 1.05 & 0.215 mg/g), those of TP were
highest in autumn (0.486 + 0.107 mg/g). The sediments were dominated by the fine
fraction throughout the year, with over 70% silt and clay content in all samples but one.

3.3. Ecological Characteristics

The macrobenthic fauna in Kotychi Lagoon was severely impoverished during the
study period, with no clear seasonal pattern, except the number of taxa was lower in
summer than in spring and autumn. In total, 4104 individuals belonging to 16 taxa were
encountered. The highest number of taxa per sample was found in spring and autumn
(8 taxa) and the lowest number of taxa (1 taxon) was found in summer (Table 5). The
Shannon-Wiener index also showed low values throughout the year (mean: 1.15, min: 0,
max: 2.22). Pielou’s index of evenness showed an average of 0.485 (min: 0.158, max: 0.879),
indicating a moderate dominance of some species. Indeed, oligochaetes were the dominant
taxon in 19 out of 27 samples, with relative abundances of >65% in all but one of these.
Overall, the fauna was characterized by typical brackish water species such as oligochaetes,
chironomid larvae, the amphipods Corophium orientale and Monocorophium insidiosum, the
polychaetes Polydora spp. and Hediste diversicolor, as well as the bivalve Abra segmentum.
The ecological quality, expressed through the M-AMBI index, was poor during all seasons,
with many stations showing bad status (Table 5).

4. Discussion

This work is a continuation of the effort by our research team to diachronically calculate
and record, for the first time, several parameters and indices related to the geometrical
and landscape orientation features of wetlands in western Peloponnese, Greece, based on
existing remote sensing approaches. In the present study, we estimated these parameters for
the Kotychi Lagoon for the 1945-2016 period using high-resolution available datasets, while
we have already performed the related work for the Prokopos Lagoon [6]. In addition,
we tried to evaluate the diachronic shoreline changes using the LRR statistical tool of
DSAS v5 software. Furthermore, we not only evaluated the evolution and status of the
lagoon through remote sensing techniques but also assessed the water characteristics and
ecological quality of the lagoon through in-situ measurements and sample analysis.

It was shown that during the study period, Kotychi Lagoon was isolated from the
open sea and elongated in parallel to the shore. In addition, according to the Ds, Dmax,
and Dmin parameters, the shape of the lagoon has remained oval since 1945. During the
study period, several fluctuations in the surface and perimeter of the lagoon were observed,
whereas periods of stability also occurred. The water surface was close to 7.0 km? for the
1945-1975 period, while the surface area was reduced by 36% during the period 1975-2000,
resulting in a surface area of 4.85 km?, while the water surface area almost stabilized to a
value close to 4.8 km? after the year 2000. This period coincided with the establishment
of a special ecosystem management authority in 2002 by the Greek Government, named
the National Park Management Body, the aim of which was the protection and sustainable
development of the wider area.

In general, from 1945-2016, the lagoon’s water surface area showed significant shrink-
age as it seemed to have been slowly silting up and transitioning into swampy areas and
finally dry land. This shrinkage was probably due to a combination of impacts, such as
intensive cultivation, construction of the Pinios Dam, and reduction of the supply channels.

Water shoreline evolution was found to have occurred at different rates of change in
four segments. Two of them (Figure 12) were major and extended in the northeastern and
southern parts of the lagoon adjacent to agricultural activities, supporting our assumptions
about the causes of degradation mentioned above.
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Figure 12. Kotychi Lagoon’s major areas of shrinkage (blue arrows) during the 1945-2016 period.

On the other hand, the LRR values showed that the northern part was in a stable state,
as the LRR was only 0.85 m/year for the 71-year period, showing that the narrow sand
strip is well protected. Meanwhile, the southeastern part experienced a 2.06 m/year rate of
change, which was negligible for such a long period.

The results of our study are in accordance with previous studies of the wider area.
The authors of ref. [22] compared satellite images from 1990 and 2000 combined with
topographical maps and calculated that the water surface of Kotychi Lagoon had the
greatest reductions in the northeastern, central, western, and southern parts of the lagoon.

Moreover, according to ref. [21], improvement works such as the dredging of a hiber-
nation basin and five radial submerged channels during the period of 1989-1992 had a
positive effect on the hydrological and ecological status of the lagoon, leading to control of
the spread of swampy and land areas, which in turn improved the conditions of the ecosys-
tem and its biological components. The results of this previous study were in accordance
with those of the current study for the period 1945-1987, while there were no comparable
data for 1993. In addition, these results were limited to the 1945-1993 period, whereas the
geometrical and landscape orientation features of the lagoon were not investigated and
thus there are no reference values to compare with those calculated in the current study.

Although there are more than 400 coastal lagoons in the Mediterranean region [42],
such studies are limited in the worldwide literature. Regarding the ecological status of the
Kotychi Lagoon, the present study showed a strongly degraded ecological state based on
the macrozoobenthic communities. The ecological quality based on the M-AMBI index was
poor to bad throughout all sampling seasons and across all stations, biodiversity was low
with few species and a low Shannon-Winder index, and the fauna was strongly dominated
by a few brackish water taxa. Tziortsis et al. [43] assessed the ecological status through the
EEI index, which is based on aquatic vegetation, and classified the lagoon as “moderate”.
Fyttis et al. [44], in a study undertaken in 2009-2011, found 28 macroinvertebrate taxa in
the Kotychi Lagoon and a similarly low diversity, with a Shannon index between 1.33 and
2.57. According to the national River Basin Management Plan, which reports the results of
the Water Framework Directive (WFD) (2000/60/EC) monitoring, the Kotychi Lagoon is
classified as having a “good” chemical status but a “poor” ecological status, thus failing
to achieve good ecological status as required by legislation. Our results showed that the
lagoon seems to have degraded even more during the last years. Organic matter and
nutrient concentrations are probably not sufficient to explain the low diversity, as they
did not seem to be particularly elevated (e.g., average and maximum values of TOC in
the sediment were 1.12% and 1.82%, respectively—according to ref. [45] this corresponds
to low to intermediate impact on benthic communities). Extreme fluctuations of salinity



J. Mar. Sci. Eng. 2023, 11, 411

16 of 18

References

that exert osmotic stress on benthic animals and often cause reduced diversity can also
be excluded here. Thus, while nutrient inputs probably contribute to some extent to the
ecological degradation, alternative causes need to be investigated and could be related to
hydrological factors, e.g., low water renewal rates from the sea. These findings highlight
that the Kotychi Lagoon is in severe need of appropriate management measures to improve
its ecological quality.

5. Conclusions

In the present study, geometrical and landscape orientation features of the Kotychi
Lagoon water surface were calculated and analyzed using remote sensing techniques. The
water surface of the lagoon has been shrinking during the 1945-2016 period at different
rates in four different segments. The shrinkage prevailed in the northeastern and southern
parts of the lagoon with rates of 6.46 and 17.75 m/year, respectively, while further analysis
should investigate the causes of this transformation. In addition, the water surface area
seems to have stabilized after 2000 to a value of approximately 4.8 km?, possibly due to the
establishment of the National Park Management Body, which contributed to the protection
and sustainable development of the wider area. Nevertheless, the ecological status of the
lagoon was determined to be poor, although nutrient input seems to have been moderate
over the study period.

Applying remote sensing techniques using a combination of high-resolution aerial
photos, orthophotos, and satellite images was proven to constitute a more effective and
accurate dataset for the spatiotemporal mapping of wetlands. We conclude that despite
the current surface area stabilization, the lagoon is under threat and its biodiversity is
already diminished, thus further changes to the hydrological regime could cause further
deterioration of this important ecosystem.
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