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The Sea of Marmara, located in Northwestern Türkiye, is under multiple stressors,

including climate change and industrial, agricultural, and domestic pollution, that

cause deoxygenation in coastal waters, with multiregional consequences

affecting the surface and deep-water masses transported to the Mediterranean

and Black Seas, respectively, via its straits. With climate-change driven changes in

the intensity of extreme precipitation events, the marine environment becomes

more vulnerable to increasing terrestrial pollutants. Evaluating the spatial and

temporal variation of river runoff is crucial to understanding the interaction

between the geophysical and hydrogeochemical processes that affects the

nutrient balance of the sea. This study aims to (i) explore the historical (for the

period 1960-2021) and spatial changes of monthly-averaged coastal discharges

along the coastline of the Sea of Marmara for the first time, based on

observations from the national hydrological service; (ii) analyze the change in

long-term and seasonal trends of runoff and net-precipitation rate and derive a

regional relation between the two parameters. Single Spectrum Analysis (SSA) is

used to obtain the trends. Gaps in the time series are filled in using a non-

parametric spectral estimation method. Discharges from the northern, eastern,

and southern basins are, respectively, 3%, 17%, and 80% of the total discharge,

which has varied between 1.5 and 15 km3 per year in the last decade, with short-

lived extremes occurring in early spring. Total runoff rate shows a declining long-

term trend that is accelerating with increasing evaporation. The intensity of the

terrestrial precipitation extremes shows a temporal increase; there is a quadratic

relation between the long-term trends of net precipitation and total runoff.

Quantification of nutrient load distribution along the coastline associated with

the spatial-temporal changes in coastal fluxes is urgent because the cumulative

stressors (warming, nutrient overenrichment, pollutants) pose a threat of

triggering extreme events and eutrophication in the Sea of Marmara with

multiregional impact.
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1 Introduction

The Sea of Marmara is an intercontinental inland sea that

connects the Black Sea to the Aegean Sea through the long and

narrow Turkish Strait System (TSS). The TSS consists of the

Bosphorus and Dardanelles straits, located at the northeast and

southwest of the Sea of Marmara, respectively. The TSS carries the

brackish surface waters of the Black Sea (form due to precipitation

and runoff exceeding evaporation) to the Aegean Sea and the deep

saltier waters of the Mediterranean Sea (form due to excessive

evaporation over freshwater input) that flow as an undercurrent to

the Black Sea, exchanging waters with significant density differences

and maintaining a sharp halocline over the Sea of Marmara

(Unluata et al., 1990; Besiktepe et al., 1994) where two-layer

estuarine dynamics prevail. The well-oxygenated Mediterranean

waters entering from the Dardanelles, partially compensate for the

oxygen consumed in the lower layer of the Sea of Marmara, due to

the organic matter degrading and sinking from the upper layer; yet

the lower layer of the basin remains deficient in oxygen (Besiktepe

et al., 1994).

Urban and industrial wastes due to dense population along the

coastline, agricultural activities (Ediger et al., 2016), and maritime

traffic (Birpinar et al., 2006) adversely affect the Sea of Marmara.

Excessive organic matter and nutrient loads carried by the wastes

are discharged directly into the sea or indirectly via rivers without

adequate treatment, causing a decrease in seawater oxygen

concentrations. In addition to these loads originating from its

coastal watersheds, the Sea of Marmara has been subject to the

adverse effects of the high nutrient loads coming from the Black

Sea, particularly the pollutants of the Danube River. Despite the

decreasing nutrient loads of the Danube River in recent years

(Cozzi et al., 2018; Grizzetti et al., 2021), the decreasing oxygen

levels in the Sea of Marmara (depleting below the halocline in its

eastern basin) are alarming (CSIDB, ODTU-DBE, 2021). This

points to the changes in the nutrient export ratios due to increases

in terrestrial loads during the floods, resulting in ecological

changes in the system. The sea-snot formation observed in

recent years in the Sea of Marmara is an ecological response to

multiple stresses on the system. Such sea-snot formations have

been observed worldwide: continental coastal waters of the North

Sea (Lancelot, 1995), Mediterranean Sea (e.g., Adriatic and

Tyrrhenian Seas; Alldredge and Crocker, 1995; Danovaro et al.,

2009), Ariake Sound Estuary, Japan (Fukao et al., 2009); these

outbreaks are linked to nutrient concentration changes in

seawater due to anthropogenic pressures from human activities

and warming climate (Jackson, 2008). Climate change exacerbates

stresses on the marine environment, transforming clear and

productive coastal waters into anoxic dead zones, and

microbially dominated ecosystems, with rates of change

becoming increasingly fast and nonlinear with sudden phase

shifts (Jackson, 2008).

Climate change also poses a threat to the Sea of Marmara and its

coastal watersheds, with observations showing a significant increase

in sea surface temperature and salinity trends (Latif et al., 2022). A

change in hydrological conditions in the coastal watersheds due to
Frontiers in Marine Science 02
climate change (Uniyal et al., 2015) is also expected, including the

terrestrial evaporation rate, soil moisture, water temperature, and

streamflow volume, timing, intensity, and frequency (Arnell et al.,

2016; Otto, 2019).

These multiple stresses change the hydrochemical and

biological characteristics not only in the Sea of Marmara but

also in the TSS by modifying the transport rates from the Black

Sea to the Aegean and Mediterranean Seas, and vice versa.

Previous studies approximated the volume fluxes entering the

Sea of Marmara via the Dardanelles and Bosphorus Straits as 550

km3 yr-1 and 650 km3 yr-1, respectively (Unluata et al., 1990;

Besiktepe et al., 1994), which increase in spring and early summer

and weaken in autumn (Tugrul et al., 2002). Recent observations

show reduced inflow rates from the Black and Mediterranean

seas, e.g., 444 km3 yr-1and 456 km3 yr-1, respectively (Özsoy and

Altıok, 2016), suggesting a change in the water balance of

the system.

For these reasons, determining the total amount of coastal

discharges to the Sea of Marmara, its seasonal change, and its

spatial variation along the coastline are of great importance.

Analyzing the change in long-term and seasonal trends of

coastal discharges is crucial to understanding the effects of

climate change and pollutants on system dynamics. This way,

the amount of nutrient load and toxic material discharged to the

sea by these rivers can also be identified. However, studies on the

Sea of Marmara rivers are few and mostly focus on the major

rivers. Algan (2006) emphasized the importance of the major

rivers (e.g., Kocasu/Cross, Biga, and Gonen located in the

southern watersheds) in transporting suspended sediment

loads. By using multidimensional scaling for all the Turkish

stream flows, Yildiz et al. (2018) recently showed that there has

been a seasonal shift in flowrates over the last four decades due to

climate change. This necessitates detailed regional studies on

coastal discharges in relation to climate change. Moreover, such

studies should consider all the coastal discharges regardless of the

magnitude of the flowrates because even small creek flows may

have a significant effect on the coastal zone (Basdurak

et al., 2020).

Based on the aforementioned knowledge gap, the aim of this

study is twofold: (1) to determine the river runoff to the Sea of

Marmara and to explore its spatial variation along the coastline; (2)

to explore the changes in long-term and seasonal trends of monthly

river runoff with respect to climate change. This is achieved by using

the observational dataset of stream flows for the period 1960-2021.

Because the number of gaging stations and their operational periods

vary in time, coastal discharge rates are calculated using the datasets

from different operational stations (i.e., single station near the coast

or multiple stations located on the tributaries merging to the

mainstem); this entailed using a dynamic algorithm. In

addressing the second aim, relations between the net terrestrial

precipitation rate and streamflow rates are found. The gaps in time

series are filled by using a non-parametric spectral estimation

method, to predict the variability of the missing data. To split the

seasonal and long-term contributions offlowrates, precipitation and

evaporation rates, SSA algorithms are used.
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2 Materials and methods

2.1 Study area

The surface area of the Sea of Marmara is approximately 11,500

km2 (Unluata et al., 1990). The continental shelf narrows towards

the north, and the bathymetry drastically deepens with three

topographical depressions (~1250 m, Figure 1). The southern

bathymetry is relatively shallow, with depths varying between 50-

100 m. The average elevation of the drainage basins is 500 m.

Topographic highs of the Anatolian drainage basins increase south-

eastward, reaching the peak altitude of 2,540 m (Uludag Mountain).

The average elevation of the drainage basins in Thrace is 120 m with

topographic highs mostly less than 600 m except for the Isiklar

Mountain (Figure 1).

Terrestrial freshwater discharges into the Sea of Marmara

through stream networks and surface runoff following topographic

slopes. Terrestrial freshwater input seasonally varies with

precipitation and melting snow on topographic highs, affecting the

transport of nutrient loads to the coast. Intense and irregular rainfall

patterns cause floods in riverbeds with continuous flow and carry

some of the terrestrial precipitation to the sea through the creeks,

some of which are seasonally dry (Kömüşcü and Çelik, 2013).
Frontiers in Marine Science 03
During periods of heavy rainfall, in addition to the terrestrial

freshwater input, the Danube River pouring into the Black Sea

mixes and propagates along the Bosphorus Strait, affecting the

surface layers of the Sea of Marmara (Besiktepe et al., 1994).

The biggest lakes in the area (namely, Manyas, Ulubat, and Iznik)

are located in the southern and southeastern parts of the coast.

Streams leaving the Manyas and Ulubat lakes, along with the Simav

and Nilufer rivers merge and form the biggest river and the largest

delta in the region, the Kocasu/Cross River and Kocasu Delta

(Figure 2). Kocasu Delta consists of seasonal lagoons and marshes

that are prone to landward flows of seawater due to sea level changes

(Irtem and Sacın, 2012). When the sea level drops, the Kocasu River

transports and deposits sediments on the southern shelf (Sorlien

et al., 2012).

Geological diversity of a watershed is important in terms of

hydraulic conductivity and surface runoff coefficients (e.g., highly

permeable alluvial and clastic sedimentary rocks in contrast to

metamorphic rocks), particularly during heavy rainfall, which

affects the intensity of flood events. The geological structure of the

water basins of the Sea of Marmara is very diverse along the coast; it

mostly consists of terrestrial clastic in Thrace, carbonate and clastic

(sedimentary rocks) and volcanic rocks on the eastern side of the

coast in Anatolia from the Bosphorus Strait to Iznik, and
FIGURE 1

Topographic map of the Marmara Region with bathymetry of the Sea of Marmara drawn as line contours. The watershed of the Marmara Sea is
shown in a darker shade, denoting its boundary. Top-left inset: Map of the study area; top-right inset: Terrestrial water bodies of the watershed (25
m resolution, EU-HYDRO). The circles denote the chosen meteorological stations.
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metamorphic rocks in the south from Iznik to the Canakkale Strait.

(MTA, 2002). The Southern Marmara region is mostly covered with

fine Quaternary, alluvial and fluvial deposits (Kazanci et al., 1999)

with alluvial areas between the lakes and the coastline. From

Manyas and Ulubat lakes towards the coast, the Susurluk basin

(Figure 2) is characterized by alluvial areas, sedimentary rocks,

metamorphic rocks (schist, phyllite, and marble) and alluvial

wetlands (Kocasu Delta), respectively.
2.2 Data and methods

Structure of a basin is an important factor in determining the

intensity of the in-basin freshwater circulation and the amount of

water discharged to the coast. The river and valley networks of the

Marmara region and its neighboring basins were determined using

the 25 m scaled basin database, the European Digital Elevation

Model (EUDEM v.1.1) and the European River Network (EU-

HYDRO v.1.3). Basins with rivers flowing to the Sea of Marmara

were chosen, and the river network within each of these basins was

grouped (Figure 2). River mouths along the coastline were shown in

Figure 3A (red marker). The high-resolution basin and river

network database was used to calculate the contribution to coastal

discharges from both gaged streams and ungaged, relatively

small basins.

Based on the aforementioned topographical and geological

similarities near the coast, the watersheds of the Sea of Marmara

were separated regionally into three groups, and the individual
Frontiers in Marine Science 04
contributions from each group were investigated. These groups are:

northern watersheds in Thrace, including the sub-basins of the

straits in Europe; southern (e.g., Biga, Gonen, and Susurluk) and

eastern (e.g., around the Gulfs of Gemlik and Izmit) watersheds

with Anatolian sub-basins of the Dardanelles and Bosphorus straits,

respectively (Figure 2).

2.2.1 Stream flows: gaged and ungaged rivers
Annual streamflow observation tables of the General Directorate

of State Hydraulic Works (DSI) for the years 1960-2021 (DSI, 2021)

were digitized to obtain the gage locations (black markers, Figure 2)

and associated discharge rates. Among the river tributaries near the

stream gages, the ones closest to the river mouths were chosen to

determine the historical change in coastal discharge rates. The closest

stations located at the downstream of the dams were used to reduce

the uncertainties (e.g., the water usage at the upstream of the basin,

the tailwater discharge). The coastal river discharge was then

approximated by summing up the flowrates nearby these branches,

i.e., all branches (if nearby gages exist; if not, the primary tributaries

were used) merging to the river mouth. Since the historical continuity

of the annual flow observation tables differs at each station (e.g., the

year the operation started, ended, or temporarily stopped), there are

gaps in the datasets. To reduce the gaps, alternative station groups

were used. In each coastal watershed, the stations were grouped based

on their proximity to the river mouth (e.g., primary, secondary, and

tertiary proximity are marked respectively by dark blue, light blue and

green circles, Figure 3A). The first group that is closest to the river

mouth (dark blue markers) was used if each station in this group was
FIGURE 2

Watersheds of the Sea of Marmara. Each watershed is shown in different color. Rivers of the watersheds are shown as black, thin lines. Boundary of
the Susurluk basin and its sub-basins are shown in purple, and the boundaries of the sub-basins are shown in red. Black and pink icons indicate
streamgages nearby the river network and dam locations, respectively. Top right: satellite image of the Kocasu delta (European Image Mosaics 2012,
ESA) with the seasonal boundaries of its three lagoons contoured.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1278136
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Basdurak 10.3389/fmars.2023.1278136
in operation; otherwise, the station groups nearby the upstream

tributaries were used (light blue and green markers). This method

is analogous to the multiple traveling salesman model, where the

routes are the river tributaries and the shortest distance to the river

mouth from each coastal gage (which differs temporally in location

based on its operation period) is pursued. The time series of coastal

discharges were approximated by using the same method for each

year and concatenating the datasets (the date range of operation and

names of all the stations used are given on a map in Appendix A).

With this method, the gaps in the time series of the coastal discharges

from gaged watersheds were reduced while maintaining the

observational basis.

The ungaged basins are small in size, with short valleys and

creeks. Stream flows in these watersheds were estimated by using

information from neighbouring watersheds that share similar

topographical and geological characteristics. To achieve this, the
Frontiers in Marine Science 05
total flow rate in each watershed group was divided by the surface

area of the associated gaged watersheds. Streamflow time series of

the ungaged watersheds were obtained by multiplying this spatially

averaged velocity by the surface area of each individual ungaged

watershed. This method provides an estimate reflecting regional

characteristics that affect infiltration rates and, thus, the outflow

rates, in contrast to using a generic runoff coefficient.

2.2.2 Temporal variation of flow rates and climate
Monthly averages of the coastal discharges and their variation

along the coast were explored. Long-term and seasonal trends of

approximate coastal discharges were decomposed using Single

Spectrum Analysis (Cleveland et al., 1990; Golyandina and

Zhigljavsky, 2013). Temporal gaps in the streamflow datasets

were filled by using a non-parametric spectral estimation method

(Yi and Sneeuw, 2021), which consists of Single Spectrum Analysis,
B

A

FIGURE 3

(A) Locations of the river mouths and the stream gages. For each watershed, alternative gage combinations on or near the river tributaries are
grouped (shown with blue, light blue and green markers) based on their proximity to river mouth. These combinations are used to reduce the gap in
streamflow timeseries, due to the yearly difference in operation periods at each station (station names and their operating dates are shown in
Appendix A). (B) Gaged watersheds in the northern, eastern, and southern regions are grouped (and numbered clockwise within each group) and the
related river mouth positions are marked by triangles, squares, and round circles, respectively. Hatched watersheds denote the sensitive zones. River
names, average gage-to-river-mouth distances, and watershed areas are listed; parameters for the Susurluk basin (pink area) are shown twice, i.e.,
including and excluding the Nilufer sub-basin.
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gap-filling technique, cross-validation, and spectral testing. The

same method was used to find the monthly averages of the

stations that have been non-operational in recent years. This

method offers a data-adaptive and easy-to-implement approach to

produce reasonable gap-filling results in the form of spherical

harmonic coefficients; it is adept at inferring missing data from

long - t e rm and osc i l l a t o ry change s ex t r a c t ed f rom

available observations.

Time series of monthly-averaged and gridded terrestrial

precipitation and evaporation rates were obtained from the

ERA5-Land database (9 km horizontal resolution) to compared

with the changes in river flow rates. The gridded datasets were

spatially averaged by using a weighted average method and

considering the watershed area as the weight. Yearly precipitation

rates observed at the local meteorological stations were added

for comparison.

2.2.3 Water usage
Yearly water abstraction for the municipal water supply

network was obtained via the online database of the Turkish

Statistical Institute (TUIK) for the 2001–2020 period (TUIK,

2020). The dataset was extracted for each city in the Marmara

region. The municipal boundaries differ from the coastal

watershed boundaries. Thus, the dataset was scaled based on the

surface area of the coastal watershed, and grouped based on

the subregions.
3 Results

3.1 Basin characteristics and
stream network

The coastal watersheds and the associated river network vary in

shape and structure along the coastline of the Sea of Marmara

(Figure 3). The southern watersheds mostly consist of a long and

developed network of streams and rivers, whereas short and few-

armed basins characterize the eastern and northern regions. The

bigger watersheds of the southern region extend laterally

(perpendicular to the main river channel) in the upstream

direction. The shapes of the northern and eastern watersheds are

elongated. Therefore, the southern basins are more sensitive to

floods with a larger sediment transport capacity (Elbası and

Ozdemir, 2018).

The gaged watersheds are numbered in clockwise direction for

each regional group (i.e., the northern, eastern and southern basins

with their river mouths marked by triangles, rectangles, and circles,

respectively; Figure 3B). The surface area of the watersheds mostly

ranges from about 1 to 10³ km2 (Figure 3B). Susurluk, the largest

basin in the region, covers the sub-basins of Manyas Lake, Simav

Stream, Ulubat Lake, and Nilufer Stream, from west to east (shown

in different shades of pink in Figure 2; Figure 3B), with a

precipitation area of ~2x104 km2. Some of the marine and

terrestrial regions are reported to be more sensitive to urban

changes and nitrate loading (CSIDB-CEDIDGM, TUBITAK-

MAM, 2020). The watersheds associated with these regions are
Frontiers in Marine Science 06
shown as hatched polygons in Figure 3B. In the following section,

the coastal discharge rates of these watersheds will be marked to

distinguish their temporal variation.

Locations of the streamflow gages that are closest to the river

mouths are shown in Figure 3A; of these stations, the ones that are

on the downstream side of dams (pink dots) are used in the analysis.

Average distances from the marked gages to the river mouths (i.e.,

distance between the red and blue/green markers shown in

Figure 3A) range from 1 to 15 km (Figure 3B). The gages in the

eastern group are closer to the river mouths (~5 km) compared to

the stations in the northern and southern groups. The gages in the

Susurluk basin are the farthest from the river mouth, i.e., ~15 km

when the Nilufer sub-basin is excluded, and around 40 km

when included.
3.2 River discharges

Monthly averages of the flowrates between 1960 and 2021, and

their long-term trends are shown for each group of the watersheds

separately in Figure 4. Hereafter, the notation Hi-Sj is used to label

the river mouths with gages on their tributaries; i = {1, 2, 3} denotes

the watershed group (the northern, eastern, and southern

watersheds, respectively), and j = {1, …, n} denotes the n number

of gaged river mouths (ordered in clockwise direction) within each

watershed. The coastal river discharges of the vulnerable watersheds

(hatched in Figure 3B) are distinguished by labeling their long-term

trends (Figures 4A1, B1, C1).

In the Thrace watershed (Figures 4A1, A2) maximum discharge

is around 20 m3 s-1 via Buyukcekmece (H1-S5) followed by the

coastal discharges of the western streams (Kınıklı and Kum, H1-

S4,2 with 10 m3 s-1). The flowrates temporally vary by two to three

orders of magnitude. Since 2015, only the gages on the Kınıklı

stream and Buyukcekmece (H1-S4,5) have been in operation.

Except for H1-S2 the coastal discharges show a decreasing trend

with time (Figure 4A1, left-upper inset).

In the eastern watersheds, the monthly flowrates reach up to 10-

20 m3 s-1 (Figures 4B1, B2) with the discharges of the Kiraz,

Golayagı and Yalak streams (H2-S6,19,18). The former two

streams are connected to the lakes of Sapanca and Iżnik. The

eastern watershed group has the highest concentration of

observation stations near the shore. The coastal discharges

through all the vulnerable watersheds except for the Yalak stream

(H2-S1,4,6,8,19) show a decreasing trend; the Kiraz and Golayagı

streams show a 5 m3 s-1 decrease (Figure 4B1, upper-left inset).

Among all the watersheds, the southern ones have the highest

flow rates. Monthly flowrate of the Cross (Kocasu) River, which

feeds the Susurluk basin, reaches up to 500-600 m3 s-1 (Figures

4C1, C2; H3-S3) near the coast. The flowrate of the Cross

(Kocasu) river is obtained by summing up the flowrates at its

major tributaries (Nilufer, Mustafa Kemal Pasa, Simav, and

Karasu). The long-term trend of this river (Figure 4C1, upper-

left inset) indicates a 50 m3 s-1 decrease since 1960. As discussed in

Section 4.2, the flowrates are calculated with and without the

Nilufer stream (Figure 4C, dashed and straight lines, respectively).

Including the Nilufer stream results in only 10 m3 s-1 of a
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difference in the long-term trends. The Biga and Gonen rivers

(H3-S5,6) follow the Cross river with monthly discharge peaks of

70 - 90 m3 s-1. There has been no significant change in the long-

term trends of these rivers since 1960. The riverine input to the Sea

of Marmara from the rest of the watersheds is relatively small

when compared to these three major rivers.

The high flowrates of the Cross River are associated with the

heavy rainfalls; they result in flood events around the gaging

stations, particularly around the ones near the Ulubat lake.

However, satellite images of the coastal waters during and right

after these flood events (not shown) suggest that coastal discharge of

the Cross River amounts to a fraction of the flowrates observed at

gages 15 km upstream of the river mouth. This is due to the fact that

the closest gages are still far from the coast, and the

geomorphological and vegetative structures between these gages

and the river mouth differ significantly along the stream. Thus, the

flowrates from the gages need to be adjusted when calculating the

coastal discharge of the Cross River during these high flow events.

This will be detailed in the following section.

3.2.1 The Cross River
The geological features around the Cross River change

significantly along the stream from alluvial and clastic (highly

permeable; around Ulubat and Manyas lakes) to metamorphic

rocks (low permeability) towards the river mouth (MTA, 2002).

During periods of heavy rainfall and floods, it is possible that excess

water is retained around the lakes and infiltrated into the depths,

thus reducing the water flow rates.
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There are agriculture fields on both of the river banks upstream

of the Kocasu Delta (Figure 2, inset) along the stream. The width of

these fields is approximately twice the width of the Cross River;

these fields are surrounded by topographic highs (Figure 1). In

addition, Kocasu delta, a wetland with lagoons, is located between

the metamorphic rocks and the river mouth, reducing the intensity

of the floods by holding the excess water. During flood times, the

water level of the wetlands around the lagoon rises, thus increasing

the volume of the lagoons. Additionally, the satellite images

following the flood events indicate sediment load patches

transported by the Cross River (H3-S3) to be two to three times

bigger than the ones transported by the Biga River (H3-S6).

Due to the lack of gages on the Kocasu delta, there is no

observational evidence on how much of the river flow enters the Sea

of Marmara during heavy rainfall periods. Therefore, the extreme

coastal river discharge values during these periods are

approximated to be one-third of the values obtained from the

upstream gages. This estimate is consistent with the width of the

river banks relative to the channel width (i.e., agricultural lands hold

two-thirds of the flooding discharges; overflowing waters are

retained in the wetland).
3.3 Seasonal changes

The differences between the long-term trends and the monthly

averages of the flow rates (Figure 4) reveal the significance of the

seasonal variation. Some of the smaller streams dry up during dry
B1 C1A1

B2

C2

A2

FIGURE 4

Monthly averages of river discharge Q1 (A2, B2, C2) and the long-term trends (A1, B1, C1) for (A) the northern, (B) eastern and (C) southern regions.
Locations of the river mouths are referenced in (A1, B1, C1). Flowrates of the sensitive areas (hatched watersheds in Figure 3B) are numbered in
(A1, B1, C1) and shown with bold lines in (A2, B2, C2). Logarithmic scale was used for monthly averages, and normal scale was used for long-term
trends.
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periods. During periods of heavy precipitation and snowmelt, the

seasonal extrema exceed five times the yearly average values at some

of the rivers. To analyze the seasonal variation in coastal discharges,

the rivers with relatively high flowrates are chosen from each of the

watershed groups (H1-S4 Kinikli, H2-S1,6,8,19 Kurbagalı, Kiraz,

Yalak, Golayagı, and H3-S3,5,6 Cross, Gonen, Biga; Figure 5). All of

these rivers are associated with the vulnerable watersheds (hatched

in Figure 3B).

In general, river discharges increase with precipitation rates

from December to March, and decrease during the summer

months, i.e., primary seasonal trend (Figure 5). Accordingly, the

seasonal change in the coastal discharges of the Kınıklı and

Kurbagalı (H1-S4 and H2-S1) rivers is ±0.5 m3 s-1. The

discharges of the eastern rivers (Kiraz, Yalak and Golayagı)

seasonally vary between ±3 m3 s-1 and ±6 m3 s-1. After the year

2000, the Kiraz and Yalak streams showed a secondary seasonal

trend. These secondary changes might be associated with the

sensitivity of these watersheds to spring precipitation. The

flowrate of the Golayagı stream has decreased by 90% since 1988.

In the south, the seasonal ranges of the Cross, Biga, and Gonen

rivers are 75 m3 s-1, 15 m3 s-1 and 15 m3 s-1, respectively. An abrupt

decrease in the flowrates of the Gonen River results from the lack of

observational data in its major tributaries since 1982 (i.e., non-

operational upstream gages; see Appendix A). The Gonen and Biga

watersheds are similar in shape with equivalent surface area; they

have similar geological and topographical features. Thus, the long-

term change of the Biga river (the slope of the trend) is used to

extrapolate the flowrates of Gonen after the year 1982. During the

rainy seasons, the upper limit of the Gonen Stream coastal discharge

is approximately 60 m3 s-1. The range of seasonal trends has been

decreasing since 1980 in all rivers except the Biga river. In addition

to the temporal changes, the seasonal trends also differ spatially

along the coastline (Figure 5). Climate change is an important factor

in modifying these trends (Allan and Soden, 2008); an increase in

evaporation rates yields heavy rainfalls (i.e., an increase in extreme

precipitation and the risk of flooding). The relationship between the
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warming and the changing atmospheric forcing for the study area

will be discussed in the following section.
3.4 Climate change

Temperature anomalies over the coastal watersheds of the Sea

of Marmara indicate a 2 °C increase on average in recent years due

to global warming (MGM, 2021). These anomalies reach up to 3 °C

in places, e.g., the irrigated lands between the Manyas and Ulubat

lakes down to the Kocasu Delta, around the Gulf of Izmit, and Kum

Creek in Thrace (H1-S3, Figure 3B). In response to the warming,

the evaporation rates increase, resulting in heavy rainfall and

increasing the risk of flood.

Monthly averages of terrestrial precipitation and evaporation

rates (P and E) in the coastal watersheds of the Sea of Marmara

and their long-term and seasonal variation are shown in Figure 6

for the period of 1960-2021. The precipitation and evaporation

rates reach up to 6 mm day-1 and 4 mm day-1, respectively; the last

decade shows an increase in extreme precipitation and

evaporation rates (Figure 6A). The precipitation rates increase

in winter and spring, and the evaporation rates increase from

April to July. The range of seasonal change in both of the

parameters is approximately 2 mm day-1 (Figure 6C). Starting in

2010, long-term trends of both of these parameters shift, i.e.,

steady precipitation rates and increasing evaporation rates

(Figure 6B). Compared with the long-term seasonal trends, the

last decade shows a seasonal shift, particularly in the precipitation

trends (Figure 6D) increasing in May and June, and decreasing in

November and December.

The annual averages of the observed precipitation are shown in

Figure 6E. The annual precipitation averages are mostly consistent

with the monthly ERA5 dataset (Figure 6A, top panel). The

observations show local variations in annual trends; the

precipitation rate is higher in Sariyer (the northern station) and

smallest in Canakkale (the southwestern station, Figure 1).
FIGURE 5

Flowrates (black; left y-axis) and their seasonal trends (grey; right y-axis) between 1960-2022. River names and locations are referenced in the inset.
Missing data (shaded panels) is filled using single-spectrum analysis.
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3.5 Total discharge to the Sea of Marmara

The ungaged watersheds are shown for the northern, the eastern

and southern groups. The coastal discharge from these watersheds

Q0, varies between 5 m3 s-1 and 45 m3 s-1 with the northern

watersheds contributing the least (Figure 7A). The sum of coastal

discharges QT from gaged (Q1, Figures 4, 5) and ungaged (Q0,

Figure 7A) watersheds, is shown in Figure 7B. In the analysis, one-

third of the flow-extremes of the Cross River are used (solid line);

the dotted line denotes the QT obtained by using the upstream

extremes of the Cross River.

Between 1960 and 2021, the total riverine discharge QT to the

Sea of Marmara shows a range of 50 - 500 m3 s-1, with a yearly

average rate of ~97 m3 s-1 in the last decade (corresponding to a

range of 1.5 – 15 km3 per year). The long-term trend of QT shows a

decrease of 40 m3 s-1 within the observation period (Figure 7C);

seasonally, QT peaks at 200 m
3 s-1 in winter and drops to 30 m3 s-1

in late summer to autumn (Figure 7D). The seasonal anomaly

between the last decade and the whole observation period shows an

increase in QT in January and February, and a decrease in the rest of

the year, particularly in spring (Figure 7E).

The decadal averages of the coastal discharges are given in

Table B1 (Appendix B) for each watershed group. Coastal
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discharges from the northern, eastern and southern watersheds

are approximately ~3%, ~17% and ~80% of the total discharge.

The total discharge of the last decade equals ~3 km3 per year on

average with higher rates occurring in early spring; the coastal

discharge from the southern watersheds (mostly via Susurluk

basin) is ~2.5 km3 per year.
3.6 Total discharge vs. the net precipitation

The relationship between the long-term and seasonal trends of

the net precipitation P-E, and QT is shown in Figure 8. The long-

term trends suggest a quadratic relation for the southern watersheds

and for the sum of all the watersheds (pink and gray markers). The

correlation reverses for the northern and eastern watersheds in the

last few decades (relatively small markers), i.e., QT decreases with

increasing P-E.

The seasonal changes in recent years are shown by comparing

the relationship between the two parameters (P-E and QT) for the

last decade and for the entire study period (dotted and solid lines in

Figure 8B). In response to the varying net precipitation rates, the

change in flowrates has been relatively small in the last decade

(Figure 8B, top-left panel). This anomaly is more pronounced
B C D

E

A

FIGURE 6

Precipitation P (solid line) and evaporation rates E (dashed line) in the watersheds between 1960 and 2022: (A) monthly averages with seasonal
trends (grey), (B) long-term trend, (C) seasonal mean (averaged between 1960 and 2020), and (D) seasonal anomaly, i.e., the difference between the
2010-2020 averages and the 1960-2020 averages shown in (C). (E) Annual averages of precipitation obtained from weather stations for the whole
region (upper panel) and for the stations located at the northern, eastern and southern part of the watershed (lower panel) shown in Figure 1 as
black circles.
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between January and April and between August and September.

The seasonal anomalies of the southern watersheds control the

general change in seasonal trends (Figure 8B, top panel). The

seasonal anomaly pattern of the eastern watersheds is similar to

the pattern of the southern watersheds during winter and spring;

however, during the rest of the year, the flowrates decrease

regardless of the net precipitation (Figure 8B, bottom-left panel).

The northern watersheds show a similar trend for all four seasons

(Figure 8B, bottom-right panel).
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The net precipitation-flowrate relationship also depends on

water usage, which increases with population density. Dams,

springs, and wells are the primary sources to meet the

increasing demand (Figure 8C). Water usage has shown

increasing trends in the last two decades in the eastern and

southern subregions of the coastal watershed. A sharp decline

in flow rates with increasing net precipitation during recent

decades is associated with increasing water abstraction

(Figure 8A, eastern subregion).
B CA

FIGURE 8

Total river discharge vs. net precipitation on land between 1960 and 2021 (A) Long-term trend for each region (colors) and for all of the watersheds
(black); the dataset is grouped by decade, and the recent decades are shown with smaller markers. (B) Seasonal trend (solid line) and its anomaly
between years 2010-2021 (dashed lines; markers denote the months, i.e., ordered in counter-clockwise direction from January (black) to December
(colored). (C) Water abstraction for municipal water supply network; the dataset is shown for each subregion as in (A).
B

C D E

A

FIGURE 7

Coastal river discharge between 1960 and 2021 from (A) ungauged watersheds Q0 (color denotes the sum from each region (Figures 4A–C) as
referenced in the inset; gray line denotes the total flow rate), (B) gauged and ungauged watersheds QT, and (C) the long-term trend of QT.
(D) seasonal trend (averaged between 1960 and 2020), and (E) anomaly of the seasonal trend i.e., the difference between the 2010-2020 averages
and the 1960-2020 averages shown in (D). When calculating QT, discharge from the Susurluk watershed is reduced by a factor of three (solid line);
the flow rate without this reduction (dotted line) is shown as a reference.
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3.7 Coastal discharges and nutrient loads

The coastal discharges are important in carrying the nutrient

loads and pollutants from the inland to the coastal zone. The nutrient

load of the Danube River is another factor affecting the ecosystem of

the Sea of Marmara, with the surface waters of the Black Sea entering

through the Bosphorus Strait (i.e., the characteristic cyclonic rim

current of the Black Sea carries the Danube nutrients to the coastal

shelf near the Bosphorus Strait). The nutrient over enrichment

observed in the Danube River Between the 1970s and the early

1980s (due to the enhanced agricultural fertilizer use and wastewater

discharges), has since subsided (Oguz, 2017). In recent decades, the

total nitrogen (dissolved inorganic and reactive organic, DIN+DON

+PON) input from the Black Sea has been found to be around 1.5-2.0

μM (Polat and Tugrul, 1995; Oguz, 2017); with a surface inflow rate

of 530 km3 yr-1, the influx yields a DIN load of 11.3-15.0 kt yr-1.

Despite the decreasing nutrient input from the Black Sea (by about

30%), eutrophication has threatened the Sea of Marmara due to the

consistently increasing nutrient loads of its coastal watersheds since

the 1980s.

Recent limited observations in the riverine waters that feeds the

coastal waters of the Sea of Marmara point to high concentrations of

DIN along the coastline: 350-600 (~450) μM in the Kocasu Delta,

i.e., the Cross River observations from Tavsanoglu and Akbulut

(2019) are averaged over the sampling period, leading to higher

nutrient concentrations and enhanced algal production in the

coastal waters and enclosed bays (Izmit, Bandırma, Gemlik;

Figure 2) (Ozbayram et al., 2022).

By assuming an annual average DIN concentration of 450 μM

for the polluted major rivers (with a volume flux of 3.5 km3 yr-1; the

Cross River in Figure 4C1) of the Susurluk Basin, the annual DIN

load discharging into the southeastern coastal zone is about 21.8 kt,

exceeding the total nitrogen input of the Black Sea. This rough

estimate shows the importance of terrestrial nutrient loads in the

nutrient budget of the upper layer in comparison to the Black Sea

input and partially-treated direct wastewater discharges to the

upper and lower layers of the water column along the coastal zone.
4 Discussion

4.1 Multiscale trends of coastal discharges

The streamflow observations for the period 1960-2021 show

that the terrestrial waters flowing to the Sea of Marmara decrease

with time; the rate of this declining trend has accelerated in recent

decades. The seasonal trends of flowrates have also been changing.

Comparing Figures 6D, 7E reveals that despite the increase in

precipitation rates in May and June during the last decade, the

associated flow rates decreased due to the increase in temperature,

evaporation rates, and increase in water consumption.

The high range of monthly-averaged flowrates (i.e., difference

between the local minima and the local maxima) in recent decades

is associated with the daily extrema (not shown). This suggests that

the temporal change in coastal discharges is instantaneous during

the wet season. The single-event flood type that occurred in the
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region in the autumn of 2009 as a series of flash floods due to

persistently intense rainfall episodes over a 3-day period that

produced more than 250 mm of rainfall over portions of the

region (Komuscu and Celik, 2013) is an example of the impact of

extreme precipitation over shorter time scales. The flood

occurrences show fluctuations rather than a steadily increasing

trend, but they have been on the rise since the mid-1990s

(Komuscu and Celik, 2013).

Intense flowrates at shorter time scales can have severe

consequences for the ecosystem of the Sea of Marmara by

introducing excess sediment, nutrients, and pollutants particularly

in the eastern and southern watersheds (i.e., industrial and

agricultural pollutants, respectively). Particularly in the bay areas

(Izmit, Gemlik and Bandırma, Figure 2) where the coastal currents

are relatively weak, there is the potential for extreme events to

develop during floods carrying the urban load to the coastal zone.
4.2 Coastal discharges and
marine environment

The oxygen content of the open ocean and coastal waters has

been declining for at least the past half-century (Breitburg et al.,

2018). Nutrient runoff is greatest, and eutrophication, hypoxia, and

toxic blooms are most intense, in estuaries and coastal seas (e.g., the

Adriatic and Baltic seas and Chesapeake and San Francisco bays),

and in continental shelves with major river systems (Jackson, 2008).

With increased pollution and warmer climates, excessive terrestrial

nutrients trigger ecological changes that decrease the biological

diversity, favouring algal blooms that thrive in hypoxic zones. The

mucilage (sea-snot) event in 2021 is a recent biological response of

the Sea of Marmara to these stressors (Yucel et al., 2021).

Observational evidence (CSIDB, ODTU-DBE, 2021) suggests an

alarming possible regime shift (from suboxic to anoxic) for the Sea

of Marmara. Despite the decreasing nutrient loads of the Danube

River (Oguz, 2017) entering the sea, eutrophication threatens the

Sea of Marmara due to the increasing nutrient input from its coastal

watersheds. Because the intensity of coastal discharge and frequency

of its anomalies affect rates of nutrient runoff, calculation of

nutrient load distribution along the coastline associated with

these coastal fluxes is crucial and urgent.
4.3 Climate change impact

Climate change adversely affects marine environments by

warming the sea-surface, increasing stratification thus inhibiting

the cooler and denser nutrient rich waters to upwell from the

lower layers (Jackson, 2008), eventually leading to hypoxia or

anoxia below the thermocline (e.g., the Black Sea). A relatively

small surface area, a two-layered circulation with a sharp

halocline, and a narrow strait to the oxygen-saturated waters of

the Aegean Sea (Tugrul et al., 2002) (limited water exchange

yielding longer turnover times compared to other inland sea e.g.,

the Baltic Sea), makes the Sea of Marmara more vulnerable

to warming.
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In addition to its direct effect on the sea surface, the warming

affects the precipitation trends (by increasing the atmospheric

moisture storage capacity) and hydrologic cycle. A combination

of large increases in river temperature and decreases in low flows are

projected for regions including Europe (van Vliet et al., 2013). In the

watersheds of the Sea of Marmara the precipitation changes are

stronger than the temperature changes (Aalijahan et al., 2023).

Therefore, the extreme precipitation events pose a threat to the

region with risk of flood events. Moreover, the ability of river basins

to adsorb disturbances is impacted (Palmer et al., 2008); to enhance

the resilience of riverine ecosystems, restoration, rehabilitation, and

management actions are much needed, particularly for basins with

dams and extensive development.
4.4 Uncertainties

The study is based on a historical observational dataset of the gaged

watersheds. To reduce the gaps in the dataset, alternative sets of gages

that are nearby the upstream branches of the stream network were used

when the coastal gages were non-operational. This method offers a

simple solution for finding the temporal change in flow rates while

relying less on interpolation techniques. However, caution should be

taken while deciding which set of stations to use. Because using the

upstream stations introduces uncertainties (i.e., amount of water

diverted for agricultural or urban consumption between the gage

location and the river mouth, dams).

In the presence of delta formations at the river mouth (with

wetlands and lagoons), gages are usually placed further upstream of

the river mouth for the safety of monitoring. In this study, the

coastal discharge of the Cross River was modified by reducing its

peaks because of the geomorphology and land use between the

station and the river delta. Due to the lack of observational data

(both oceanic and terrestrial) at the river mouth during an extreme

event, the upstream flow peaks were reduced using a threshold

value. This value was based on the delta area, the cross-sectional

area of the channel, and the satellite images showing the relative size

of the plumes along the southern coast following an extreme

precipitation (not shown).

Because the gaging data were not available near its primary

tributaries in the last decade, the long-term trend was used to

extrapolate the time series, and the seasonal trend from the

operational stations was used for the Gonen River. Although

these approaches offer reasonable estimates, they introduce

uncertainties. Thus, setting up gages near the river mouths along

the southern coast, particularly for the Cross and Gonen rivers, is

crucial for monitoring extreme events.

Spatial and temporal variability of evaporation and

precipitation was obtained by using a reanalysis of a numerical

model (ERA-5), and sub-regional watershed averages were used due

to the coarse horizontal resolution of the products. The accuracy of

the results can be improved by using daily or monthly data from

meteorological stations along the coast.

The relationship between coastal pollution and the daily

extremes in streamflow rates can be explored by using catchment

models, particularly for the southern watersheds that are relatively
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large with gages far away from the river mouth. Geological features

vary across the watersheds significantly; thus, they should be

accounted for in such modeling studies. Watershed areas with

high permeability can cause more water seepage from rivers

during storm events, increase characteristic flood times, and

weaken the flow (LeMesnil et al., 2021). Therefore, intra-basin

changes in geological features play an important role in accurately

calculating the coastal discharges and the amount of retained water.

Moreover, the seasonal variation of nutrient concentrations from

the bigger watershed along the coastline is crucial.
4.5 Multiregional effects of the changes

Changing terrestrial freshwater flow rates along the coast,

together with the increasing sea surface temperature and salinity,

affect the water balance of the Sea of Marmara, resulting in higher

evaporation rates and lower runoff rates, changing the water and

nutrient balances and modifying the exchange flows at the straits.

With the increasing loads of pollutants, the well-oxygenated

Mediterranean water, which is crucial for the renewal of the deep

waters of the Sea of Marmara, becomes suboxic due to the oxygen

consumed by the degradation of excessive organic matter sinking

from the upper layer into the lower layer. The deoxygenated deep

waters of the Sea of Marmara intrude into the Black Sea. The

pollutants and the biogeochemical by-products at the surface layer

disperse to the Aegean and Mediterranean Seas. Thus, the

environmental threats are multi-regional.
5 Conclusions

The temporal variation of river runoff along the coastline of the Sea

of Marmara is evaluated for the first time by using an algorithm akin to

the multiple traveling salesman algorithm (choosing the alternative

gage combinations that contribute to the coastal discharge for each year

due to varying operation dates) and a non-parametric spectral

estimation (to fill the gaps in the time series).

The total river runoff shows a declining long-term trend with a

seasonal shift. The river runoff differs along the coastline in order of

magnitudes (increasing from north to southern watersheds, in

clockwise direction). Coastal discharges from the northern,

eastern, and southern watersheds are approximately ~3%, ~17%,

and ~80% of the total discharge which has varied between 50 and

500 m3 s-1, in the last decade. The highest flow rates occur in winter

and early spring months from the agricultural and industrial zones

with significant nutrient loads; these instant and extreme coastal

discharges pose a threat to the ecosystem of the region and the

neighboring seas (e.g., increasing pollutants in the Sea of Marmara

propagate to the Aegean Sea, seasonally affecting the biochemistry

of both seas). Particularly, the nutrient input from the Susurluk

watershed to the upper layer of the sea can foster development of

eutrophication and extreme events (e.g., sea snot) for the already

vulnerable ecosystem of the Sea of Marmara.

Systematic monitoring and quantification of nutrient inputs to

the upper layer of the Sea of Marmara by surface runoff, including
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major rivers and urban areas, is urgent. It is crucial to take into

account the spatially and temporally varying discharge rates when

taking measures to remediate the elevated terrestrial loads in the

coastal watersheds of the Sea of Marmara. The daily extremes in

coastal discharges and their spatial and temporal variations still

need to be explored, in connection to the local variations in

temperature and precipitation observations.

This study provides an observational dataset that can be used in

(i) regional ocean models to study circulation and transport

patterns across the region, including the TSS; and (ii) catchment

models to investigate nutrient load changes. Such studies are

essential and urgent for implementing policies aimed at reducing

nutrient loads in the Sea of Marmara.
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Appendix A: Operation periods of the
streamgages

The names of the streamflow gages that are used (Figure 3A) in

this study are shown with their respective operation periods on a

map (Figure A1). The information for each watershed is shown with

a unique color (analogous to Figure 3B).
FIGURE A1

Names and operation dates of streamgages.

TABLE B1 Reginal averages of flow rates in m3 s-1 for each decade between

QT (m3 s-1) Jan Feb Mar Apr May

1960-1970 North 14 10 7 4 1

East 19 21 25 23 16

South 242 278 268 198 130

Total 275 308 300 225 146

1970-1980 North 9 11 12 6 4

East 46 52 52 44 33

South 170 231 246 174 114

Total 225 293 310 224 150
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Appendix B: Decadal and regional
averages of total coastal discharge

The coastal discharges are averaged over six decades (Table B1).

The seasonal variation for total flow shows an order of magnitude

change from wet to dry seasons (~310 m3 s-1 to 20 m3 s-1). The decadal

averages of the total coastal discharge decrease with time. Coastal

discharges from the northern, eastern and southern watersheds are

approximately ~3%, ~17% and ~80% of the total discharge; in the last

decade this respectively amounts to 0.1, 0.4 and 2.5 km3 per year.
1960-2021.

Jun Jul Aug Sep Oct Nov Dec

2 2 2 1 1 3 6

10 5 5 7 9 15 20

61 39 24 24 29 36 168

72 46 31 32 38 53 195

2 2 2 3 3 4 6

24 17 16 17 21 25 39

61 35 28 26 36 44 106

87 54 46 45 60 74 151

(Continued)
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TABLE B1 Continued

QT (m3 s-1) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1980-1990 North 12 10 10 6 3 2 2 2 2 2 3 8

East 39 45 56 44 25 16 13 14 16 17 23 33

South 188 190 199 144 102 60 34 24 18 20 46 118

Total 239 244 265 194 130 78 49 40 36 39 73 159

1990-2000 North 5 7 7 5 3 2 1 1 1 2 3 8

East 27 35 31 34 21 15 10 9 11 14 13 24

South 113 152 163 164 104 56 23 15 15 26 38 110

Total 145 194 201 203 128 73 34 25 27 42 54 143

2000-2010 North 9 13 10 5 3 2 1 2 5 5 7 11

East 21 31 39 24 8 7 6 6 5 6 10 19

South 100 167 172 128 73 37 16 13 18 22 33 84

Total 130 211 221 157 84 46 23 20 28 33 51 114

2010-2020 North 7 6 5 4 2 2 2 1 1 1 1 2

East 26 36 32 20 8 6 2 2 3 6 6 15

South 152 214 158 105 62 44 29 22 27 34 33 83

Total 185 257 194 129 73 52 33 25 30 41 39 101
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