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• Caspian coastal Ramsar sites were mapped
over 3 periods of different water levels.

• A recent significant shrinking of coastal
wetlands was observed.

• A multidisciplinary approach was applied
to the Gorgan Bay: field work and simula-
tions.

• Maintenance of bay inlets will enhance
water exchange and quality, otherwise
the bay could be a dust source.
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The situation of Ramsar sites along the Caspian Sea coast has deteriorated over the past decades, and this is more no-
ticeable in the narrow coastal strip of the south Caspian Sea. In this study we investigate how the Caspian Sea level
changes affect the coastal Ramsar sites. Particularly, we focus on the Gorgan Bay in the southeast corner of the Caspian
Sea, which is experiencing extensivewater level decline, even desiccation.We used satellite images from three periods
corresponding to periods of two sea level falls and one sea level rise, in order to decipher spatio-temporal changes of
the wetlands. We conducted field campaign in the Gorgan Bay for sampling and measurement of physical, chemical
and biological parameters. We simulated water circulation for the past, current and future conditions of the Gorgan
Bay, which is essential to sustain better water exchange between the Bay and the Caspian Sea. We applied dust simu-
lation in the case of a total desiccation of the Gorgan Bay. The result shows that the total area of the Caspian coastal
Ramsar sites during the two periods of the sea level fall is almost the same; however, the aerial changes in the southern
wetlands aremore visible. Nutrient and plankton analysis of the Gorgan Bay displaymainlymesotrophic conditions, in
GB, Gorgan Bay.
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some areas close to eutrophic ones. The average current velocity in the main inlet is 2.5 cms−1. Dust simulation indi-
cates that in case of the Gorgan Bay desiccation, it will become a dust source for the surrounding area up to 60 km.
Simulation of thewater circulationwith dredging of inlets (future scenario), indicates that thewater exchange velocity
doubles compared to the current scenario. A recommended inlet maintenance would accelerate water circulation and
reduce residence time, which will lead to better trophy and prevent bay desiccation.
1. Introduction

Wetlands provide precious facilities for human life, fauna and flora
including habitats for numerous species, and space for recreation and
tourism. Moreover, wetland preservation has an impact on climate (Janse
et al., 2019; Narayan et al., 2017; Xu et al., 2020). On the contrary, they
have a very sensitive response to climate change and human activities
(Derolez et al., 2020; Lefebvre et al., 2019; Barale, 2008). Pollution, eutro-
phication, area reduction during inundation by squeezing against fixed
coastal infrastructure, desiccation and human intervention are prominent
issues that the world wetlands are currently challenging (Kopelevich
et al., 2004; Karydis, 2009; Wu et al., 2022). Global climate change leads
to rapid sea level rise that have adverse impacts on coastal wetlands
(Spencer et al., 2016; Grenfell et al., 2016). By the end of the current cen-
tury, world wetlands will lose significant part of the area and this is associ-
ated with a reduction in biodiversity and ecosystem services (Fan et al.,
2021; Reed et al., 2020). In contrast to the world sea level rise, many inland
basins encounterwater level fall andwetland desiccation (Gaybullaev et al.,
2012; Sharifi et al., 2018; Prange et al., 2020) that enhanced dust emission
in the arid and semiarid regions (Zucca et al., 2021; Rashki et al., 2021; Xi
and Sokolik, 2016).

Intensive pressure on both oceanic and inland coastal wetlands causes
wetland degradation that require substantial attention for protection and
management (Fan et al., 2021; Liu et al., 2020; Miloshis and Fairfield,
2015). Mitigation and restoration measures are important actions to
address the issues at the root of wetland degradation (Eagle et al., 2022;
Martin et al., 2022; Yuan et al., 2022). The main goal of restoration is to as-
sist natural processes acting in thewetlandswith the aim of recovering their
basic ecological functions. Enhancing wetlands area, depth andwater qual-
ity are key components that help - recovering their biological diversity and
ecosystem services (Steyer and Llewellyn, 2000; Zhang et al., 2021).

Ramsar wetlands currently encompass 2412 ecosystems that have inter-
national importance for conservation (Ramsar List, 2021). The Convention
on Wetlands was adopted in the Ramsar city, Caspian Sea (CS) coast, which
comprises now ten coastal wetlands enlisted in the Convention (Table S1,
Fig. 1; An Introduction to the Convention onWetlands, 2016). The CS coastal
wetlands currently encounter drastic shrinking and desiccation due to rapid
sea level fall and mismanagement of water resources (Khorami Pour et al.,
2015; Leummens, 2018). The Caspian coastal wetlands that are located on
the CS shores benefit from the CS waters. They are mainly river mouths,
beaches, coastal lagoons, and bays, the extent of which is strongly dependent
onCaspian Sea level (CSL) (Kroonenberg et al., 2000),which dropped around
1.9 m during the past two decades (https://ipad.fas.usda.gov/cropexplorer/
global_reservoir/). The Caspian coastal bays and lagoons have experienced
reductions during the sea level fall of the 1960s and 1970s; however, the
current anthropogenic pressure and climate change is superimposed on the
impact of sea level fall (Fig. 2) and exacerbates ecosystem decline. Many
investigations have been devoted to the different aspects of CSL change.
CSL changes in the past (Varushenko et al., 1987; Rychagov, 1997; Lahijani
et al., 2009; Naderi Beni et al., 2013; Kakroodi et al., 2015; Leroy et al.,
2022a), role of human activities on CSL changes (Mikhailov, 1997; Demin,
2007; Lahijani et al., 2008; Akhmadiyeva and Abdullaev, 2019), impact of
CSL on coastal areas (Kroonenberg et al., 2000; Naderi Beni et al., 2013)
and forecast of CSL (Elguindi and Giorgi, 2006; Arpe and Leroy, 2007;
Renssen et al., 2007; Arpe et al., 2013; Koriche et al., 2021) are the main
topics that have previously been focused on. However, the impact of CSL
changes on Caspian Ramsar wetlands and how CSL rise and fall affect these
wetland loss and gain has so far attracted little attention.
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Gorgan Bay (GB) in the southeast corner of the CS, which is separated
from the sea by the Miankaleh Spit, and its western appendix known as
Lapoo-Zaghmarz (Figs. 1 and 3) were designated Ramsar sites in 1975
(Ramsar List, 2020). The GB is a shallow (around 2 m depth) basin that
was connected to the CS through two inlets during the CS high stand
(1980–2010) (Kakroodi et al., 2012), one of which desiccated by the falling
sea level and the other one was divided into two inlets, with an emerging
island between them. In the very shallow inlets, seagrass)Ruppia maritima
(is growing, which significantly reduces water exchange between the GB
and CS. The GB and adjacent environments including Miankaleh Spit and
Lapoo-Zaghmarz wetland are the hosts for migratory birds and are a wild-
life refuge (Vazin, 2021). The southern part of the GB, densely populated,
is extensively used for agriculture, from which nutrients are delivered to
the GB. Intensive human activities and sea level fall are all attributed to
the reduction in water depth and volume, water exchange and surface
area of the GB as well as causing eutrophication and anoxia in some parts
(Maleki et al., 2020; Aali and Shahryari, 2021). It is known that, in the
past, the area of the GB has fluctuated widely from desiccation to full con-
nection to the CS (Leroy et al., 2019, Leroy et al., 2022c). Despite of the
works by scholars and state organizations that were devoted to the various
issues of the GB (Ranjbar and Hadjizadeh Zaker, 2016; Gholizadeh and
Cera, 2022), studies concerning the preservation of whole ecosystem are
missing. The sustainability of the GB requires free connection to the CS,
which is essential to preserve the ecosystem under CSL fluctuations in a ver-
tical range that happened during the period of instrumental measurements
at least.

In this study, we follow two goals concerning the Caspian coastal
Ramsar sites. First, we investigate nine internationally important Caspian
coastal wetlands during two periods of CSL fall and one period of rise to un-
ravel wetland loss and gain during the past four decades. To perform this
goal, we have used satellite images to map wetland changes. Our second
goal in this research is to focus on an important wetland, the GB, that cur-
rently suffers from a severe decrease of its area, depth, water quality and
connection with the CS. The GB experienced lower CSL during 1970s com-
pared to the current one; however, in the current condition, it displays
faster degradation. We proposed that the GB has potential for restoration,
but we should assist it to empower self-restoration. To do this, we con-
ducted field measurements, sampling and laboratory analyses, and part of
the retrieved data was used for model simulation. We applied dust simula-
tion and simulation of water circulation. Dust simulation is used to show
the possible adverse impact on the GB in case of desiccation and whether
it plays as source of dust for the region. The simulation of water circulation
is necessary to show a likely improvement of the water quality in case of
inlet maintenance and better water exchange between the GB and CS.
Our findings will shed light on a topic that is not common in the current
global warming and sea level rise contexts. The urgency of the CSL fall
and its broad impact are not well perceived in the circum-Caspian states,
an unfortunate situation that requires pressing awareness and action taking
by managers to organize measures for conservation of the Caspian Ramsar
sites.

2. Setting

2.1. Caspian Sea

The CS is oriented north to south, with a length of about 1200 km and a
width of about 400 km (Fig. 1). The sea surface area (at an altitude of 28 m
below world sea level) is about 360,000 km2, and the volume of water
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Fig. 1. The study area showing Caspian coastal wetlands registered as Ramsar sites (a), and Gorgan Bay catchment (b).
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exceeds 78,000 km3 (Nikolaeva, 1971). A newly calculated surface area is
331,800 and 428,500 km2 at the level of −30 and − 27 m, respectively
(Arpe et al., 2019).

Based on geological history and bottom morphology, the CS can be
divided into three sub-basins. The North Caspian is rather shallow, with a
gentle southward bottom slope and a maximum depth of 25 m. The Middle
Caspian basin consists of a deep basin with a maximum depth of 788 m in
the center, a narrow shelf in the west and a wide shelf in the east. The
South Caspian basin with a maximum depth of 1025 m includes the bulk
of the water volume and is separated from the middle basin by the Apshe-
ron Sill at a depth of 150 m (Voropaev, 1986).

The coast of the CS with a total length of 7500 km extends over five
coastal states (Kosarev, 2005). The general outlines of the Caspian coast
largely depend on the geological background of the Caspian basin and ad-
jacent territories. The coast of the northern Caspian with a gentle slope is
located in the south of the Russian platform. Extensive river deltas, sand
dunes, old sea terraces and river valleys are the main geomorphological
features of the northern Caspian coast. The eastern coast of the CS is char-
acterized by the absence of river flow and preponderance of carbonate
sedimentation (Leontiev et al., 1977). The catchments of the western and
3

southern coasts are located in the Caucasian and Alborz Mountain belts, re-
spectively. About 130 rivers flow into the CS through the northern, western
and southern coasts (Rodionov, 1994). The southern and western coast riv-
ers originate in steep mountains, delivering clastic sediments to the coast,
often in a catastrophic way (Leroy et al., 2022b).

The Caspian rivermouths, coastal lagoons and beaches are a highly pro-
ductive environment that provide ecosystem services. The Caspian coastal
wetlands are a valuable environment for fish reproductions, bird wintering
and breeding. The only large mammal, the Caspian seal, Pusa caspica,
spends winter breeding on the north Caspian wetland (Goodman and
Dmitrieva, 2016). The Caspian coastal wetlands that are enlisted in the
Ramsar Convention have a total area of around 14,200 km2 that mainly en-
compasses shallow waters as well as adjacent beaches (Table S1, Fig. 1).
The two north Caspian Ramsar sites include part of the Volga and Ural
deltas and adjacent coasts that are located in a very gently sloping area.
Many of south Caspian coastal lagoons and bays have been formed in the
last millennia, since the mid-Holocene with the rising CSL, called the
Neocaspian transgression (Leontiev et al., 1977; Rychagov, 1997). The
development of bar and spits engulfes part of the shallow sea waters and
shapes Ghizil-Agaj Bay on the southwest coast, Turkmenbashy Bay on the



Fig. 2. CSL variability from 1900 to 2100, a) observed, b) reconstructed after Arpe
and Leroy (2007), lowest and highest ranges for the forecast of the CSL using
different models and four scenarios of shared socioeconomic pathways (SSPs) and
representative concentration pathways (RCPs); c) RCP4.5, d) RCP 8.5, e) SSP245
and f) SSP585 for 2021, 2050 and 2100 after Koriche et al. (2021).
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southeast coast, Anzali Lagoon and GB on the south coast. Four other south
Caspian Ramsar sites (BujaghNational Park, Amirkelayeh Lake (Amirkola),
Fereydoon Kenar, Ezbaran & Sorkh Ruds Ab-Bandans, Gomishan Lagoon)
have the same origin with younger ages, some formed only at the end of
the 19th century (Kakroodi et al., 2012; Naderi Beni et al., 2013; Haghani
and Leroy, 2016; Haghani and Leroy, 2020).
Fig. 3. Location of the stations for the measureme
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2.2. Caspian Sea level

The CS has experienced different sea levels since its isolation from the
adjacent seas millions of years ago. Its level oscillated around 90 m in the
Holocene, 10 m in the historical period and 3 m during the instrumental
measurement period (Varushenko et al., 1987; Forte and Cowgill, 2013;
Rychagov, 1997; Naderi Beni et al., 2013). The last CSL rise has happened
since 1978 and lasted until 1995. After that, it fluctuated with minor
changes that show a generally falling trend, with a sharp one in 2010
(Lahijani et al., 2010; Arpe et al., 2012). Themean CSL during instrumental
measurements is−28 m below world sea level (Kosarev, 2005), deviation
around 1.5m ormore above that level attributed to high stand and 1.5m or
lower than that level to low stand.When looking at amap and knowing that
with the prevailing westerlies the Atlantic is the main moisture source for
Europe, one would consider that the main source for the variability of the
CSL is from atmospheric circulation variability due to the north Atlantic os-
cillations (NAO), a link investigated bymany scientists (e.g., Nandini-Weiss
et al., 2019). However already in 2000, Arpe et al. recognized that the
variability of the CSL can be simulated by integrating El Niño–Southern
Oscillations (ENSO) anomalies in time and concluded that ENSO is most
likely the main atmospheric driver for the CSL variability. During El Niño
events, the subtropical jet stream moves further to the south (Arpe et al.,
2020) and, with it, the baroclinicity and cyclone tracks which are accompa-
nied by increased precipitation over the CS catchment area. A jet stream
shift similar to that of the ENSO was found by Nandini-Weiss et al. (2019)
with strong NAO events.

The current sea level (2022) is around 1.91 m lower than that in 1995
(Fig. 2). Riverine water influx into and evaporation over the CS are the
two main water balance components whose relative changes determine
sea level. Arpe et al. (2013) demonstrated the possibility to simulate the
CSL variability by calculating the water budget from ECMWF re-analyses
data (Dee et al., 2011; ECMWF_ERAinterim, 2018). Direct water consump-
tion in the catchment basin accounts for one meter decline in the sea level
since the 1960s, after major dam constructions, which acted both during
sea level fall and rise (Frolov, 2003). Atmospheric climate forcing contrib-
utes to moisture transfer and evaporation regime over the CS and
catchment basin that is responsible for sea level rise and fall. Long-term cli-
mate prediction indicates a higher temperature for the CS and catchment
nt and sampling network in the Gorgan Bay.



Table 1
The climate of the Gorgan Bay area.

Station Annual
precipitation

Mean
temperature

De Martonne
Index

Climate

Turkman 466.95 18.21 16.55 Semiarid
Gaz 537.5 18.4 18.92 Semiarid
Galugah 588.9 17.64 23 Mediterranean
Amirabad 636 17.65 21.3 Mediterranean
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and variable precipitation (IPCC, 2013). A decrease in precipitation will
occur in the southern part of the CS catchment; however, higher latitudes
will benefit from excess precipitation. This could stabilize the CSL in the
current falling trend or one would expect further decline in case of higher
water consumption. With increasing CS temperature, which is expected in
the 21st century due to global warming, an increase of evaporation over
the CS is likely. From this Chen et al. (2017) deducted that the CSL should
fall in the 21st century. That need not happen asmost of the increased evap-
oration will fall as precipitation within the CS catchment area. Arpe et al.
(2020) found that a fall of the CSL with enhanced evaporation will only
happen when there would also be enough westerly winds, which would
blow the humidified air to the east and lead there to an increase in water
levels in central Asian lakes. Arpe and Leroy (2007) used climate simula-
tions to test the ability of the model simulation, the simulations started
with pre-industrial time with climate forcing (CO2, aerosol, solar parame-
ters and others) as known until 2000 and then used estimated climate
forcing after that (Fig. 2) and found that with their model and prescribed
climate forcings, the simulations were able to reproduce the observed CSL
variation until 2000 and got an increase of the CSL for the 21st century.
More recent simulations were investigated by Koriche et al. (2021) who
showed a wide variation in the CSL change for the 21st century, mostly
with a decline of the CSL, partly distinguished by the prescribed CS size:
increases when the models used larger CS sizes and declines with smaller
CS sizes (Fig. 2). We have to conclude that the future of the CSL is not
known yet.

2.3. Gorgan Bay

The GB on the southeast coast of the CS in Iran is 60 km long and 12 km
wide with a maximum depth of around 3 m. Miankaleh Spit nearly cuts off
the GB from the CS (Fig. 1b). The formation of the GB is attributed to the
enlargement of the Miankaleh Spit due to a strong eastward longshore cur-
rent since the mid-Holocene CSL high stand (Lahijani et al., 2009; Kakroodi
et al., 2012). Several shore-parallel sandy-gravelly islands havemerged and
then allowed the separation of the GB from the CS. The CSL fall and sedi-
mentation detached the westernmost part of the GB and transformed it
into isolated shore parallel lagoons called Lapoo and Zaghmarz. Further
west the old extension of the GB is buried by alluvial deposits and soils
(Lahijani et al., 2009). The current lagoons and spit (Miankaleh Peninsula,
GB & Lapoo-Zaghmarz Ab-bandan, coordinates: 36°49′39”N 53°41′49″E)
were designated as Ramsar sites in 1979 and the spit was designated as
Biosphere Reserve in UNESCO in 1976 (UNESCO, 2022).

The GB catchment area is one of the CS sub-basins which is located in
Golestan and Mazandaran coastal provinces with a small part located in
the Kopet Mountains or Kopet-Daq (north Khorasan province) (Fig. 1b).
The area of the GB watershed located in its southern part is about
3000 km2 and includes two side rivers that affect the GB during flooding
(Gorgan River, or Gorganrud, 12,600 and Neka River 3000 km2) and is
about 18,600 km2, most of which are mountainous areas and the rest are
foothills and plains. A few ephemeral rivers enter the GB, the only perma-
nent river is the Gharasu that brings annually around 54 million km3 of
water into the GB. The Gorganrud River flows into the CS in the proximity
of the GB main inlet (Fig. 1b, Fig. 3). During extreme flooding, part of the
Gorganrud water diverts into the GB. The GB water is brackish, and its
salinity is around 13–18 Practical Salinity Scale, which is higher than the
adjacent Caspian waters at 11.8 Practical Salinity Scale measured in Feb.
2014 (Leroy et al., 2018).

The climate on the south Caspian coast is subtropical where precipita-
tion significantly decreases from west to east. The GB and its catchment
basin are located on the easternmost of the southern shoreline. The overall
climate in the west part of the watershed is Mediterranean and in the east
part semiarid. The imprint of the climate is visible in the catchment basin
which is covered by vegetation in the west part and has a baren landscape
in the east. The annual precipitation, mean temperature, and De Martonne
indices for different stations at the GB are shown in Table 1. The highest
precipitation falls in the west of the GB and the lowest in the easternmost
5

area (Bandar Turkman, or Turkmen Port). Evaporation is the most impor-
tant factor that causes the loss of the bay water. The highest annual evapo-
ration rate is related to the Turkmen port at 1552mm. The station also has a
higher average temperature than the western parts of the GB (Table 1,
Fig. S1). Annual average of daily maximal and minimal temperature are
22 °C and 14 °C, respectively. The lowest recorded temperature in the GB
coastal area occurred in winter in 2021 (−9 °C) and 2015 (−5.5 °C). The
highest recorded summer temperature is also in 2021 (40.8 °C) and 2015
(42.1 °C).

Wind and wave climate at the seaside of the Miankaleh Spit are domi-
nated by a northwest direction (Terziev et al., 1996).

3. Materials and methods

In this study, we have used five kinds of datasets that include satellite
images, measured hydrometeorological data, reanalysis meteorological
data, measured parameters in the GB, and finally retrieved data from sam-
pling in the GB that underwent laboratory analysis. The satellite images
have been used for mapping the circum-Caspian Ramsar sites. We gathered
measured hydrometeorological data for analysis of the climate around the
GB as well as the CSL changes. We used reanalysis data as input data for
dust simulation. With measured physical parameters in this study in the
GB, we calibrated and verified the simulation of the water circulation.
Laboratory-analysed data were used to assess water quality of the GB
and rate of sedimentation in the main inlet. We applied the datasets for
assessing past changes in the wetlands, evaluating the current condition
of the GB and forecasting its future condition. Different aspects of the sam-
pling and measurement data as well as data analysis and simulation are
elaborated in the following sub-sections.

3.1. Satellite images and hydrometeorological data acquisition

In this study, Landsat satellite images of 1978, 2021 (two low stands) and
1995 (high stand) downloaded from a USGS website (https://earthexplorer.
usgs.gov) were used to determine and calculate the coastline and the area of
the lagoons and the bays. All Landsat images are attributed to June and July
to eliminate a possible influence of seasonal variation in water level. We ex-
cluded the Fereydoon Kenar, Ezbaran& SorkhRuds Ab-Bandans wetland on
the south coast because they did not have connections with the Caspian Sea
during the study periods. Our focus was on the changing in area due to the
sea level rise and fall, therefore the total wetland area even in the extreme
high stand of 1995 is less than the registered area in the Ramsar sites. The
reason for this difference is that the registered area includes adjacent
beaches, spits and islands that, by definition, are wetlands, but are beyond
the sea level of 1995.

Data from four weather stations of the IranianMeteorological Organiza-
tion (IRIMO) were selected to analyse the parameters of precipitation
(mm), air temperature (°C) and evaporation (mm) (Table S2, Fig. 1b).
The Amirabad and Ashuradeh as well as the Caspian rim stations for sea
level available at CASPCOM (http://www.caspcom.com) were also used.

3.2. Field campaigns

The main goals of the field campaign were as follows: to know the
existing water quality, to estimate sedimentation rate in the main inlet, to
assess water exchange between the GB and the CS and to use data of the
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water currents for water circulation simulation. One of the main issues for
the field campaign in the shallow depth of the GB inlet was concerning
the installation of current meters and sediment traps. In the first at-
tempt, we lost sediment traps that were fortunately not costly. For the
following time, we installed current meters and sediment traps simulta-
neously and hired surveillance to be sure to retrieve our valuable instru-
ments and data.

Field campaigns were conducted in the GB in 2020 (Fig. 3). In-situ mea-
surements of water column properties including temperature, conductivity,
pressure, dissolved oxygen and pHwere obtained using a CTD 75 M, Sea&
Sun Technology probe. The CTD was calibrated before application to each
field measurement. Water samples for determining dissolved nutrients
were filtered by syringe filter (0.45 μm cellulose acetate) and collected in
high-density polyethylene bottles and frozen till analysis (Grasshoff and
Ehrhardt, 1999). Water sampling was repeated for nutrient analysis and
phytoplankton collection, the former fixedwith formalin 5 % and the latter
using lugol. For zooplankton sampling, we pulled a 100 μmmesh net with a
circular opening (diameter of 50 cm) which included a water collector. We
sampled 500 ml of the water containing zooplankton and fixed it with 4 %
formalin.

Five RCM9 current meters were installed in the main inlet of the GB
for 15 days (1–15 August 2020) with 20 min time intervals and short-
term measurements conducted in two inlets (Ashuradeh and Chapoghli)
(Fig. 3, Table S3). Current speed and direction as well as pressure
(depth) and temperature were measured by the current meters. Adja-
cent to the current meters, four sediment traps were installed for load
deposition for the same period of time (Fig. 3). In order to determine
the sedimentation rate in the GB, four sediment traps were used in the
water column (near the bed). Each sediment trap consists of cylindrical
PVC pipes with a length of 30 cm and an opening diameter of 10 cm. For
preventing trash being trapped inside the trap, the open end of the sed-
iment trap was covered with nets with a mesh size of 10 mm. Sediment
traps were fixed on near the RCM9 and close to the inlet bed in the water
column. After two weeks, the sedimentation traps were recovered and
transferred to the laboratory to determine the sedimentation rate. This
type of sedimentation trap was selected based on previous works done
in aquatic environments (White, 1990; Kozerski, 1994; Szmytkiewicz
and Zalewska, 2013).

3.3. Laboratory analyses

3.3.1. Nutrient analysis
Measurement of nutrients (phosphate, nitrate, nitrite and ammonium)

was obtained by colorimetric method using an ultraviolet-visible spectrom-
eter, Analytik Jena, specord 210. Ammonia was determined by the hypo-
phenol oxidation blue dye method (Koroleff, 1983). Nitrate and nitrite
were analysed using the reduction column and pink azo dye method
(Wood et al., 1967). Phosphate analysis was based on the formation of
the phosphomolybdate complex (Murphy and Riley, 1962).

3.3.2. Plankton counting
For phytoplankton identification, water samples taken from each sta-

tion were kept in a cool dark place for one week to completely precipitate
the plankton. After that, the surface water was siphoned and drained until
the remaining water volume reached 50 cc. The samples were then centri-
fuged using a centrifuge at 3000 rpm for 5 min. The supernatant was si-
phoned and drained again, and the remaining water volume was reduced
to 25 cc. After this step, 1ml of the remainingwater containing phytoplank-
ton samples was poured on the SEDGEWICK-RAFTER slide. The phyto-
plankton was identified and counted using an optical microscope and
reliable keys. For zooplankton, we used the Bogorov slide and invert micro-
scope for identification and counting.

3.3.3. Sedimentation rate
The samples for sedimentation rate were dried at 105 °C and weighted.

They were burnt at 550 °C in a furnace for measuring organic materials
6

(Heiri et al., 2001). The sedimentation rate was estimated following the
method of Szmytkiewicz and Zalewska (2013).

3.4. Atmospheric and marine simulations

3.4.1. Dust simulation
Dust emission is a current challenge in this region at the transition from

Mediterranean to semi-arid and arid climate. The adjacent Ramsar site, the
Gomishan Lagoon (Figs. 1 and 3), based on our observation in 2020 almost
desiccated totally. This is a warning for future threats to the GB. The dust
simulation was applied to the GB to assess whether the GB will become a
dust source in case of desiccation and how its desiccation would impact
the surrounding areas.

In this research, the Weather Research and Forecasting model
coupled with Chemistry (WRF-Chem) model version 3.9.1 (Skamarock
et al., 2019) were used to simulate the effect of the GB drying on dust
emission in the region. WRF-Chem is a chemistry version of WRF that
simulates the emission, transport, mixing and motion of airborne parti-
cles (Grell et al., 2005). In general, there are 33 options for selecting
land vegetation in the WRF model. In this research, the input model
data was modified, so that the GB area was considered as a dry area
with little vegetation. Soil material was considered as a proportion of
sand and clay, which is about 80 % sand and 20 % clay and vegetation
cover was selected as low grass. The first 12 h of the run were consid-
ered as spin-up. Also, a Hybrid Single Particle Lagrangian Integrated
Trajectory (HYSPLIT) model was used to generate an ensemble of for-
ward trajectories to trace the trajectory of the dust particles in the GB
area (Stein et al., 2015; Rolph et al., 2017).

3.4.2. Water circulation
We employed simulation of water circulation in the GB to assess

how the GB water interacts with the CS waters trough inlets. It helped
evaluating the GB water residence time and its rate of renewal that
determines water quality. The result of this simulation will guide us
to see if the inlet maintenance will be a proper decision for the GB
restoration.

The FVCOM hydrodynamic model was used in the GB, which is a
general volume water circulation model with a finite volume method.
This model is very suitable for estuaries, shallow seas with complex
topography, as well as for seas with complex islands and beaches. This
model uses a flexible triangular grid that allows the distance between
nodes to be changed. FVCOM has a prognostic, unstructured-grid,
finite-volume, free-surface, three-dimensional (3-D) primitive equation
developed originally by Chen et al. (2003). This model discretizes and
solves equations using the integral method. In this method, mass stabil-
ity is guaranteed. Technically, this method is similar to the finite differ-
ence method in terms of simplicity in coding and similar to the finite
element method in terms of flexibility in the shape of beaches and
land structure. The governing equations that are solved by the model
using the finite volume method include the equations of momentum,
continuity, temperature, salinity, density, and equation of state (Chen
et al., 2006). The model ran in cold start mode for the year 2019 and
was calibrated and verified with measured data (current meter and
CTD data). Input data consisted of sea level fluctuations, temperature
and salinity time series at the open boundary and atmospheric forces
(wind, evaporation, precipitation and heat fluxes data) at the domain.
The domain forces were constant in space and variable in time. Finally,
the stabilized model ran for low stand and high stand scenarios with the
prevailing conditions of its time. Model forces for the different times
were used from ECMWF atmospheric data (https://www.ecmwf.int/
en/forecasts/datasets). Open boundaries data were generated from the
Copernicus site (https://marine.copernicus.eu/).

We calculated flushing time in the current condition and in future
scenarios with enhanced water exchange between CS and GB. The
minimum flushing time Tf is the volume of the GB divided by the volume
of incoming water. A decrease in flushing time leads to an increase in

https://www.ecmwf.int/en/forecasts/datasets
https://www.ecmwf.int/en/forecasts/datasets
https://marine.copernicus.eu/
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water quality. A simple relation for calculating flushing time is written
in Eq. (1).

Tf ¼ V
Qb

(1)

where

Qb ¼ Qs þ Qr (2)

where Tf is water flushing time in the GB, V is total GB volume, Qb is total
volume of rivers (Qr) and CS (Qs) and considering of V at 0.6 km3 area about
450 km2 and average depth of 1.5 m.
Fig. 4. The surface area of the Caspian coastal wetlands that were registered in th
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4. Results

4.1. Caspian Ramsar sites during the past half-century

The general trend of the CSL fall in 1960s and 1970s caused shrinking of
the Caspian Ramsar sites where their total area reached 9810 km2 in the ex-
treme sea level fall of 1970s (Fig. 4). During subsequent sea level rise, they
regained the area and in the extreme rise of 1995 the total area reached
13,413 km2. All the wetlands and bays show an increase in area in the
1995 high stand phase, except Amirkola that shows 9 % reduction in sur-
face area. In the south coast, the Gomishan Lagoon, by far, has experienced
the most expansion and in the north coast, the Ural Delta. A minimal area
e Ramsar sites, in 2021. a) and wetlands area in 1978, 1995 and 2021 in b).



Table 2
Values of the Shannon diversity indices for phytoplankton species in two seasons
(May and August, 2020).

Station Spring Summer

1 2.121 2.125
2 2.172 2.039
3 2.169 2.121
4 2.055 2.020
5 2.115 2.128
6 2.185 2.210
7 2.095 2.122
8 2.165 1.985
9 1.995
10 2.011
11 2.023
12 2.218
13 1.880
14 2.180
15 1.780
16 2.111
17 2.224
18 2.133
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expansion from 1978 to 1995 was observed in Volga wetland with around
3.5%only. Since 1996, sea level dropped around 1.9m and the total area of
the wetlands was reduced to 9745 km2 (Fig. 4a&b). The Gomishan Lagoon
in the current sea level fall has also experienced the highest shrinkage,
which has almost desiccated compared to the high stand of 1995 and the
low stand of 1978. The decrease in area from 1995 to 2021 is also obvious
in Bujagh, Anzali, Amirkola and Volga with a 85, 55, 10 and 11 % decrease
respectively. On the other hand, the present area of Ural, Gizil-Agaj, GB and
Turkmenbashi is 27, 13, 10 and 6 % larger than that of the 1978 low stand
period. However, other south Caspian wetlands have shrunk more in the
current sea level fall, which is still around 60 cm higher than that of 1978
(Fig. 4, Fig. S2).

4.2. The Gorgan Bay

4.2.1. Biological component
Based on the results of this study, in the sampling stations of GB, a total

of thirteen phytoplankton species from five phyla were identified. The
Bacillariophyta had the highest number of species. The lowest number of
species belonged to Euglenophyta and Chlorophyta (Fig. 5). By comparing
the number of species in the two studied seasons, the highest number of
phytoplankton species was observed in spring (May 2020) and the lowest
number in summer (August 2020).

The percentage of species abundance of the identified phytoplankton
varies in different phyla. Accordingly, in spring, Bacillariophyta had the
highest percentage of species abundance (38 %) and Chlorophyta had the
lowest percentage of species abundance (8%) of the total identified species.
In summer, Pyrrophyta had the highest percentage of species abundance
(40 %). Euglenophyta also had the lowest percentage of species abundance
(10 %) of all identified species.

In the spring, Prorocentrummicans had the highest abundance (14.3 mil-
lion individuals per m3) in all studied stations. Also, the lowest abundance
of phytoplankton in all studied stations belonged to Euglena sp. (100,000
individuals per m 3). In summer, Exuviaella cordata was the most abundant
(7,700,000 individuals per m 3), while the lowest abundance of phyto-
plankton in all stations belonged to Actinocyclus sp. (400,000 individuals
per m 3) (Fig. 5).

The values of the Shannon diversity index of phytoplankton species in
each of the studied stations in spring and summer are shown in Table 2.
The highest value of the Shannon diversity index in spring was calculated
in station 6 (2.185) and the lowest value was calculated in station 4
(2.055). In summer, the highest value of the Shannon diversity index was
calculated in station 17 (2.224) and the lowest value was calculated in
Fig. 5. a) Percentage of species of each of phytoplankton groups identified in spring and
studied stations.
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station 15 (1.780). By comparing the Shannon diversity indices between
the two studied seasons, no significant statistical difference was observed
in terms of calculated values (p> 0.05). According to the values of Shannon
diversity indices of phytoplankton species in different stations in two sea-
sons, it seems that in terms of water quality classification, GB has moderate
conditions.

Based on the results of this study, two groups of zooplankton were iden-
tified in the sampled stations, including (Copepoda) (Acartia tonsa and
Nauplius ofA. tonsa) and the larval stages of Nauplius of Balanus sp. - Cypris
of Balanus sp. According to the results in spring, A. tonsa had the highest
abundance (15,850 individuals per m 3) and Nauplius of Balanus sp. larvae
had the lowest abundance (180 individuals per m 3). In summer, A. tonsa
had the highest abundance (9290 individuals perm 3). However, the lowest
abundance belonged to Cypris of Balanus sp. larvae (40 individuals per m
3). According to the results, A. tonsa had the highest frequency in the stud-
ied stations in both spring and summer. Also, members of the Copepoda
had the highest frequency in all studied stations (Fig. S3).

The values of Shannon diversity indices of zooplankton in each of the
studied stations in spring and summer are shown in Table 3. The highest
value of the Shannon diversity index in spring was calculated in station 4
(0.6218) and the lowest value was calculated in station 6 (0.5024). In sum-
mer, the highest value of the Shannon diversity index was calculated in
summer, b) Overall abundance of each of the phytoplankton species identified at the



Table 3
Values of Shannon diversity indices for zooplankton species in two seasons (May
and August, 2020).

Station Spring Summer

1 0.5911 0.6099
2 0.5238 0.4308
3 0.6111 0.6431
4 0.6218 0.4321
5 0.5684 0.5620
6 0.5024 0.6312
7 0.6087 0.6110
8 0.6136 0.5530
9 0.4465
10 0.6712
11 0.4021
12 0.4110
13 0.6650
14 0.6150
15 0.5820
16 0.6032
17 0.6314
18 0.6558

Table 5
Nutrient concentration (μg.l−1) in the Gorgan Bay (May 2020).

St. P-PO4
3− N-NO2

− N-NO3
− N-NH4

+

1 17 9 1223 89
2 21 7 950 121
3 15 8 1102 95
4 13 11 998 54
5 16 5 850 102
6 10 8 1356 77
7 7 6 1201 211
8 16 10 1329 151
Mean 14.38 8 1126.13 112.50
Max 21 11 1356 211
Min 7 5 850 54
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station 10 (0.6712) and the lowest value was calculated in station 11
(0.4021). By comparing Shannon diversity indices between two studied
seasons, a significant difference was observed between some of the stations
(P < 0.05). According to the values of Shannon diversity indices of zoo-
plankton species in different stations in the two studied seasons, it seems
that GB water quality has bad conditions in terms of classification.

4.2.2. Hydrochemistry and nutrient distribution
The average suspended load in May is 30.75 mg / L and the range of

changes is 23 to 43 mg / L. The average suspended load in August is
33.22 mg / L and the range is 24 to 48mg / L. In stations 1 and 10, the
amount of suspended load is high due to the water inflow of the Gorganrud
and Gharasu, respectively (Fig. S4). Nutrients values in the waters of GB in
May and August are shown in Tables 4 and 5.

The average phosphate (PO43−) in the surface waters of GB in May was
14.38 μg / L and its changes ranged from7 to 21 μg / L. InAugust, the average
phosphate was 10.56 μg / L and the range of changes was 5 to 18 μg / L.

The average nitrate inMay andAugust was 1312.131 and 796.56 μg / L,
respectively, and its changes in the range of 850 to 1356 μg / L were
obtained in May and 321 to 1359 μg / L in August.

The average concentrations of nitrite and ammonium in May were 8
and 112 μg / L, respectively, and in August were 5.26 and 68.11 μg / L,
Table 4
Nutrient concentration (μg.l−1) in the Gorgan Bay (August 2020).

St. P-PO4
3− N-NO2

− N-NO3
− N-NH4

+

1 15 6.31 925 91
2 13 5.89 931 84
3 10 8.11 750 65
4 16 5.22 452 76
5 7 4.44 1211 46
6 9 6.13 972 39
7 13 3.22 375 84
8 18 4.51 659 65
9 10 6.22 854 51
10 15 5.26 989 85
11 6 7.22 1359 79
12 11 3.67 798 58
13 12 5.56 875 87
14 7 6.89 523 65
15 9 3.00 321 49
16 5 4.44 746 69
17 8 5.26 542 85
18 6 4.44 1002 48
Mean 10.56 5.26 793.56 68.11
Max 18 8.11 1359 91
Min 5 3.00 321 39
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respectively. The range of concentration changes for nitrite and ammonium
in May was 5 to 11 μg / L and 54 to 211 μg / L, respectively.

In August, the range of changes for nitrite is 3 to 8.11 μg / L and for
ammonium is 39 to 91 μg / L (Fig. S5).

4.2.3. Inlet sedimentation rate and Miankaleh wave
All sediment traps show high sedimentation rates, ranging from 1.02 to

1.71 cm y−1 with an average of 1.43 cm y−1. Organic material content is
comprised between 12.3 % and 17.6 % with an average content of 14.9 %.

Measured wave data from the depth of 10 m in the west part of the
Miankaleh indicate that the incoming wave has a maximum height of
1.8 m and a period of 8.8 s (Fig. S6).

4.2.4. CTD data analysis
The time series of water temperature and electrical conductivity mea-

sured at the location of the current meters are shown in Supplementary
fig. 7. The trend of temperature changes is the same for all stations and
here only the temperature of one of the measuring stations is shown.
Daily changes in temperature during the deployment period were about
1°C. In the deployment period (~ 15 days), water temperature changes
were about 4°C.

Fig. 6 shows the depth-averaged of various measurement parameters
using a CTD instrument. The maximal and minimal measuring depths of
3.00 and 0.2 m were recorded at the positions of stations 19 and 3, respec-
tively. Fig. 6a shows the horizontal distribution of water temperature
at measuring stations. From west to east of the GB, water temperature
shows a decreasing trend. The maximum temperature was observed in sta-
tion 27 with a value of 29.42°C. Also, the lowest temperature was observed
at the entrance of GB at about 25.48 °C and at station 3 and at the mouth of
the entrance of Ashuradeh Channel.

The horizontal distribution of water salinity (Fig. 6b), as well as the den-
sity of water, is similar to the horizontal distribution of water temperature.
The maximal amount of salinity and density were observed in the western
part of the GB with of 20.26 (10.33 kg/m3). These values are similar to
those measured at water station 27. The lowest salinity and density are
observed at the entrance to the GB.

Fig. 6c shows the horizontal distribution of dissolved oxygen at CTDmea-
suring stations. Thehorizontal distribution of dissolved oxygenwas in contrast
with the horizontal temperature distribution. In general, with increasing
water temperature, the amount of dissolved oxygen decreases, but Fig. 6c
shows the opposite trend. The maximal amount of dissolved oxygen was
11.17 ppm and was recorded at station 21. Low amounts of dissolved oxygen
were recorded at the entrance of the GB at about 5.16 ppm at station 3.

Fig. 6d shows the distribution of pH. The range of pH changes was
between 8.21 and 8.98 and the maximum amount of pH was observed in
station 27 with a value of 8.98 units. The values measured at station 27
indicate abnormalities.

4.2.5. Inlet water current
Fig. 7 and supplementary fig. 8 show the current velocity for the five

current meters. The maximal value of recorded velocity is 16.72 cms−1for
the current meter No 1, which is close to the Turkmen port. The highest



Fig. 6.Depth averaged water properties obtained by the CTD in the GB, a) water temperature (°C), b) salinity (Practical Salinity Scale), c) dissolved oxygen (ppm) and d) pH.
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installation depth was related to current meter 4 and this current meter was
installed near the inlet bed, the recorded speed values here are somewhat
lower compared to other current meters. All current meters from 18:00 to
19:00 on the third of August recorded a significant current speed with
northward direction (about 12°, Fig. S8). The second maximum recorded
current for all current meters occurred with a slight difference at noon on
12 August. During this period, a high value of current is also recorded.
The direction of flow in this period is recorded at about 200 degrees
(approximately southwest). The average wind speed based on the nearest
meteorological station (Bandar Turkman) during the two high current
velocity periods was 7 ms−1 with maximum of 13 ms−1.
10
The average velocity measured at the five stations is estimated to be
about 2.5 cms−1. Themaximumvalue of the average velocitywasmeasured
at the third station (current meter located in the middle of the channel) and
recorded with a value of 3 cms−1.

A major water exchange is in the measured range in the north-south di-
rection (Fig. S8). This major share of currents measured in this period indi-
cates that the water exchange was more from the CS to the GB, although in
some cases from the measurement period the direction of flow from the GB
to the CS. The measured velocities fall mainly in a range that are <5 cms−1

and for velocities <5 cms−1 the share of currents about 2 cms−1 is higher
than the rest.



Fig. 7. Share of different currents from field measurements between Turkmen and Ashuradehmain inlet), negative values denote currents into the GB and positive out of GB
into the CS. Low frequency currents have very low velocity that seem close to zero.
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The share of different currents includingwind driven, tidal currents and
low-frequency currents (more than ten days) has been calculated and spec-
ified (Fig. S9). The share of tidal currents is measured using the u_tide
method (Codiga, 2011), the share of low-frequency currents is measured
using the Lanczos method (Emery and Thomson, 2004) and the share of
wind currents is calculated using the difference between the sum of tidal
and low frequencies currents from the total measured currents. The main
currents in this area are thus wind currents. The share of the tidal current
is also significant relative to the general current. The contribution of low-
frequency currents (due to density difference) is very small (Fig. 7).

To compare the current velocity in spring and summer (peak growth of
aquatic plants at the entrance of GB in spring and the time of decline of
these plants in summer) current meters were installed for about an hour
in the two mentioned seasons at the narrow entrance channel (Chapgholi
Channel). A comparison of measurement results shows that the velocity
of the current in summer is higher than in spring. The maximum velocities
for spring and summer are 22.88 and 39.89 cms−1, respectively. The aver-
age velocities for these two seasons are 12.77 cms−1 and 32.00 cms−1,
respectively. Other parameters should be considered, including weather
conditions, but the decline and destruction of existing seagrass have an
important role in water exchange between the CS and GB. A current
meter was also installed in the narrow Ashuradeh Channel for 1 h. The
maximum speed in this channel is about 29.62 cms−1 and the average
flow rate in 1 h is about 25.5cms−1.

4.2.6. Dust simulation
TheWRF-Chemmodel was run for 4-days and in different seasons of the

year to take account weather conditions in the region during the whole
year. The dates were selected in such a way that no precipitation would
have occurred in the study area in the previous week; so that soil moisture
is low and dust particles could rise from the ground. On 14 February 2016, if
the GB is dry, a source of dust would be created. In the next 48h, this source
of dust also would be available, which would be weakened and strength-
ened in some hours. On 5 March 2018, the concentration of dust generated
is high and its expansion due to atmospheric currents and southwinds to the
north is the source of dust. By weakening the southern wind, the transfer of
dust to the north is reduced. In the following 48 h, due to the weakening of
thewind speed, the intensity of the dust decreases. On 12 July 2019, a slight
dust arises from the dust source, but after 24 h, due to the increase in wind
speed, the dust concentration increases (Fig. S10).

The time series of dust concentration (μgkg−1-dry air; green line) and
wind speed (ms−1; black line), in two sections of Bandar Gaz and Bandar
Turkman port for three selected cases. In almost all cases, the maximal and
11
minimalwind speeds correspond to themaximal andminimal dust concentra-
tions. In fact, as thewind speed increases,more dust rises from the dust source
and is injected into the atmosphere. The highest dust concentration is related
to 5 March 2018, when the dust concentration reaches about 3500 (μgkg−1-
dry air). At this time, the wind speed is 8 ms−1, which is a high amount
(Fig. S11). The HYSPLIT model provides result for a forward 24 h trajectory
with 27-member meteorological ensemble at synoptic weather stations in
the near GB at 100 m above ground for different selected cases.

On 14 February 2016, for up to 24 h, dust particles may spread to the
west and north of the GB. But there is not much convergence and there is
uncertainty. On 5 March 2018, there is more convergence and less uncer-
tainty in the results and there is a possibility of dust particles spreading to
the northeast of the GB. On 12 July 2019, there is a possibility of dust par-
ticles spreading to the west and south of the study area, although there is
uncertainty and divergence in the results (Fig. S12). Dust emission in the
GB region would be highest when the pressure gradient between high-
pressure and low-pressure is considerable over the region. Moreover, dust
could be transported 60 km away from the source and vertically up to
2500 m above the ground.

4.2.7. Simulation of water circulation
Water current simulation is done with the FVCOM model for several

scenarios. The study area and the bathymetry are shown in Fig. 8a. An
unstructured mesh for numerical modelling was generated with the SMS
software. Simulations of water circulation in the GB were made for the
sea level low stand (1977), sea level high stand (1995), current conditions
with limited inlets (2020) and with improved inlets.

In the simulation of the 1977 condition, the current in GB is strongly in-
fluenced by wind (Fig. 8b). The general circulation of water inside the bay
is counter-clockwise in the cold season and clockwise in the warm season
and the current near the coast is strongly influenced by wind. The average
current velocity in the area betweenAshuradeh and Bandar Turkman (main
entrance) is about 2 cms−1.

In the simulation of the 1995 condition (Fig. 8c), the current in GB is
accelerated and water exchange between the GB and the CS occurs from
the main inlet that has expanded and deepened by the sea level rise as
well as from a newly connected inlet (Khozeini Channel). The overall
pattern of water circulation is similar to those in the condition of sea level
fall; however, the velocity of water exchange increases up to 7 cms−1 in
the high stand condition.

The simulation of the water circulation in the current condition with a
water level in a range between of that in 1977 and 1995 but with an inlet
with dense seagrasses shows that the overall pattern is the same with the



Fig. 8. a) Map of the GB and selected area for numerical modelling with bathymetry, b) Simulated water current for August 1977 (low stand condition), c) Simulated water
current for August 1995 (high stand condition).
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average velocity exchange of 2.7 cms−1in the main entrance. By removing
vegetation (that partially occurs in August after the peak growth in May),
the simulation demonstrates an increased velocity in the main entrance in
the order of 0.5 cms−1. Dredging of the main channel (with its two inlets)
down to 2m depth and on a width of 200mwill accelerate water exchange
with a mean velocity of 3.6 cms−1 (not shown here).

For the GB, the main source of inflowing water is supplied from the CS.
A stable connection between the GB and the CS requires removal of sedi-
ments that accumulated in the GB inlets (Fig. 9c, lower panel). Bywidening
and dredging of the inlets, water exchange between the GB and the CS will
significantly be enhanced. An increase inwater exchange reduces the flush-
ing time. Calculation offlushing time forfieldmeasurement data andmodel
results show that an increase inwater velocity from2.5 to 5 cms−1leads to a
decrease in flushing time from 175 to 105 days.

5. Interpretation

5.1. The Ramsar sites

TwoRamsar sites, the Volga andUral deltas, that are located on the very
gently sloping coast of the north CS, have different responses to the CSL fall.
12
The Volga Delta compared to other Caspian coastal wetlands was less
affected by the last CSL rise and fall (Mikhailov et al., 2014). The large
amount of Volga discharge (average annual discharge is 240 km3;
Kosarev, 2005) allows avoiding its desiccation during sea level fall and
limits inundation during sea level rise (Fig. 9a). On the contrary, the Ural
delta retreats and advances during sea level changes are related to its
substrate slope (Fig. 9b).

Concerning the south coast, they are two groups of wetlands. One is
dominated by seawater interactions, i.e. Ghizil-Agaj, Turkmenbashy Bay,
GB, Gomishan Lagoon. The other one is dominated by freshwater inputs,
i.e., Anzali Lagoon, Bujagh, Amirkola and Fereydoon Kenar (Leontiev
et al., 1977; Khorami Pour et al., 2015). The latter have limited seawater
penetration or do not allow seawater penetration into the lagoons. Extensive
freshwater usage for agricultural fields and hard engineering construction
across rivers that changed hydrological regimes around those lagoons accel-
erate lagoon shrinking and desiccation. Rapid sea level fall enhanced fresh-
water outflow by not supporting surface water level and groundwater table
stabilization. In the south coast, the extension of the GB in the west (Lapoo-
Zaghmarz), Fereydoon Kenar and Amirkola acutely depend on freshwater
inputs. The former group has free water exchange with the CS and experi-
enced gain and loss in area directly caused by sea level fluctuations; and



Fig. 9. Response of the Caspian coastal wetlands to CSL changes, horizontal lines: yellow, blue and orange correspond to sea level of 1978, 1995 and 2021 respectively.
a) Volga Delta block diagram and a cross-section parallel to river axis, b) Ural Delta block diagram and a cross-section parallel to river axis c) Gorgan Bay and a cross
section perpendicular to the Miankaleh Spit and coastline. Lower right panel represent three inlets of the Gorgan Bay with one of them desiccated and the two others
shallower. At the bottom right, a cross section (not to scale) shows the very shallow entrance of the Gorgan Bay that requires to be deepened for better water exchange.
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they never desiccated during the period of instrumental measurement. If the
sea level fall had been in the same range as it was in the past few centuries,
they would have undergone shrinking (Fig. 9c). Their desiccation depends
on the inlet bottom level that permits water exchange between the
bay/lagoon and the CS; and CSL has fluctuated by>3m in the last centuries
(e.g. Leroy et al., 2022a).

5.2. Gorgan Bay data

The GBwater physical properties are affected by the adjacent CSwaters
and climate of the region. Dominant arid climate and lack of riverine flow
affect seawater salinity in the Caspian eastern part (Kosarev, 2005). Accord-
ingly, the CS surface water salinity is depended on the riverine inflow and
climate of the region, which increases from west to east (Tuzhilkin and
Kosarev, 2005; Kosarev, 2005). Climate around the GB changes from Med-
iterranean to semiarid. Salinity in the GB in our measurements shows a
maximum of 20 Practical Salinity Scale that is much higher than the adja-
cent CS waters (Leroy et al., 2018). Salinity of the Caspian bays and lagoons
changes from hypersaline in the east (Kara Bogaz Gol) and close to freshwa-
ter in the south west (Anzali Lagoon) (Terziev et al., 1996; Lahijani et al.,
2008). In the shallow water of the GB, the water column is well mixed
and has little vertical changes in salinity and temperature. Changes in elec-
trical conductivity (salinity) in the inlet can be a criterion for detecting
water exchange between the CS and GB. Due to the significant decrease
in river discharge in the summer season and the increase in evaporation
13
due to an increase in air temperature, an increase in electrical conductivity
can be an indicator for the penetration of the GB water into the CS and a
decrease in electrical conductivity indicates the influx of CS water into
GB. Water deficit due to high evaporation compensated by the CS water
that are visible in currents into the GB in Fig. S8 and S9.

Bacillariophyta was the dominant phytoplankton phylum and had the
highest number of genera in the GB. Diatoms are considered euryhaline
and eurythermal phytoplankton growing in moderate to high nutrient
levels (Huang et al., 2004; Hubble and Harper, 2002). In this study, based
on the ranges of temperature and salinity these conditions are classified
as mesotrophic to eutrophic (Organization for Economic Cooperation and
Development (OECD), 1982). A literature survey revealed similar results
in other lagoons and wetlands in the Caspian Sea (Ganjian et al., 2010;
Roohi et al., 2010; Nasrollahzadeh et al., 2008a, 2008b). Generally, the
number of taxa increases from the west to east of the southern Caspian
Sea (Kideys et al., 2008) as it is composed of 27 genera (12 diatoms) in
the western coastal water (Bagheri et al., 2011) and increased to 68 genera
(20 diatoms) in Miankaleh wetland in the east (Masoudi et al., 2012). This
study presents temporal and spatial variations of phytoplankton composi-
tion in the GB and how the environmental conditions affect these varia-
tions. Results from this study show the phytoplankton composition in the
bay is closely affected by the input of water from the CS and rivers along
with the dynamics of physical conditions within the bay. These variations
were controlled by nutrients, salinity and temperature. Nutrient availability
was controlled by freshwater input and decomposition of organic material
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within the bay, and salinity was controlled by relative importance of river
discharge and currents from the CS. In addition, the sediment type is also af-
fected by the accumulation of organic material (Mazaheri Kouhanestani
et al., 2019). The average dissolved inorganic nitrogen in spring and summer
was 24.5 and 16.7 micromolar respectively, which is higher than the eutro-
phication threshold (EPA, 1990). However, average dissolved inorganic
phosphorus is around 0.5 micromolar which falls in normal condition.

Copepoda is the most important group of zooplankton in the CS (Raeiji
et al., 2019) and according to other studies, it is also the most abundant in
seas and in estuaries (Mauchline, 1998; Muxagata et al., 2012). The results
of this research are similar to other researches in aquatic ecosystems (Ekwu
and Sikoki, 2005; Davies et al., 2002; Kolo et al., 2003).

Compared to other sensitive coastal ecosystems in the south of the CS,
such as the Anzali wetland, the dominance of Copepoda is also observed
(Raeiji et al., 2019). In general, after the arrival of the invasive Mnemiopsis
leidyi to the CS from the Black Sea, the species composition and abundance
of zooplankton in the Caspian Sea and all aquatic ecosystems were affected
and underwent many changes (Mohamadkhani and Gholampour, 2016).

5.3. Gorgan Bay simulations

The general water circulation in the GB is mainly controlled by atmo-
spheric forcing, river input and the CSL. Our studies show that atmospheric
forcing in water circulation acts through evaporation and wind, both of
which have a main role also in homogenising water column. Simulation
in different scenarios indicates higher water exchange during sea level
rise and when inlets are wider and deeper. Also, residence time is reduced
in enhanced water circulation. Results of previous numerical modelling in
the area revealed that the GB water belongs to the barotropic type and
that its general circulation is counter-clockwise annually (Ranjbar and
Hadjizadeh Zaker, 2016). Our extensive measurements and simulations
demonstrated thewellmixedwatermass (barotropic). However, our higher
resolution study in circulation pattern shows counter-clockwise and clock-
wise patterns in different parts of the bay and in different seasons. More-
over, current velocity and speed data in the shallow and narrow inlet of
the GB for the first time significantly improved our knowledge about
water exchange that previously was based on simulation with scarce low-
resolution measurements out of the inlets (Ranjbar and Hadjizadeh Zaker,
2016). In the current sea level fall, we proposed dredging of three inlets
(Chapoghli, Ashuradeh and Khozeini) down to two meters depth and on a
width of 200 m, as our simulation confirmed an enhancement of water ex-
change. Dredging would largely eliminate the Ruppia maritima areas in the
inlets. These aquatic plants provide an ecosystem in themselves with asso-
ciated services. Fortunately, they are enough seagrass meadows in other
parts of the GB. The development of water exchange between wetland
and main water body improves the abiotic water quality; however, the im-
provement of some biotic elements takes time to response to new condition
(Wijnhoven et al., 2010; García-Oliva et al., 2019). The GB inlet mainte-
nance follows two main goals, enhancement of the ecosystem functioning
and the prevention from desiccation. We observed high sedimentation
rates in our measurements in the GB inlet, which are comparable to the
Caspian coastal lagoons and deltas (Leroy et al., 2011; Hoogendoorn
et al., 2005; Lahijani et al., 2018). The CSL fall and high sedimentation
rates could lead to the disconnection of GB from the CS. GB has 690
mmy−1 evaporation more than precipitation suggesting that, without CS
waters, the GB will desiccate within two years. Wetlands desiccation
around the CS (such as in the Aral Sea basin) caused a large increase in
dust emission (Xi and Sokolik, 2016). Elguindi et al. (2016) simulated
dust in the Caspian Sea region using RegCM4 model coupled with a one-
dimensional lake model that showed the Karakum desert in Turkmenistan
and the Kyzylkum desert in Uzbekistan around the Aral Sea are the main
sources of dust storms in that region. The current simulation of dust in
the GB area indicate that dust could expand up to 60 km with a concentra-
tion of 3500 μgkg−1-dry air (Fig. S 11). Dust emission in residential area ad-
versely impact on human health as dust in an agricultural area is heavily
loaded with fertilizers and other pollutants (Goudie, 2014).
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6. Discussion

6.1. Caspian Sea level and response of Caspian coastal Ramsar sites

The two north Caspian deltaic wetlands have important roles in ecosys-
tem services. The Volga Delta is affected by ecosystem disturbances both
from its catchment and in its delta itself; however, the Ural Delta is less af-
fected by human activities (Lagutov, 2008; Leummens, 2018). The north
Caspian wetlands support migratory birds, Caspian seals, the reproduction
of fishes in particular endangered sturgeon species (Veshchev, 2009; Hoyt,
2022; Lagutov, 2008). Catchment and coastal management are imple-
mented in deltaic wetlands to reduce stressors and restore ecosystem
functioning (Cui et al., 2009; Day et al., 2019; Zhou et al., 2017). The effec-
tive management of the coastal zone as well as the catchment basins of
Volga and Ural could reduce man-made stressors and allow the north
Caspian wetlands to adapt to the challenging speed of CSL fluctuations
(Lagutov, 2008; Leummens, 2018).

Unlike many deltaic wetlands that have lost area owing to intensive
human activities (Wang et al., 2012; Coleman et al., 2008a, 2008b), the
north Caspian wetlands are benefiting from being located in low density
population coast.

In the south coast thewest group of wetlands are under drastic shrinkage
and deterioration, which requires management measures for rehabilitation
(Khorami Pour et al., 2015; Sadeghi Zadegan, 2018a, 2018b; Bagherzadeh
Karimi, 2018). They are coastal lagoons and bays. Different processes are
attributed to the Caspian coastal lagoon/bay formation which include inun-
dation of lowlands behind beach ridges due to rapid sea level rise, water
penetration into lowlands in curved (geological synclines and anticlines)
coastal areas, and engulfing coastal waters by enlargement of bars and
spits (Leontiev et al., 1977; Kaplin and Selivanov, 1995; Kroonenberg
et al., 2000). All south Caspian Ramsar sites were formed since the
Neocaspian sea level rise with a strong littoral drift forming bars and spit
enclosing some parts of coastal waters (Leontiev et al., 1977; Lahijani
et al., 2009; Haghani and Leroy, 2016; Naderi Beni et al., 2013; Kakroodi
et al., 2012). Protection and restoration of coastal wetlands have a positive
impact on the ecosystem services that they provide (Wijnhoven et al.,
2010; Zhang et al., 2021). The freshwater-dominated south Caspian Ramsar
sites are located on the Iranian shores that are densely populated and
attracts internal tourists during vacations (Pak and Farajzadeh, 2007;
Alipour et al., 2017). Among seawater-dominated south Caspian Ramsar
sites, Ghizil-Agaj in Azerbaijan and Turkmenbashy Bay in Turkmenistan
have free water connection with the CS; however, Gomishan Lagoon
in Iran is desiccated, and the GB has limited water connection. Despite
of a surface area reduction in the current CSL fall, the Ghizil-Agaj and
Turkmenbashy Bay wetland area individually are much larger than
the total Caspian Ramsar sites in Iran. The small Caspian Ramsar
sites in Iran are surrounded by densely populated area, and undergo
extensive anthropogenic disturbances that are superimposed on the
current CSL drop which lead to wetland loss and reduction in ecosystem
services (Alipour et al., 2017; Pak and Farajzadeh, 2007; Khorami Pour
et al., 2015).

The GB surface area was reduced by 40 % comparing to the 1995 area.
The Miankaleh Spit has a strong littoral drift that causes its eastward
growth, which leads to sediment deposition in the shallow inlets (Lahijani
et al., 2009; Kakroodi et al., 2012). The GB inlets suffered from depth
shallowing by current CSL fall at a rate of around 8 cmy−1 since 1996
and had an average sedimentation rate of 1.5 cmy−1. Now aquatic plants
especially seagrasses, grow in the inlets, which prevent freewater exchange
and trap more sediment for deposition. Measurement and simulation
indicate a slow velocity of water exchange in the GB inlet, the main forcing
of which is wind. In general, increased seawater exchange improves
wetland water quality and assists wetland restoration (Eagle et al., 2022;
Wijnhoven et al., 2010; Seiler et al., 2020). Climate and hydrology of the
GB indicate that evaporation is twice the amount of precipitation and that
riverine influx is limited due to intensive withdrawal. This shows that
water deficit should be compensated from the CS. Our measurements as
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well as previousmeasurements demonstrate that the GBwater has elevated
salinity comparing to the adjacent CS waters (Habibi, 2013; Leroy et al.,
2018). According to the OECD classification, these conditions are classified
as mesotrophic to eutrophic (OECD, 1982), and indeed this has been ob-
served in the GB. This trend has been mentioned before in the GB (Aghili
et al., 2018) and in the south CS coastal waters (Ganjian et al., 2010;
Roohi et al., 2010; Nasrollahzadeh et al., 2008a, 2008b). In mesotrophic
waters, the production of phytoplankton increases in terms of food supply
and the depth of light penetration decreases. Simulation of water circula-
tion have shown significant increase in the water exchange between the
GB and the CS, which could dilute pollution and maintain wetland area
to the level of the CS. Maintenance of the GB inlets would play a crucial
role in GB ecosystem functions (Fig. 9c), because otherwise high sedimen-
tation in the inlets, sea level fall and eastward growth of the Miankaleh
Spit could isolate the GB from the CS that could lead to total desiccation.
Simulation of dust emission shows that the GB could be a dust source in
case of desiccation. The region experienced dust events in the past and de-
sertification and wetland desiccation accelerate dust emission in the region
(Honardoust et al., 2011; Elguindi et al., 2016; Rahimzadeh et al., 2019).
Modelling of dust emission in Central Asia and the Aral Sea regions demon-
strated that the Aral Sea desiccation and agricultural land use contribute to
dust emission. The share of Aral Sea desiccation and agricultural land use in
dust emission vary from 18 to 56 % using different dust schemes (Xi and
Sokolik, 2016).

6.2. Restoration measures to mitigate the impact of sea level fall

A rapid assessment of three Ramsar sites on the south coast (Bujagh,
Anzali and GB) demonstrates that they have shifted from normal conditions
to deteriorated conditions with however a potential for restoration
(Khorami Pour et al., 2015). Despite the higher current sea level compared
to that of 1977, the wetlands encounter more stress caused by an exacer-
bated combination of both warming and anthropogenic impacts. Different
actions should be taken to protect the coastal community and coastal eco-
systems against the adverse effects of climate change and sea level extreme
drop. Specific practices are considered for the most vulnerable areas and
imminent threats. They include water allocation and prevention of inlet
sedimentation. Water resources management and integrated coastal
zone management for saving coastal ecosystems by domestic ap-
proaches are the main efforts at the national level. Based on our simula-
tions and measurements in the GB, dredging of inlets on a 2 m depth and
a 200 m width will enhance water exchange between the GB and the CS
(Fig. 9c and Fig. S13). Inlet maintenance will improve water quality and
prevent the GB from desiccation caused by CSL changes, as observed
during the past centuries. In general, more water exchange of the coastal
wetlands with the main water body improves the wetlands water quality
(García-Oliva et al., 2019; Zainol et al., 2021). The restoration of the
coastal wetland in the Dutch Delta improved significantly the wetland
ecosystem with an artificially maintained water level (Wijnhoven
et al., 2010).

National and regional efforts are needed to protect the CS from the
harmful effects of climate change. As the CS is shared by the five rim coun-
tries of Iran, Turkmenistan, Kazakhstan, Russia and Azerbaijan, more polit-
ical coordination is needed to conduct adaptation plans for the region.
These collaborations should target first of all data and information
exchange and joint managerial practices in the water body. An integrated
coastal zone management promotes sustainable coastal development by
adopting the use of natural resources in a way that avoids serious damage
to the natural environment.

7. Conclusion

In the current research, we have investigated the impact of the CSL
changes on the Caspian coastal wetlands that are registered as Ramsar
sites. Alignedwith the inter-comparison of thesewetlands, we have focused
on a possible restoration of the GB in the south-east corner of the CS using
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measurements and simulations. Themapping shows that the surface area of
the Caspian coastal wetlands that are covered by the Caspian waters
(excluding Fereydoon Kenar) is 9745, 13,413 and 9810 km2 in the sea
levels of 1978, 1995 and 2021 respectively. Despite the higher current
sea level compared to 1978, the total surface area of the coastal wetlands
has already fallen to the same level. Moreover, impacts significantly vary
in the wetlands located in the densely populated south Caspian coast
where wetlands loss and desiccation are more noticeable. The Volga
Delta, receiving a significant influx of freshwater, compensates partially
the current range of sea level drop and this situation partially protects it
from wetland loss. The GB in the south Caspian coast encounters very
limited water exchange with the CS due to shallowed inlets with the CSL
fall, the enlargement of the Miankaleh Spit, sea grass extension and high
sedimentation rate. Dust simulations have shown that in case of desicca-
tion, it would become a local dust source for the adjacent area.Water circu-
lation simulations proved that the deepening of the inlets could maintain
water exchanges between the GB and the CS, which will improve water
quality. Inlet deepening will restore the GB within a CSL change of a
range that was experienced during the period of instrumental measure-
ments. If the CSL drops more than what happened during the past
century, all south Caspian Ramsar sites would face desiccation. More-
over, the north Caspian Ramsar sites encounter significant restrictions.
Restoration measures would improve wetland condition, but more
durable result requires management beyond the GB, i.e., in the catch-
ment and coastal area for reducing human pressure. A limited literature
is devoted to the internationally valuable Caspian Ramsar sites, much
more efforts is needed to attract attentions to the devastating condition
of the Caspian wetlands loss.
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