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Abstract: Climate related changes can have significant effects on Posidonia oceanica, an endemic
seagrass species of the Mediterranean Sea (MEDIT). This seagrass is very important for many aspects
of functioning of the sea but there is an increasing number of reports about the ongoing loss of its
biomass and area coverage. We analysed multiyear data of the sea surface temperature (SST), sea level
anomalies, ocean colour MODIS-A and ERA-Interim reanalysis. The results provide a description of
current environmental conditions in the MEDIT and their spatial and temporal variability, including
long-term trends. We defined regions where the extent of the P. oceanica meadows may be limited
by specific environmental conditions. Light limitation is more severe near the northern and western
coasts of the MEDIT, where the vertical diffuse attenuation coefficient is large. In the zone extending
from the Gulf of Lion towards the south, significant wave heights reach large values. Wave action may
destroy the plants and as a result the shallow water depth limit of P. oceanica meadows is most likely
deeper here than in other regions. The highest SST values are documented in the south-eastern part of
the Mediterranean Sea. In this area P. oceanica meadows are more endangered by the climate warming
than in other regions where SSTs are lower. The absence of P. oceanica meadows in the south-eastern
edge of the Mediterranean Sea can be attributed to high temperatures. Our conclusions are partly
confirmed by the information about P. oceanica from the literature but more monitoring efforts are
needed to fully describe current extent of the meadows and their shifts. Results presented in this
paper can help with designing special programs to confirm the role of environmental conditions on
the spatial distribution of P. oceanica and their future trends in the Mediterranean Sea.

Keywords: Mediterranean Sea; Posidonia oceanica; environmental conditions; sea surface temperature;
significant waves; turbidity; change detection

1. Introduction

The Mediterranean Sea (MEDIT) extends from 9° to 42°E and from 30° to 47°N and can be divided
into several sub-basins (Figure 1). On the west, the sea is connected to the Atlantic Ocean through
the Strait of Gibraltar, while on the east it is connected by the Dardanelles Strait to the Aegean and
Black Sea. The Mediterranean Sea is important for economical and societal reasons. In recent years,
a significant increase of urban developments took place in its coastal zones. Tourism and recreational
sports have become a growing industry. In addition, there is a steady influx of new residents moving
here from different European countries to spend their retirement. It is important to monitor what are
the most significant environmental changes taking place in this region.
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Figure 1. The Mediterranean Sea: (a) main basins; (b) regional winds.

MEDIT region is a climate change hotspot [1]. This is manifested by stronger increase in air
(AT) and sea surface (SST) temperatures than globally averaged trends. The rising rate of increase
of global temperatures has stimulated a strong interest in developing useful methods for large-scale
monitoring of climate-related environmental changes. Very efficient tools for this kind of research
are satellite techniques. At present, it is well known that efforts to develop such techniques have
been very successful since multiyear time series of different kinds of oceanographic (e.g., sea surface
temperature, sea surface height, ocean colour, salinity, significant wave height), atmospheric (e.g.,
air temperature, moisture, clouds, precipitation) and land (e.g., vegetation indeXx, soil moisture) data
have been collected and validated. It is now possible to analyse these data and draw quantitative
conclusions about the most important transformations taking place on Earth due to climate change.
Our paper is dedicated to this type of research. In particular, using data from satellite observations,
we want to exploit the links between climate change and transformations in the ecological status of
the Mediterranean Sea. One of the unique aspects of our approach is that we apply interdisciplinary
satellite data, while most of the previous research has been usually focused on one specific type of
data (for example either ocean colour or sea level).

Environmental changes currently taking place in the Mediterranean Sea can have a range of
possible impacts on ecological status of this region. Here we will focus on marine seagrass Posidonia
oceanica (L.) Delile, an endemic seagrass species of the Mediterranean Sea. It grows between the
depths of 0.5 and 45 m and covers an estimated surface area between 2.5 and 5 million ha, which is
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approximately 1-2% of the 0-50 m depth zone [2]. P. oceanica is very important for many aspects of
functioning of the Mediterranean Sea [3]. Seagrass beds are enormously productive ecosystems.
They provide for associated species shelter and food, thanks to relatively high rate of primary
production. As a result, Posidonia oceanica meadows support commercially and recreationally valued
fisheries. In addition, they slow down water movements, trap sediments and increase resistance to
coastal erosion. What is more, seagrass meadows produce and store significant amounts of carbon [4-6].
It has been estimated that although all seagrass meadows cover only about 0.1 to 0.2% of the global
ocean floor, they are associated with up to 18% of the total oceanic carbon burial [4,7]. About 10 Pg
C of carbon sequestered by seagrasses is stored in the top 1 m of seagrass sediments [7]. Thus,
seagrass ecosystems belong to the most important carbon sinks on Earth [5,8] with estimated burial
rates comparable to saltmarshes, mangroves and rain forests [9]. Summarizing, seagrasses offer a
number of ecosystem goods and services to coastal zones. Unfortunately, they are also among the most
endangered ecosystems on Earth. The main causes for this include climate change (e.g., ocean warming,
acidification) and negative impacts from human activities [10,11]. Environmental influences affecting
wellbeing of seagrass ecosystems are complex and not fully elucidated yet. It is therefore important to
carry out research that would increase our understanding of how the seagrass ecosystems function in
different geographic regions, to better document what may be the causes of their decline, as well as to
provide suggestions how to prevent their further losses.

Using P. oceanica as an important example of possible ecological impacts of the environmental
transformations taking place in the MEDIT is justified by three facts. First, P. oceanica meadows have
become the official bio-indicators for monitoring an environmental health of aquatic systems. This has
been accepted worldwide (e.g., Council of Australian Governments Water Reform Framework of 1994,
in Australia and New Zealand; Water Framework Directive 2000/60/EC, in the European Union).
Second, the seagrass meadows are ecologically important for other marine organisms. Third, there is
an increasing number of reports of the ongoing loss of seagrass biomass and area coverage (see [1],
regarding P. oceanica in the MEDIT). Our main goal is to describe different aspects of variability of
environmental conditions in the MEDIT and to discuss the links between these conditions and the
distribution of seagrass P. oceanica. We believe that our analysis of satellite-derived descriptors of
environmental changes in different sub-regions of the MEDIT can shed a new light on understanding
of how the large-scale environmental shifts can influence the health of seagrass meadows. Our results
can be used for planning future monitoring efforts of P. oceanica in the MEDIT.

The paper is organized as follows. First, we briefly describe the data sets and methods. Next,
we summarize the most important information about large-scale environmental changes taking place
in the MEDIT. Finally, we discuss the linkages between different indicators of changing environmental
conditions and the status of the P. oceanica meadows in the MEDIT.

2. Materials and Methods

Over the years satellite remote sensing has established itself as a vital technique of acquiring global
and regional information about oceans. This article is based on analysis of interdisciplinary data sets
obtained from different sources. Satellite observations have provided a major input for creating these
data sets. In this paper, the environmental conditions are characterized by: (a) sea surface temperature
(SST); (b) the vertical diffuse attenuation coefficient (K4) for downwelling irradiance at 490 nm and
the euphotic depth estimates (Zey) used to detect waters with increased turbidity and reduced light
availability; (c) significant wave height (SWH); (d) sea level anomalies (SLA); (e) meteorological data:
air temperature and wind speed.

2.1. Sea Surface Temperature (SST) Data

We are using 36-years long (1982-2017) data series known as the National Oceanic and
Atmospheric Administration (NOAA) daily Optimum Interpolation SST Version 2 data set (dOISST.v2).
This data set has been accepted by the NOAA Climate Data Record (CDR) Program as an operational
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CDR, as it follows the requirements summarized by the National Research Council [12]. This means
that the data set is of sufficient length, consistency and continuity to determine climate variability.
These global daily SST records (one daily value for each pixel), with spatial resolution of 0.25° by
0.25°, have been based on the Advanced Very High Resolution Radiometer (AVHRR) infrared satellite
measurements (Pathfinder from September 1981 through December 2005, operational AVHRR from
January 2006). The final global data set has been derived combining the satellite SST retrievals
with SST observations from ships and buoys and proxy SSTs generated from sea ice concentrations.
Full description of data processing methods and comparisons between the NOAA dOISST.v2 and in
situ data can be found in Reference [13,14]. The dOISST.v2 data are currently the longest data record
that can be used to study long-term SST variability and trends. Note, that in the dOISST.v2 data set
the bias corrections of satellite data are based on data from ships and buoys, therefore the final data
set represents the bulk SST at about 0.5 to 1.0 m depth [15]. In order to apply the correction for bias,
the satellite data have been classified into daytime and night-time bins and corrected separately using
in situ data. Then, all the data have been reanalysed jointly using the optimum interpolation (OI)
procedure. The final data stand for the daily mean SST values [15].

The dOISST.v2 data set is available at the National Centres for Environmental Information (NCEI)
website, as “NOAA Optimum Interpolation 1/4 Degree Daily Sea Surface Temperature (OISST)
Analysis, Version 2” (with doi:10.7289/V55Q8XB5). The same data are distributed through other
websites, for example at the Physical Oceanography Distributed Active Archive Center (PODAAC)
of the Jet Propulsion Laboratory, NASA, as the GHRSST (Group for High Resolution SST) Level 4
AVHRR_OI Global Blended Sea Surface Temperature Analysis (with doi:10.5067/ GHAAO-4BC02). It is
worth mentioning that the same data has been used before to document SST trends in the MEDIT in
1982-2012 and to discuss SST variability in the 1982-2016 time interval [16,17]. Our analysis is focused
on these aspects that are potentially important for seagrass meadows. Note, that SST is used here as a
proxy that allows us to highlight the differences in the thermal conditions and climate related trends in
different sub regions of the MEDIT. Even if the bulk SST estimate is expected to be well correlated with
water temperature averaged over the mixed layer depth, in some situations there can be a significant
departure between the SST detected by the satellites and local temperatures experienced by seagrasses.

2.2. ERA Interim Data

Thirty-six-year long (1982-2017) wind, air temperature (AT, 2 m above the surface), significant
wave height (SWH) and daily net shortwave radiation flux (NSWRS) at the surface are used to
illustrate environmental conditions and spatial distribution of climate-related trends. Data were
obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF) through the
ERA-Interim reanalysis service (http://apps.ecmwf.int/datasets /data/interim-full-daily /). In the
reanalysis, satellite data, in situ observations and models are blended in an optimal way to derive
consistent, global estimates of various atmospheric and oceanographic parameters. The ERA-Interim
reanalysis has been carried out with a sequential data assimilation procedure, advancing forward in
time. In each cycle, all available observations from in situ and satellite observations are combined with
a forecast model to appraise the evolving state of the global atmosphere and its underlying surface.
Daily data with 0.125° spatial resolution are analysed in the present work, except NSWRS, which was
downloaded as monthly means of daily accumulations. For an in-depth description of the ERA-Interim
reanalysis data the reader is referred to [18]. The quality of the ERA-Interim reanalysis data has been
demonstrated in other works [19-22].

Wind speed and direction at 10 m above sea level is given in meteorological convention, that is
the U component is positive for a west to east flow (eastward wind) and the V component is positive
for south to north flow (northward wind). Significant wave height is an estimate of the mean height of
the highest 1/3 of the waves. The wave model used at ECMWF allows for the two-way interaction
of wind and waves with the atmospheric model. Radar altimeter significant wave-height data were
assimilated from satellites. Buoy wave data were not assimilated but they served as an independent
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check on the quality of wave estimates. More information on the ERA-Interim data can be found in
http:/ /www.ecmwf.int/research/era.

2.3. Sea Level Anomaly (SLA) Data

To characterize the variability of sea level, we downloaded sea level anomalies (SLA) extracted
from the delayed time (DT) multimission global gridded data product distributed by the Copernicus
Marine and Environment Monitoring Service (CMEMS) (http://marine.copernicus.eu). The SLA data
are continuously updated and referenced to the 20-year (1993-2012) mean sea surface height. Data set
used here covers the time interval from 1 January 1993 to 31 December 2017 (25 years, earlier data
were not available). The gridded SLA data were interpolated on 0.25° x 0.25° spatial grid with 1-day
temporal resolution, using computing methods based on objective analysis. Data processing included
corrections for instrumental noise, orbit determination error, atmospheric attenuation (wet and dry
tropospheric and ionospheric influences), sea state bias and tidal influence. The tidal corrections were
based on tidal models that assimilate altimetry data [23]. Detailed information about standard data
processing methods is available at www.aviso.oceanobs.com. The error in the final SLA data is about
1-2 cm. The results from comprehensive validations of gridded satellite altimetry data product are
available at https://www.aviso.altimetry.fr/en/data/products/ocean-indicators-products/mean-
sea-level/validation.html. Comparisons of the altimetry and tide gauges data in the MEDIT has been
discussed in Reference [24].

2.4. Ocean Colour Data

Ocean colour data used in this study were collected by MODIS—Aqua. This NASA satellite
mission provided global coverage of remote sensing reflectances in selected spectral bands in the
visible and near-infrared spectral regions at approximately every two days [25]. Initial data processing
was carried out by NASA, using standard procedures including atmospheric corrections as well as
removal of pixels with land, ice, cloud, or heavy aerosol load [25,26]. For our study we downloaded
from the NASA Ocean Colour website (oceancolor.gsfc.nasa.gov) the downwelling diffuse attenuation
coefficient K4 and the euphotic depth (Ze,) data products. These data were downloaded as the Level
3 data (Standard Mapped Images, SMI) with a nominal 4 km resolution at the equator, reprocessing
versions R2018.

The downwelling diffuse attenuation coefficient K4 at the wavelength of 490 nm, K4(490), is one
of the commonly used water colour remote sensing products. The K4(490) has been employed in
studies of water turbidity, sediment transport and resuspension, heat transfer within the upper
water, photosynthesis and net primary productivity in natural waters [27,28]. We have chosen to
use the K4(490) as the quantity that characterizes underwater light fields in the MEDIT. The K is an
apparent optical property (AOP) and is dependent on the incident light field and water depth [27,28].
Experimental data and inverse radiative transfer modelling have shown that K is significantly
correlated with inherent optical properties (IOPs), the absorption and backscattering of light by the
water and its different constituents (phytoplankton, detritus, suspended mineral particles) [27,28].
In our study, Ky is used to provide information about how fast the underwater irradiance is attenuated
with depth.

Another ocean colour data product that is analysed in this paper is the euphotic depth (Zey).
The euphotic depth defines the depth of the surface layer of water, where there is sufficient light to
support primary production (PP). It is estimated as the depth where the photosynthetic available
radiation (PAR) decreases to 1% of its surface value [29]. We downloaded ocean colour remote
sensing estimate of Z., derived semi-analytically from the inherent optical properties (IOPs) of the
water [30]. This approach allows to estimate Z¢, not only in the open ocean but also in optically
complex waters, as shown in Reference [31]. Details on the algorithm and its uncertainties are
described in Reference [30].
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To discuss the underwater light conditions and seagrass requirements, we used two approaches.
In the first approach, we estimated Zjg9, (depth reached by the 10% of surface PAR) using the
relationship proposed in Reference [30]:

ZlO% = Zeu/2~25 (1)

In the second approach, we estimated the daily PAR reaching different water depths. In these
calculations ERA Interim estimates of the daily mean net shortwave radiation (NSWRS) at the sea
surface for a given location have been averaged in the time interval 1983-2017. We assumed that
about 50% of the NSWRS belongs to the spectral range of PAR and that about 96% of PAR reaching
the surface of the water is transferred through the surface into the water body [27]. Additionally we
assumed that for each pixel the vertical diffuse attenuation coefficient for PAR (Kpar) can be estimated
form K4(490) according to [32]:

Kpar = 0.0655 + 0.874 K4(490) — 0.00122 [K4(490)] )

The values of K4(490) for each pixel were derived by temporal averaging the data from MODIS-
Aqua (2003-2017). Next, we have used simple exponential relationships to find PAR at depth [28]:

PAR(z) = PAR(0—) exp [—Kpar *z] 3)

where PAR(z) is PAR at depth z, Kpar is the vertical diffuse attenuation coefficient for PAR and PAR(0™)
is PAR at depth z = 0™ (just below the water surface).

2.5. Data Processing

All data were extracted for the MEDIT region. If necessary, daily data were averaged to monthly,
seasonal, or annual averages. Unless otherwise stated, presented medians and percentiles were derived
from annual time series for each year of analysed data and averaged over the time interval discussed in
the paper (for example ERA Interim data represent 36 years, 1982-2017) Standard statistical methods
were used to calculate percentiles, standard deviations and correlation coefficients. Simple linear
model for trends was assumed, fitted to selected time series by a least square method and tested for
statistical significance [33].

3. Results and Discussion

3.1. Sea Surface Temperature (SST)

In this section we briefly characterize the spatial distribution of SST and its variability. Figure 2a
shows SST averaged in the entire 1983-2017 time interval. The average SST increases generally from
north to south over most of the Mediterranean Sea, except over the northern Tyrrhenian and the
Levantine sub-basins, where it increases from west to east, likely due to the Mediterranean surface
circulation. The highest temperatures are found in the south-eastern Mediterranean, while the lowest
are observed near the north-western coast and in the Adriatic Sea. Patterns in spatial distribution of
the mean annual 25th, 75th and 98th percentiles (Figure 2b—d) look similar, although their values are
different. The percentiles were calculated for each year and its values were averaged in the 36-year time
interval. The lowest values of 25th percentiles are about 14 °C (northern part of the MEDIT). The lowest
75th percentiles (22-23 °C) are located near the Gulf of Lion, the Alboran Sea and in the vicinity of the
Strait of Gibraltar, as well as in the Aegean Sea. The highest values of the 75th (about 27 °C) and 98th
percentiles (>28 °C) are present in the southern part of the Ionian Sea and the Levantine basin. Spatial
distribution of SST is influenced by the air-sea interaction processes and by water circulation patterns.
This can be observed if one compares Figure 2 with atmospheric data discussed in the next section.
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Figure 2. SST in the MEDIT based on the dOISST.v2 data set (1982-2017): (a) mean SST; (b) mean annual
25th percentiles of SST; (c) mean annual 75th percentiles of SST; (d) mean annual 98th percentiles of SST;
(e) trends in the annual mean SST; (f) trends in the 25th percentiles; (g) trends in the 75th percentiles;
(h) trends in the 98th percentiles. Trends are statistically significant (p < 0.05, 95% confidence level).

Time series of annually averaged SST data were used to estimate regional SST trends presented
in Figure 2e. SST trends presented here are statistically significant at 95% confidence level, p < 0.05.
Trends of increasing annual mean SST were detected over the entire Mediterranean Sea. Trends are
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ranging from about 0.02 °C yr~! (in the mid-western Ionian sub-basin) to about 0.045 °C yr~!
(north-east of the Levantine sub-basin). For comparison, the globally averaged SST trend calculated
using 20 years of Advanced Very High Resolution Radiometer Pathfinder data (January 1985 to
December 2004) was estimated as 0.018 °C and 0.017 °C yr~! from daytime and night-time data,
respectively [34]. The warming trends estimated by us for the MEDIT Sea are greater than these global
estimates. Trends for the annual median SST values (not shown) are almost identical as trends for
the annual means. Trends for the 25th percentiles are lower than trends for the means (Figure 2f).
However, trends for the 75th percentiles are higher than trends for the 25th percentiles, means and
medians with the highest values reaching 0.06 °C yr~! in the western part of the MEDIT (where annual
mean SST values are low) and in the south-eastern part of the sea (wWhere annual mean SST values are
high). This indicates that the mean SST in the MEDIT increases mainly due to changes occurring in
the warmer seasons of the year. This conclusion is also supported by trends based on the monthly
SST data [16,17]. Note that the 98th percentiles reach the highest values in the south-eastern part of
the MEDIT (Figure 2d) and spatial pattern of their trends (Figure 2h) is somewhat different than it
was the case with trends for the 75th percentiles. The strongest trends for the 98th percentiles are
noted in the belt extending from the Aegean Sea into the Levantine Basin, in the Adriatic and Alboran
Seas and in the vicinity of the Gulf of Lion. For comparison, based on data from 1985-2006 it was
found that SST trends are different in the western (0.03 °C yr~!) and eastern (0.05 °C yr~!) part of the
Mediterranean [35]. Warming trend averaged for the entire Mediterranean basin was estimated as
0.036 °C yr~! [17].

Overall variability of SST in the MEDIT is characterized by a well-pronounced seasonal cycle.
This is summarized in Figure 3. The annual maximum temperatures averaged in the 36-year time
interval vary between 24 °C in the northern part of the MEDIT (Alboran and Aegean Seas) to 28 °C in
the warmer southern part of the MEDIT. The maximum SST (displayed in Figure 3c) during the entire
time interval considered (1982-2017), ranged between 26-31 °C. The maximum SST had the lowest
values in the Gulf of Lion, the vicinity of the Strait of Gibraltar and in the Aegean Sea. The 36-year
average annual minimum SST and the minimum SST observed during the entire observational time
interval (1982-2017) are shown in Figure 3b,d, respectively. Temperatures as low as 8 °C are seen
near the northern coasts of the MEDIT. As far as the phase of the annual SST cycle is concerned,
the maximum SSTs occur around days 225-240 (July—August), while the minimum temperatures are
detected around days 30-80 of the year (February-March, see Figure 3e,f). The 36-year averaged
amplitude of the annual cycle (Figure 3g) varies between 10-13.5 °C, with the smallest values noticed
in the south-eastern part of the MEDIT (where SST values are consistently high) and in the Gulf of Lion,
Alboran and Aegean Seas (where SST values are low). Annual amplitudes have been calculated as
the difference between the maximum and the minimum SST values in each year and then the 36-year
averaged amplitude was estimated.

Apart from the long-term trends and annual cycle, variability of SST can be observed on a synoptic
scale and can be characterized by standard deviation (STD) of SST anomalies. The anomalies are
calculated by subtracting the average annual cycle and the long-term trend from daily SST data.
Spatial patterns of STD are exhibited in Figure 3h. As can be seen, STD values are greater in the
northern part of the MEDIT than in the southern part. This can be explained by the fact that larger
STD values are associated with regions more influenced by strong winds (discussed later) causing
intermittent upwelling and variability in the water circulation and advection patterns. High water
temperature is considered in the literature [36-38] as one of the most important factors limiting the
growth of P. oceanica meadows but there is a lack of research documenting in detail how this seagrass
responds to different scales of variability and what would be the temperature threshold levels for
strong negative impacts. Nevertheless, a complete description of thermal conditions experienced by
P. oceanica in different regions of the MEDIT can help to elucidate these relationships in the future.
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Figure 3. Annual cycle of SST in the MEDIT based on the dOISST.v2 data (1982-2017): (a) annual
maximum SST averaged in 36 years; (b) annual minimum SST averaged in 36 years; (¢) maximum

SST observed during the 36-year time interval; (d) minimum SST observed during the 36-year time

interval; (e) day of year when the maximum SST is observed; (f) day of year when the minimum SST is
observed; (g) annual amplitude of SST annual cycle averaged in 36 years; (h) standard deviation (STD)
in SST anomalies. STD was calculated for each pixel from daily SST data after subtracting the 36 years

average daily SST value and long term trend at each pixel.
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3.2. Air Temperature

In this section the spatial distribution of air temperatures (AT) and its variability is briefly
summarized. Although we do not expect air temperature to directly affect seagrass distribution in
the MEDIT, the AT and its relation to SST is an important indicator of air-sea interaction processes.
The 36-year averaged mean AT and annual 75th percentile averaged over the 36 years are displayed in
Figure 4a,b. We can see that the most obvious spatial patterns in AT over the MEDIT are quite similar
to the spatial patterns in SST. By this we mean that there is a well pronounced gradient of AT between
the northern and southern parts of the MEDIT. In addition, the highest AT values are present in the
southern part of the Ionian Sea and the Levantine basin, the same regions where we noted the highest
SST values. High AT values are associated with the land of North Africa. Long-term trends in the
annual mean AT and 75th percentiles (Figure 4c,d) are larger above the land than above the sea surface.
They are statistically significant at 95% confidence level, p < 0.05. Trends for the 75th percentiles are
higher than trends for the mean ATs, in particular in the western part of the region (Spain and north
Africa), where they reach in some locations as high values as of 0.08 °C yr~1.

°c

(c) (d)

Figure 4. Air temperature in the MEDIT region: (a) 36-year averaged mean AT with 5 geographic
locations indicated by crosses. Time series data for these sites are presented in the next figure to
illustrate the temporal variability; (b) 36-year mean annual 75th percentiles for AT; (c¢,d) 36-year trends
in the mean annual AT and 75th percentiles, respectively. Maps are based on the ERA Interim data
(1982-2017).

To better relate the seasonal cycle of SST and AT we have extracted time series data in the 5
example locations (points) indicated in Figure 4a by crosses. Location 1 represents the site near the
Alicante (Spain), location 2 is in the Gulf of Lion (France), location 3 in the open sea near the Balearic
Islands, location 4 near the coast of North Africa and location 5 is in the south-eastern part of the
MEDIT region (the warmest region). Note, that the exact geographical position of selected pixels is
not important here, we merely wanted to show the differences in the temporal patterns of variability
using few points representing different regions of the MEDIT. Time series of AT and SST in selected 5
locations are compared in Figure 5. On the left side of Figure 5 (panel a) we can compare time series
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of SST values for year 2015. The presented data show that there is a lot of variability on a synoptic
time scale, in particular at location 2 and 3. Figure 5b compares annual cycle of AT and SST using the
36-years averaged daily data. As we can see, the lowest SST and AT values are associated with the
Gulf of Lion (point 2). At all 5 locations ATs are lower than the SSTs in the fall and winter seasons.
This tendency starts around 230-250 day of the year. The biggest difference between AT and SST in the
summer is observed in the Gulf of Lion. In the spring, on average around day 80-100, ATs become
larger than SSTs. Note also that the highest frequency of occurrence of high SST values (>25 °C) in the

entire investigated time interval (36 years) was observed in point 5 (Figure 5c).
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Figure 5. SST and AT data for 5 locations indicated in Figure 4a: (a) example time series of daily SST in
year 2015; (b) comparison of the 36-year averaged daily time series of SST (blue line) and AT (red line);
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(c) frequency distributions of SST in 5 locations, based on the entire 36-years’ time series.
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3.3. Winds

Long-term wind speed and direction time series are important for understanding of the regional
climate change. Winds influence the rate of exchange of heat between the atmosphere and the ocean,
as well as the evaporation. Wind-driven circulation, wave field and storm surges affect coastal
processes and can be of importance for explaining some spatial patterns in seagrass distribution.
ERA Interim reanalysis data used in our paper are based on wind data from remotely operating
instruments such as radar altimeters, scatterometers, passive microwave radiometers and synthetic
aperture radars assimilated to a numerical model [18].

Figure 6a,b illustrate spatial distribution of the 36-year averaged annual mean and the 75th
percentile wind speed. The windiest areas of the Mediterranean Sea are the Gulf of Lion and a
belt extending from here to the E. Algerian Basin, as well as the area surrounding the longitudinal
axis of the Aegean Sea and the S Levantine Basin. Various geomorphological and topographical
features and complex coastlines and local orography significantly influence the wind patterns in the
MEDIT, both spatially and temporally (see Figure 1). Regional wind patterns include the mistral and
the tramontane [39,40]. Mistral, the cold and dry north-northwest wind, blows in the Gulf of Lion,
occasionally up to the African coasts. When it enters the Tyrrhenian Sea, the mistral is characterized
by a more pronounced southward direction and is named maestrale. The central Mediterranean is
influenced (especially in winter) by the westerly to south-westerly libeccio and by the wet and warm
sirocco. Sirocco in autumn can blow from south to east, producing the storm surges flooding the
Venice Lagoon. The bora, classified as an orographic or downslope wind, is a north-easterly strong and
cold wind affecting the entire Adriatic Sea [41]. Bora-type winds exist also in other regions, as in the
northern Aegean Sea where north-easterly winds are frequent. In the Levantine Basin the prevalent
winds are the etesians [42]. These winds are particularly strong in the summer. In the Alboran Sea,
the west-southwest vendaval occurs mainly from October to November and from February to March,
when it can be very strong. The easterly levanter blows in all seasons but in winter it may be strong
and long lasting (up to 10 days). For a detailed description of the main Mediterranean wind patterns
see [43] and references therein. The Mediterranean Sea is one of the most cyclogenetic areas in the
world with explosive cyclogenesis and tropical-like cyclones [44—47].

The spatial distribution of trends in wind speed is depicted in Figure 6¢,d. Orange/red and
deep blue colours represent the areas where statistically significant trends were found. Statistically
significant positive trends in the annual mean and the 75th percentiles of wind speed have been
detected in two regions extending from the north to the south. The first region starts in the Gulf of
Lion and the second region in the Adriatic Sea. The strongest positive trends are observed in the Ionian
and Adriatic Seas, the eastern part of the Algerian Basin up to the Balearic Islands and the Gulf of Lion.
The negative trend is observed offshore the coasts of Monaco in the Ligurian Sea and in the central
Aegean Sea. These results are in qualitative agreement with previous studies [48] although the spatial
and temporal extents of the analysed datasets were somewhat different.

To highlight the regional differences in the variability of winds, we have plotted in Figure 7
example wind roses for selected 5 locations displayed in Figure 4a. Data are presented for the full
36-year long time series (column on the left side) and for the winter (January-February, middle column)
and the summer seasons (June-July, column on the right side). Our results confirm that seasonal
variability can be significant, depending on location. Regarding long-term trends in wind direction,
comparing data from the first 10-years (1982-1991) and the last 10 years (2008-2017) of the time interval
analysed here, we observed that the main patterns in wind direction over the MEDIT did not change
significantly (not shown).

Winds have an indirect influence on other environmental conditions directly affecting seagrasses.
Winds control surface wave propagation patterns and sea state. Moreover, the spatial distribution of
sea surface temperature and sea level rise may be also affected by wind patterns. Strong and persistent
winds may favour the upwelling of deep cold water masses to the surface. For example, the presence
of the cold SST in the northern Adriatic Sea can be explained by the influence of the bora winds.
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The Aegean Sea SST is low due to the impact of cold and dry etesian winds. The Gulf of Lion is
characterized by the much colder SST than the rest of the Mediterranean Sea, mainly as a consequence
of the mistral winds.

-0.01€

18°E 7°E %°E
(c) (d)

Figure 6. Wind speed: (a) 36-year averaged annual mean; (b) 36-year averaged annual 75th percentiles;

(c) trends in the annual mean wind speed; (d) trends in the annual 75th percentiles for wind speed.
Maps are based on the ERA Interim data (1982-2017).

3.4. Significant Wave Height

The height of significant waves is strongly dependent on wind force, duration and fetch.
The spatial distribution of significant wave height (SWH) averaged over the time interval 1982-2017
and the mean annual 75th and 90th percentiles (percentiles estimated using the annual time series
and averaged), are displayed in Figure 8a—c, respectively. The mean SWH in the MEDIT is smaller
than in the open Atlantic Ocean and is below 1.2 m even in the region where it reaches the largest
height. The 75th and 90th percentiles achieve 2 and 2.5 m respectively, with the greatest values in
the region extending from the Gulf of Lion in the southward direction. This is the region where
high wind speed is often observed (due to the presence of the mistral) as was shown in Figure 6.
Fairly large 75th and 90th SWH percentiles are also detected in the open waters of the southern part of
the MEDIT. Multiyear trends in SWH (Figure 8d—f) are characterized by patchy spatial distribution
with the highest positive values in the same regions where the largest positive trends in wind speed
have been documented (compare with Figure 6). Positive trends reach the greatest values for the 90th
percentiles (1.25 cm/year) in the region extending from the Gulf of Lion in the southward direction.
This indicates that the largest waves are becoming more frequent there. Negative SWH trends are
observed offshore the coasts of Monaco, in the Ligurian Sea and in the Aegean Sea. These are the
regions were negative trend in wind speed have been noted (Figure 6).
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Figure 7. Wind roses based on the ERA Interim data set (1982-2017): columns (a—c) represent full

years, January-February and May-June time intervals, respectively. Row numbers (1-5) correspond to 5
locations indicated in Figure 4a.

It is difficult to compare our results with other authors, since previous research was focused on
different time intervals. For example, the variability of the monthly average significant wave height
(SWH) in the Mediterranean Sea in years 1958-2001 is described in Reference [49]. The authors
concluded that the annual cycle consists of two main seasons, winter and summer. Eastwards
and south-eastwards propagating waves prevail in the winter all over the basin. The summer is
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characterized by the southwards propagating waves in the Aegean Sea and Levantin Basin. The spring
and the fall are transitional time intervals with northwards and north-eastwards propagating waves,
associated with an intense meridional atmospheric forcing [49]. Thus, the spatial patterns of waves in
the Mediterranean are strongly influenced by the wind speed and fetch, dependent on the regional
orographic features. Surface atmospheric circulation events with larger fetch are more effective
in producing higher waves. Large inter-annual and inter-decadal variability of SWH field was
described and a statistically significant decreasing trend of mean winter SWH values was implied in
Reference [49]. This trend was calculated based on SWH averaged over the entire basin. However,
using more recent data (1979-2013) it was argued that after a general decrease of the mean yearly wave
power in the 80’s and 90’s, there was a positive trend in the time interval 2005-2013 [50]. Our results
show that SWH trends are characterized by a significant spatial variability and assume positive and
negative values depending on the location. This may explain why the previous studies, where spatial
distribution and variability SWH was not fully analysed, did not detect positive SWH trends.
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Figure 8. Significant wave heights (SWH): (a) 36-year mean SWH; (b) 36-year averaged annual 75th
percentiles; (c) 36-year averaged annual 90th percentiles; (d) trends in the mean annual SWH; (e) trends
in the 75th percentiles, (f) trends in the 90th percentiles. Maps are based on the ERA Interim data
(1982-2017).



Remote Sens. 2019, 11, 110 16 of 29

To better illustrate the local and seasonal variability of SWH and its association with wind speed
we plotted in Figure 9a,b time series of wind speed and SWH in 2015 in 5 locations (points) marked in
Figure 4a. As expected, larger SWH are generally associated with stronger winds. Data for location 2
underline the importance of wind fetch. At this location the wind fetch is limited, as strong winds
usually blow from the coast. Figure 9c compares the frequency distribution of SWH at each point,
based on full 36-year long time series. Larger SWH are more often observed at location 3 (near Balearic
Islands) than at location 2, because at location 3 fetch for strong winds is larger. Large SWH (~2 m
and more) are the least frequently observed at location 1, where wind speed does not reach very high
values and wind fetch is often relatively small. Note that at points 2, 3, 4 there is on average few days
per year when SWH is 4 m or more.
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Figure 9. Example time series from year 2015 of: (a) wind speed; (b) significant wave height (SWH).
(c) Frequency distribution of SWH in 5 locations based on the entire 36-years’ time series. Data are
presented for 5 locations indicated in Figure 4a.
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3.5. Sea Level

Satellite altimetry data were used to estimate local sea level variability summarized in Figure 10a—c.
Our results indicate that there is a consistent, statistically significant (95%, p < 0.05) trend in sea level
anomalies (SLA) in the major part of the MEDIT. Trend is spatially variable with the largest positive
values (~5 mm yr~!) in the eastern part of the sea. Negative trend (—2 mm yr~!) was detected in
the central part of the MEDIT. For comparison, the rate of globally averaged sea level rise is 3.1 mm
yr~! (or 3.4 mm yr~! if the correction for global isostatic adjustment is taken into account) [51]. Thus,
sea level trend in the eastern part of the MEDIT is greater than the globally averaged trend derived from
satellite altimetry data. Figure 10b shows the spatial distribution of the mean annual 99th percentile of
SLA. The largest 99th percentiles are observed near the northern coast of Africa, a region located in
the southern edge of the belt of high wind speed, extending south from the Gulf of Lion. Large 99th
percentiles are also seen in the northern Adriatic Sea, where storm surges flooding the Venice Lagoon
are a well-known problem. Figure 10c presents spatial distribution of the standard deviations (STD) of
SLA, after the long-term trend has been removed. Data shown in Figure 10c indicate that on average,
sea level is the most variable in the southern part of the MEDIT in the same locations where we
observed the largest 90th percentile SWH. Another region where the 99th percentiles and the STD
reach relatively high values is located in the central part of the southern MEDIT.
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Figure 10. Sea level anomalies (SLA): (a) multiyear trends; (b) mean annual 99th percentiles;
(c) standard deviation in SLA. Maps are based on data from 1 January 1993 to 31 December 2017.



Remote Sens. 2019, 11, 110 18 of 29

3.6. Vertical Diffuse Attenuation Coefficient and Euphotic Depth

In this section, we summarize the main results from the analysis of ocean colour remote sensing
data, relevant to our research. We focus on the vertical diffuse attenuation coefficient K4(490) and the
euphotic depth Z, data.

It must be mentioned that the Mediterranean Sea has somewhat unusual optical properties of the
water, which have been described in the literature as “oligotrophic waters less blue and greener than the
global ocean” [52]. Several hypotheses were developed in the past to explain these optical properties.
One hypothesis draws attention to relatively high concentrations of coloured dissolved organic matter,
responsible for the enhancement of water absorbing properties [53,54]. Second hypothesis points
out to a reinforcement of scattering due to the presence of coccoliths [55], while yet another one
emphasizes the role of submicron Saharan dust in suspension in the surface waters [56]. These aspects
are important if one wants to derive quantitative estimates of concentration of chlorophyll (or other
water component) from ocean colour but they are not as crucial if one is simply interested in the
euphotic depth and attenuation of light in the water column. K4(490) and Z., are cumulatively
influenced by all the optically significant water components and we are at this moment not concerned
with what is the relative importance of each of the components.

Figure 11 presents the spatial distribution of the climatology of the vertical diffuse attenuation
coefficient K4(490) and the euphotic depth Z.,,, based on ocean colour data from MODIS-Aqua. Smaller
values of K3(490) and deeper Z., are associated with oligotrophic waters and are observed in the
southern part of the MEDIT. This is a region were high SST values have been noted in Figures 2 and 3.
Shallower Z., and larger K4(490) values are observed in the north-western part of the MEDIT. Spatial
distribution of K4(490) in Figure 11 is consistent with a general picture of the Mediterranean Sea
characterized by the existence of significant west-east and north-south gradients in in situ bio-optical
observations [57] and ocean colour data [58—62]. Coastal regions associated with high concentrations
of coloured dissolved organic matter and terrigenous mineral particles are also visible in Figure 11.
An example is the north Adriatic Sea where high K(490) values can be linked to the presence of
big rivers, such as the Po, Brenta, Livenza, Adige and Isonzo. Every year rivers bring substantial
quantities of terrigenous organic and mineral particles as well as dissolved organic matter and release
large amounts of nutrients that support the micro-phytoplankton growth in coastal waters. All these
substances have significant impact on water optical properties, as a result high values of K4(490) are
observed in this region.

Trends in K4(490) and Z, are displayed in Figure 11b,c f,g. Our results show a rather complex
pattern of both negative and positive trends in K4(490) and Z.,,. Note that ocean colour data series
used for these calculations are rather short (15 years), therefore our findings need to be taken with
caution. Considering only those areas where trends are statistically significant (Figure 11d,h), we notice
an evident negative trend in K4(490) (positive trend in Z¢,) along the coasts of Spain (i.e., off the Costa
Blanca, South-East Spain) and in the Ligurian—Provengal basin. A positive trend in K4(490) (negative
trend in Z¢y) is detected in the North Adriatic Sea and in the oligotrophic southern part of the MEDIT.
Note however, that since data series are so short, the detected trends are not statistically significant in
most areas of the MEDIT. The seasonal cycles of K4(490) and Z, in the MEDIT (not shown) follow
the life cycle of the phytoplanktonic organisms, the typical pattern of temperate areas with a biomass
increase in late winter/early spring, followed by a decrease of biomass during the summertime and a
second smaller bloom in the autumn. Similarly to Chl concentration (not shown), K4(490) also displays
highest values in the spring, therefore we here present also trends for spring (March-May averages,
Figure 11c,g). Our results suggest that although light limitation may be a problem for P. oceanica
meadows in the Adriatic and along the north-western coast of the MEDIT, the euphotic depth has
positive temporal trend (K(490) is decreasing) along the Spanish coast, indicating that the conditions
for P. oceanica are improving there. This is not the case in the north Adriatic Sea, where the conditions
are worsening, as the euphotic depth there is decreasing (K4(490) is increasing).
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Figure 11. (a) Mean (2003-2017) vertical diffuse attenuation coefficient K4(490) based on MODIS Aqua
data; (b) trends in annually averaged K;(490); (c) trends in spring (March-May) averaged K4(490);
(d) p-values for trends shown in figure (c); (e) mean (2003-2017) euphotic depth, Z¢, based on MODIS
Aqua data; (f) trends in annually averaged Z.y; (g) trends in spring (March-May) averaged Zey;
(h) p-values for trends shown in (e).

It is hard to compare our results with other data from the literature. For example, Chl trends based
on 1998-2009 SeaWiFS data from the summer season [63] were not statistically significant in almost
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half of the Mediterranean Sea. Statistically significant negative trends were found in offshore waters of
the north-western MEDIT. In the western coast of Greece, as well as in a narrow belt along Egyptian,
Tunisian, Maltese and Turkish coastlines Chl trends were positive. When ocean colour Chl data from
the same time interval were analysed using a different approach (Chl was derived using regional
algorithms and trends were estimated after application of the seasonal adjustment methodology),
positive trends around the Balearic Islands, in the Ligurian-Provencal basin, in the Rhodes Gyre region
and off the Nile River delta were discovered [64]. Trends were negative in the North Adriatic Sea and
near the Rhone River mouth. Note that these results cannot be directly compared with our results,
because we have analysed different quantities (K4(490) and Ze,) and used longer time series covering
time interval (2003-2017). In addition, we must stress again that a rigorous analysis of climate related
trends requires longer data sets than are currently available from ocean colour satellite sensing.

4. Discussion of Potential Influences of Environmental Conditions on Posidonia oceanica

In this section we will briefly summarize what is known from the literature about how the
environmental conditions influence P. oceanica growth and distribution, and compare it with our
results. The basic requirements for seagrass survival are analogous to requirements of all plants [64].
Thus, the main environmental factors influencing the growth of P. oceanica are availability of nutrients,
inorganic carbon and light for photosynthesis, as well as water temperature [28]. The exposure to
significant mechanical disturbances, for example waves and currents, can destroy the meadows.

Water temperature affects all biological processes, primarily by increasing reaction rates of the
biochemical pathways [28]. Thus, photosynthesis and respiration are slower at low temperatures and
increase with increasing temperature. Thermal optima associated with high rates of photosynthesis
range from approximately 15 to 33 °C [65,66]. Seagrasses can be affected by thermal stress in a
number of ways. Because the increase in carbon uptake (photosynthesis) with temperature is slower
than the increase in carbon consumption (respiration), at high temperatures the respiration can
exceed photosynthesis, resulting in a negative energy balance within the plant [67]. What is more,
quick reduction in photosynthetic efficiency takes place after temperature exceeds the optimum
threshold [68]. Complete data documenting all the details of the responses of P. oceanica to temperature
are unavailable. Optimal temperatures for growth are believed to be around 15.5 to 18 °C [69].
The optimal temperature for photosynthesis is higher. In situ experiments revealed that P. oceanica
meadows show negative responses to warming above 27 °C, when increased shoot mortality was
observed [36]. Laboratory experiment showed a negative reaction of P. oceanica seedlings to warmer
temperatures with reduced growth rates, leaf formation rates and leaf biomass per shoot [37]. Another
laboratory study demonstrated that newly germinated seedlings of P. oceanica are vulnerable to the
extreme temperature events [38]. Temperatures above 27 °C significantly affected the photosynthetic
rate of the seedlings, decreasing the production of oxygen and the performance of the PSIL. One-month
exposure of the seedlings to temperatures above 29 °C produced negative shifts in their development,
especially in leaf growth and mortality. Summarizing, water temperature can define the geographical
limit for growth of P. oceanica, although it is possible that some adaptation mechanisms to changes in
local temperature regimes exist.

Another important factor controlling seagrass spatial distribution is light. Availability of light is a
fundamental requirement, since light is necessary for photosynthesis [28]. In the aquatic environment
light is a limited resource. Irradiance reaching the sea surface is in the water column strongly absorbed
and scattered by pure water and its optically active components (phytoplankton, other suspended
material and dissolved substances). As a result irradiance is attenuated exponentially with depth
and its spectral composition changes [27,28]. Vertical diffuse attenuation of underwater irradiance
(Kq) varies spatially and in time, since it depends on concentrations and quality of water components.
As a rule of thumb it is assumed that P. oceanica needs approximately at least 10% of the surface
irradiance in order to grow [65]. This requirement confines seagrass to shallow coastal waters (to about
45 m, depending on water clarity). Morphological acclimatization to reduced irradiances at depth in
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growth strategy of P. oceanica includes reduced shoot density in deep waters. Better knowledge of light
requirements for seagrass growth could help with predictions of the lower depth limits for seagrass.

In addition to light, seagrasses need inorganic carbon and nutrients. The actual importance
of carbon limitation to seagrass photosynthesis and growth is not well known and needs to be
examined further [65]. Nutrient requirements for seagrasses are lower than for macro algae and
phytoplankton [70]. It has been estimated that seagrasses need about 4 times less nitrogen and
phosphorous per weight than phytoplankton. This makes an advantage for seagrass growth in
nutrient-poor environments. It is also advantageous that seagrasses can additionally take up nutrients
from sediments, which usually are rich in nutrients due to the mineralization of organic matter.
Seagrasses also require oxygen to supply their metabolism of both above- and below-ground tissue [65].
Leaves are usually situated in the oxygenated water column but roots and rhizomes are buried in
anoxic sediments. Under normal circumstances, oxygen is transported to roots and rhizomes by
diffusion from the leaves through a well-developed system of air tubes (lacunae) running through the
plant. However, the below ground tissue may experience lack of oxygen if the water column becomes
hypoxic or anoxic during periods of high degradation of organic matter. Anoxic conditions influence
the metabolism of plants resulting in poor energy availability and production of toxic metabolites,
both of which may negatively affect growth and survival of the seagrasses [70]. Another environmental
factor influencing seagrasses is water salinity [3]. Significant changes in the salinity of coastal waters
can occur due to natural (river runoff) and human induced causes (brine discharge from desalination
plants). Laboratory experiments showed that salt-stressed P. oceanica leaves undergo photosynthetic
inhibition and respiratory enhancement, with increased plant mortality [71,72]. This requires further
clarification, since more recent work has shown that natural populations of P. oceanica can grow under
relatively high and fluctuating salinity levels [73].

Currents, waves and tides can have a destructive effect on seagrass beds. It has been postulated
that seagrasses do not exist at locations with flow velocities above 1.5 m per second [65]. Currents
and wave action inhibit seagrass growth by generating resuspension and movements of sediments.
Resuspension increases attenuation of light in the water column and may lead to light limitation
of seagrass growth. Sediment erosion can uncover roots and rhizomes and lead to the seagrass
detachment from the ground. Very strong currents or waves may breakdown and damage the plants.
Waves are considered to be the most important factor controlling the shallow depth limit for seagrass
distribution. Using observational data from an open sandy beach in the Balearic Islands, quantitative
estimates of wave energy that sets the upper depth limit for seagrasses have been estimated [74].
Experiments indicated that the shallow depth limit of P. oceanica is associated with near-bottom
orbital velocity between 38 and 42 cm s~!. In this experiment the upper depth limit of P. oceanica
was located between 5 and 6 m, the highest percentage coverage was observed at depths greater
than 8 m and no stands were found in depths shallower than 4 m. In addition, it was observed that
shallow seagrass populations were more spatially fragmented in wave-exposed environments than
in wave-sheltered environments [74]. This confirms that energy of waves acting on seagrasses is an
important environmental factor that has to be taken into account if one wants to elucidate the spatial
distribution of seagrasses. We can expect that water movements associated with strong sea level
changes due to storms (storm surges) also have a negative effect on seagrass meadows.

Based on the above summary we can anticipate that large-scale patterns in spatial distribution
of P. oceanica exhibit some linkages with regional patterns in underwater light fields and water
temperature and are negatively influenced by the presence/absence of strong currents and waves.
Thus, using the data sets presented in the previous sections we can try to define example sub regions in
the MEDIT, where specific environmental conditions likely limit seagrass meadows. The availability of
light is summarized in Figure 12. Figure 12a shows mean daily shortwave radiation flux reaching the
surface of the MEDIT, based on the ERA Interim data. As we can see, there is a significant divergence
between different parts of the MEDIT, with south-eastern part receiving on average more sunlight than
the western part. Using additional information about the vertical diffuse attenuation coefficient K4(490)
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presented in Figure 11 and the relationships (2) and (3), it is possible to estimate PAR available at
different water depths. As an example the results from such calculations for 15-m depth are presented
in Figure 12b. These data indicate that at 15-m depth in coastal waters of the north-western MEDIT,
PAR is often less than 10 Wm ™2, while in the south-eastern MEDIT it is more than 20 Wm~2. Note,
that this significant difference between the regions is due to the fact that in addition to receiving more
surface NSWRS, the south-eastern part of the MEDIT is more oligotrophic and is characterized by
generally smaller values of the vertical diffuse attenuation coefficient than observed in the western
part of the MEDIT (as seen in Figure 11b). Thus, we can conclude that the availability of light is most
likely limiting the presence of P. oceanica meadows to shallower maximum depths in the western part
than in the south-eastern part of the MEDIT. This conclusion is also supported by an independent
estimate of Zjg9, (depth reached by the 10% of surface PAR, Figure 12c), derived from ocean colour
remote sensing estimates of euphotic depth (Figure 11e) using Equation (1).
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Figure 12. Maps of (a) mean climatology of the daily net shortwave radiation flux (NSWRS) based on
the ERA Interim data (1982-2017); (b) mean daily PAR at 15-m depth, estimated from NSWRS (shown
in Figure 12a) using Equations (2) and (3); (c) depth, where PAR(z) is equal 10% of its surface value.
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In Figure 13 we have combined the information about light availability, water temperature and
waves in one plot. Green colour indicates regions where mean daily PAR at 15-m depth is less than
18 Wm~2 (equivalent to about 80 pmoles m~2 s~1). These regions are located mostly along the northern
coast of the MEDIT and in the south-western part of the sea, where we have documented large values
of the vertical diffuse attenuation coefficient in Figure 11. It can be expected that in these regions the
maximum depth of seagrass meadows is on average smaller than in the regions where light is not so
strongly attenuated with depth. Blue colour in Figure 13 indicates the area where SWH reaches the
greatest heights. For the sake of creating the map we have used the criterion that the mean (averaged
in the 36 years) annual 98th percentiles for SWH are at least 2.8 m. The zone marked in blue colour
extends from the Gulf of Lion towards the south. We can presume that in this area the P. oceanica
meadows do not extend to shallow water depths, where wave action may destroy the plants. Therefore,
in the zone marked by the blue colour the shallow water depth limit of the Posidonia meadows is most
likely deeper than in other regions where waves do not reach such great heights. Finally red colour in
Figure 13 indicates the area where mean (averaged in the 36 years) annual 98th percentiles for SST are
at least 27.9 °C. In these areas P. oceanica meadows are likely more endangered by the negative effects
due to high temperatures and future climate warming than in the other regions where SST values
are lower.
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Figure 13. (a) Green colour: mean daily PAR at 15 m depth is less than 18 W/m? (about 80 pmoles/m? /s);
blue colour: annual 95th SWH percentile averaged in 36 years is 2.8 m; red colour: annual 98th SST
percentile averaged in 36 years is 27.9 °C; (b) Spatial distribution of P. oceanica meadows. Green colour
indicates where P. oceanica presence was observed, black colour indicates where P. oceanica absence was
documented and blue colour is for regions where there is lack of observations (based on [1]).
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It is worthwhile to compare our results to the information about P. oceanica meadows presence in
the MEDIT available from the literature. Data presented in Reference [75] indicate an extensive loss
of P. oceanica meadows in the MEDIT. More recent and complete assessment of the large-scale spatial
distribution of the meadows, was published by Telesca et al. [1]. These results are summarized in
Figure 13b. As can be seen, there are indicated regions where P. oceanica is present, absent and regions
where the information is lacking (data were not collected so far). The authors concluded that the data
sets about P. oceanica distribution are fairly complete only in the north-western and central part of
the sea. Data are available for the coast extending from Spain to Albania. Data were missing when
the assessment [1] has been done in parts of Croatia and southern coasts (from Morocco to Tunisia).
P. oceanica was found to be absent in the eastern part of the MEDIT (Syria, Lebanon, Israel) and also in
parts of the Egyptian coast. The authors stressed the limitations of compiled data in regard to tracing
the trends, due to the small amount of historical data and lack of consistent observational methods.
Therefore, at present, it is impossible to fully link the information about large-scale environmental
changes documented by our analysis with information about recent transformations of seagrass
meadows. However, it was suggested [1] that in some geographical locations P. oceanica is absent due
to increased water turbidity (in the vicinity of large rivers such as Ebro (Spain), Rhone (France) and in
the North and Central-western Adriatic Sea). The nonexistence of the meadows in the eastern part
of the Egyptian coast has been ascribed to high water turbidity and low salinity due to water input
from the Niles delta. The absence of the P. oceanica meadows in the eastern part of the MEDIT was
attributed to high water temperatures. In addition, the influence of the waves on the upper limit of
the depth has been shown in Reference [74]. Thus, the explanation of spatial patterns in P. oceanica
meadows presence and absence provided by other researchers is consistent with our findings.

Telesca et al. [1] emphasized that the main difficulty for quantitative assessment of the regression
of the meadows is the fact that historical time series data are limited to small percentage of the entire
area of the MEDIT (mostly the French, Spanish and Italian coasts). Nevertheless, analysed data suggest
that the loss of the seagrass area coverage in the MEDIT has been significant. It is therefore very
important that more research efforts are devoted to discussion of possible reasons for the P. oceanica
regression. Such research should in the future include more detailed information about P. oceanica
geographical extent, the maximum and minimum water depth, area coverage and biomass density.
The experimental efforts would benefit from application of consistent methods including a combination
of in situ visual observations, acoustic surveys and modern satellite remote sensing techniques taking
advantage of high spatial resolution observations (such as Sentinel 2). In addition, it is very important
that laboratory experiments are undertaken to better quantify the responses of P. oceanica to different
environmental conditions such as availability of light, water temperature and mechanical stress due to
waves or currents.

5. Conclusions

Although there are a number of studies on seagrass P. oceanica in the MEDIT, the information
is unevenly distributed spatially and there are even some areas in the MEDIT where the P. oceanica
presence/absence has not been checked so far. Experiments providing regional information about
spatial and temporal variability of environmental conditions in parallel with seagrass observations
are quite rare. In this paper we have attempted to fill this gap and to describe current environmental
conditions in the MEDIT, their trends and variability and to discuss their possible influences on
P. oceanica meadows. Results allowed us to present a consistent picture of environmental conditions
relevant to P. oceanica ecology. It is now possible to place different seagrass monitoring sites in a better
context of large-scale patterns of natural conditions characteristic for a given sub-region of the MEDIT.

As a final result, we indicated few regions where P. oceanica growth is likely limited by a specific
situation. This information has been gathered in Figure 13a, where we have delineated regions where
seagrass meadows are most likely to be limited by low light levels, high water temperature, and/or
large significant waves. Comparison of Figure 13a with a very thorough compilation of data on
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P. oceanica from literature published recently [1] and summarized in Figure 13b suggests that some
coastal regions where P. oceanica is not present coincide with the areas where we documented high
SSTs in Figure 13a. In some of these areas the information about P. oceanica is missing due to a lack
of observations. In the northern MEDIT we have documented low PAR levels that can either cause
that the maximum depth limit of the meadows is located at shallower depths or, in case of very turbid
waters, completely prevent the growth of seagrass. Large waves are expected to increase the shallow
water depth limit of the meadows. Unfortunately, evidence about the upper and lower depth limits
of P. oceanica meadows and their changes in time is unavailable in many locations, even if there are
written reports that the meadows were investigated.

Large-scale comparative study ought to be planned in the future taking advantage of recent
development of remote sensing methods. Such study should be combined with in situ observations of
seagrass. This type of research is possible in the near future, since ocean colour remote satellite sensing
data become available with high spatial resolution. Nevertheless, fieldwork is required to develop and
validate effective local algorithms devoted to seagrass monitoring. Our work underlines the need for
this type of research, since we show that remote sensing already provides a wealth of data for sound
description of conditions in the MEDIT but large-scale information about seagrass meadow extent is
very limited. Our results presented in this paper will be useful in designing field experiments devoted
to observations of specific interactions of the seagrass meadows with environmental conditions. This is
because results presented here can help with selection of the most interesting locations for in situ
observations. For example, it would be very appealing to carry out a comparative study between
the sites where there is expected a stronger and a weaker influence of waves on seagrasses. Another
research project could focus on comparisons between a site where seagrass is exposed to higher SST
with heating events occurring more often and a site with different thermal circumstances but with
similar other environmental settings. Comparative studies could also help to clarify the influence of
light availability and its variability on seagrass meadows. This could also include research on the
effects of stronger and weaker seasonal variability of underwater light fields. In addition, laboratory
experiments should be designed to complement field studies and to clarify many aspects of seagrass
environmental sensitivity, using realistic scenarios similar to what is demonstrated by the data sets
analysed here.

In this paper we have focused on the large-scale patterns. It is important to realize that local
processes may be superimposed on large-scale patterns described in this paper and can modify the
local conditions for seagrass growth. Thus, our results should not be compared with local observations
made at a limited spatial scale (for example a single location). Unfortunately, our approach does
not provide any knowledge about the mechanisms that regulate seagrass responses to variable
environmental conditions. Future experimental work based on well-defined laboratory conditions may
help to qualitatively and quantitatively describe these mechanisms and their links with environmental
influences. Our results can help define the range of conditions that should be simulated in such
experiments in order to provide realistic scenarios, similar to those found in the natural environment.
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