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Abstract

Most transboundary rivers and their wetlands are subject to considerable anthropogenic pressures associ-
ated with multiple and often conflicting uses. In the Eastern Mediterranean such systems are also particularly
vulnerable to climate change, posing additional challenges for integrated water resources management. Com-
prehensive measurements of the optical signature of colored dissolved organic matter (CDOM) were com-
bined with measurements of river discharges and water physicochemical and biogeochemical properties, to
assess carbon dynamics, water quality, and anthropogenic influences in a major transboundary system of the
Eastern Mediterranean, the Evros (or, Mapuua or, Meric) river and its Ramsar protected coastal wetland. Meas-
urements were performed over three years, in seasons characterized by different hydrologic conditions and
along transects extending more than 70 km from the freshwater end-member to two kilometers offshore in
the Aegean Sea. Changes in precipitation, anthropogenic dissolved organic matter (DOM) inputs from the pol-
luted Ergene tributary, and the irregular operation of a dam were key factors driving water quality, salinity
regimes, and biogeochemical properties in the Evros delta and coastal waters. Marsh outwelling affected
coastal carbon quality, but the influence of wetlands was often masked by anthropogenic DOM contributions.
A distinctive five-peak CDOM fluorescence signature was characteristic of upstream anthropogenic inputs and
clearly tracked the influence of freshwater discharges on water quality. Monitoring of this CDOM fluorescence
footprint could have direct applications to programs focusing on water quality and environmental assessment
in this and other transboundary rivers where management of water resources remains largely ineffective.

Over 260 river basins are shared by two or more coun-
tries (Wolf et al. 1999). Effective monitoring of water qual-
ity and integrated management of fluvial, estuarine, and
wetland ecosystem services become particularly challeng-
ing in transboundary systems where various authorities,
different stakeholders, and international politics often
result in conflicting interests and the over-exploitation of
some services at the expense of others (De Groot et al. 2006).
Upstream interventions often put pressure on downstream
ecosystems affecting water quality and ecological dynamics.
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The Ramsar Convention designates more than 2000 wetlands
as of international importance, covering more than 200 mil-
lion hectares worldwide (Ramsar List, version 29 January
2014). Almost one third of the Ramsar protected wetlands con-
sidered in Groombridge (1999) are located in international
basins. Despite their enormous ecological and economic value,
wetlands around the world continue to be damaged or lost,
due to drainage, pollution, nutrient enrichment, and other
anthropogenic disturbances (De Groot et al. 2006). Dissolved
organic matter (DOM) and its colored component, colored dis-
solved organic matter (CDOM), are key indicators of water
quality, biogeochemical state, and nutrient enrichment (Coble
et al. 1998; Fellman et al. 2010; Schaeffer et al. 2013). Due to
its influence on water optical properties, CDOM provides a val-
uable optical tool for tracking DOM sources and monitoring
water quality across a range of ecosystems, with potentially
powerful applications to assessment of anthropogenic
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influences in transboundary rivers and their highly vulnerable
coastal wetlands.

With a strong absorption and fluorescence signal in the
visible and ultraviolet (UV) spectral regions, CDOM is one of
the major water constituents affecting light attenuation or
“water clarity,” a critical monitoring parameter in water qual-
ity assessment programs, ecological forecasting, and water
resource management efforts. Because the optical properties
of CDOM depend on its chemical composition, CDOM can
be used as a proxy for tracing physical circulation and water-
mass history, identifying organic pollution in agricultural
and urban catchments, and determining influences of human
activities (e.g., land-use change) on stream biogeochemistry
and aquatic food-web dynamics (Baker 2002; Fellman et al.
2010). Spectral absorption properties and molar absorptivity
have been used as indicators of the molecular size and aro-
matic content of CDOM (Chin et al. 1994; Del Vecchio and
Blough 2004). Simple fluorescence indices and the identifica-
tion and relative contribution of various fluorescence compo-
nents in DOM have allowed determining DOM dynamics in
relation to biological activity, photochemical processing,
microbial consumption, and allochthonous inputs from
wastewater, wetlands, forested catchments, and agricultural
environments (Baker 2002; Fellman et al. 2010).

Shared by three countries, the Evros river catchment (Bul-
garian: Mapuya, Greek: ‘Efipog, Turkish: Meri¢) is among the
most important natural resources in the Balkans, supporting
a population of more than 3.6 million people (Kanellopou-
los et al. 2009; Skoulikidis 2009). For Bulgaria and Greece,
the Evros serves as a water source mainly for agricultural use
and hydroelectric power generation. In Turkey, half of the
basin is used for irrigational and dry farming. At its mouth,
the Evros forms an extended delta of high ecological impor-
tance that was designated a Natura 2000 site and is pro-
tected under a number of multilateral agreements (UNECE
2011). Despite its economic and ecological importance, the
river has been suffering from increasing pollution, fragmen-
tation, flow regulation, and high vulnerability to flooding
(Nikolaou et al. 2008; Skoulikidis 2009). Human interven-
tion in the basin increased after the 1950s, with the con-
struction of several dams and reservoirs. Ineffective
management of these dams has been suggested to be among
the main factors contributing to the observed increase in
flood frequency in the downstream part of Evros over the
past 13 years (Angelidis et al. 2010). As a transboundary
river, the Evros receives industrial waste, agricultural dis-
charge, and urban sewage from the three countries sharing
its basin, while discharging high loads of organic and inor-
ganic material to the coastal zone (Kanellopoulos et al.
2009). Freshwater discharge by the Evros river is responsible
for more than half of the dissolved organic carbon (DOC)
input carried by major Balkan rivers to the Eastern Mediter-
ranean (Skoulikidis 2002), with potentially important impli-
cations for coastal photobiogeochemical processes. Yet,
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there is no information on the composition, optical proper-
ties, and distribution of these dissolved organic compounds
along the river and coastal waters, or how these are affected
by changes in precipitation, wetland contributions, and
human activities in this large urban- and agriculturally-
influenced watershed.

This study presents the first combined biochemical and
optical data for DOM along the continuum of the Evros
river, wetlands, estuary, and the coastal zone. Comprehen-
sive measurements of CDOM optical signature and molecu-
lar weight (MW) distributions were combined with
measurements of precipitation and river discharge, water
physicochemical properties, inorganic constituents, DOC
and chlorophyll a (Chl a) concentrations. Measurements
were performed over three years, in seasons characterized by
largely different river discharges and along transects extend-
ing more than 70 km from the freshwater upstream reaches
to a marine end-member two kilometers offshore in the
Aegean Sea. Our main objective was to examine the complex
influences of anthropogenic disturbances (i.e., allochthonous
inputs and dam operation) on DOM dynamics in one of the
most economically valuable and, simultaneously, particu-
larly vulnerable transboundary rivers of the Eastern Mediter-
ranean and its Ramsar protected coastal wetland. Results are
particularly relevant to integrated coastal zone management
efforts and responses to future pressures, especially as the
Eastern Mediterranean is an area that has been identified as
a “hotspot” in terms of climate change (Giorgi 2006; Lelie-
veld et al. 2012).

Materials and methods

Site description

Running over 530 km in length, the Evros is the longest
river in the Balkan Peninsula and the second largest in terms
of water discharge amount in Eastern Europe after the Dan-
ube River (Kanellopoulos et al. 2009) (Fig. 1). Its basin is the
fifth largest in the Mediterranean, following Nile, Rhone,
Ebro, and Po. The Evros total drainage area is approximately
53,000 km? of which 66% is in Bulgaria, 27% in Turkey, and
7% in Greece. The river rises on the slopes of Mount Rila in
Bulgaria, and receives water from Mount Rodopi and the
Antiaimos range via its tributaries Arda and Tundzha. One of
its major tributaries, the Ergene (Fig. 1), receives wastewater
from many industrial plants in the Turkish Thrace region,
including leather tanning and textile industries (Gunes et al.
2008). Forming a natural boundary of 240 km between
Greece and Turkey, the Evros flows into the Aegean Sea
between the cities of Enez and Alexandroupolis. The average
water discharge ranges between 50 m® s™' and 100 m® s !
depending on season (Dimitriou et al. unpubl.) with maxi-
mum water discharge in winter (December to April) and
minimum in summer (July to September). The climatic and
geomorphologic characteristics of the basin lead to run-off
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Fig. 1. Map of the 14 sites sampled in the Evros trans-boundary river.
(a) Sites extending from the freshwater end-member (S1) to the Aegean
coastal waters S13. The location of the Alexandroupoli, Kipoi and Yeni-
cegorece stations where precipitation and river discharge were measured
are also shown. (b) Eight sites were sampled in the Evros delta and
marshes (S7, S8, S9), river mouth (S10, S-DF), and adjacent coastal
waters (S11-S13). The location of the dam is also shown.

conditions characterized by high inter-annual flow variabili-
ty and favorable conditions for flood events (Maris pers.
comm.). Among the most intense over the past 10 years
were the floods in February-March 2005 (recurrence interval
1000 years), in January 2006, March 2006 (worst flood in
past 50 years), in November 2007, and in February 2010
(UNECE 2011; Dimitriou et al. unpubl.). At its mouth, the
Evros forms an extended delta (188 km?) that has a wide
diversity of habitats including freshwater and salt marshes
(Salicornia sp., Salsola sp., and Phragmites communis), coastal
lakes, lagoons, and sand dunes (Ramsar Report Evros Site,
1998). Although in Eastern Mediterranean the tidal range is
small, the Evros delta is regularly flooded by sea tides
because it is formed lower than the sea level.

Sample collection
To examine spatial dynamics in physicochemical, optical
and biogeochemical properties, surface water samples were
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collected along transects extending from a freshwater end-
member approximately 70 km from the shore (site S1;
41.223°N, 26.325°E) to a marine end-member at sal-
inity > 30, two kilometers offshore in the Aegean Sea (site
S13; 40.743°N, 26.008°E). Sites S1-S6 are along the Evros
freshwater main stem. The area between S3 and S4 is where
the Ergene tributary merges with Evros. S7-S10 are brackish
sites in the Evros delta. S11-S13 are coastal marine sites in
the Aegean sea (Fig. 1).

To examine seasonal and year-to-year variability, measure-
ments were performed during seven samplings that covered
different seasons, including spring (wet season), summer
(dry season) and early fall (end of dry season), over a three
year period (2008-2010) (Table 1). The construction of a
small dam downstream of S7 in September 2008 diverted the
river flow into a channel to the east of the Evros delta area,
in the Turkish side of the basin (Fig. 1b). To examine the
influence of the dam on coastal water quality and DOM
dynamics, one of our samplings was performed in October
2008. In addition to our regular sampling sites, this sampling
included two additional sites: a site in an area in the Evros
delta covered by extensive brackish marshes (§8), and a site
at the mouth of the channel receiving the diverted flow in
the Turkish side of the basin (S-DF). In April 2009, the small
dam was already considerably eroded and remained non
operational during our samplings in 2009 and 2010.

Hydrological and physicochemical measurements
Discharge measurements (in m?® s7!, Table 1) were avail-
able at the monitoring station Kipoi (Dg), located down-
stream of S4 in Evros, during three of our samplings (July
2008, April 2009, and September 2009), and at Sta. Yeni-
cegorece on the Ergene river (Dgrg), 15 km upstream of the
merging with Evros (Fig. 1), during all sampling dates (data
available from the Prefecture of Eastern Macedonia—Thrace,
the Turkish General Directorate Of State Hydraulic Works,
DSI 11th Regional Directorate—Edirne, and the Greek Minis-
try of Environment, Energy and Climate Change). Daily pre-
cipitation values (in mm) were measured consistently at the
Orestiada station (National Observatory of Athens, 41.506°N,
26.535°E) and at the Alexandroupoli station (Hellenic
National Meteorological Service, WMO16627, 40.850°N,
25.883°E) during 2008-2010 (Fig. 1). The average of the two
sites was used as the most representative estimate for the sec-
tion of the river sampled in this study. From these values, we
estimated the total precipitation accumulated over the two
months preceding each of our sampling dates (parameter P,
in mm; Table 1). This quantity had the best correlation with
Dk (r>0.7, n=308, p<0.0001, using all available data in
2008 and 2009) compared to total precipitation accumulated
over one-month or three-months prior to each sampling, and
can be used as a proxy for water discharge at Kipoi.
Temperature, pH, salinity, and dissolved oxygen (DO),
were measured in situ using the portable Hanna HI-9828
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multiparameter water-quality meter, calibrated before each
deployment as required by the international scientific proto-
col. Water samples of 700 mL and 100 mL were collected for
measurements of concentrations of inorganic constituents
and chloride, respectively. Samples for inorganic analysis
were preserved with 1% HgCl, (1 mL L™! of sample). Water
samples were stored at 4°C and filtered immediately upon
arrival at the laboratory. Ammonium (NH;) and chloride
(Cl™) concentrations were measured after filtering water sam-
ples through 0.45 um pore size Whatman cellulose nitrate
membrane filters, and concentrations were determined in
the soluble fraction by spectrophotometer Pharo 300 Spec-
troquant (Merck) and ion analyzer 940 Professional IC Vario
(Metrohm), respectively.

Chl a and DOC concentrations

Chl a concentration was measured fluorometrically using
EPA method 445.0 with minor modifications (Arar and Col-
lins 1997). Sample water (150-300 mL) was filtered using
47 mm diameter Whatman GF/F filters. The filters were then
folded and placed into 20 mL scintillation vials. Refrigerated
samples were extracted (without grinding) in 10 mL 90%
acetone/water (v/v) overnight. Fluorescence of the extract
was measured on a Turner Designs 10AU fluorometer. The
extract was then acidified with two drops 1 N HCIl and
remeasured. Chl a and phaeophytin (data not shown here)
were calculated from acidified and nonacidified fluorescence
values. The calibration was conducted using pure chloro-
phyll o (Sigma) as a standard.

Samples for DOC and CDOM analysis were filtered
through 0.22 pum Nucleopore filters. Duplicate samples
(10 mL) for DOC determinations were stored in precom-
busted (480°C, 12 h) glass ampoules, acidified with 2.5 mol
L~! HCI to pH ~ 2, flame- sealed immediately and kept at
4°C until analysis. DOC concentrations, [DOC], were deter-
mined using a Shimadzu (TOC-5000) analyzer and following
the methods in Sugimura and Suzuki (1988) and Cauwet
(1994). Analytical precision and accuracy were tested against
Deep Atlantic Seawater Reference Material provided by the
dissolved organic carbon consensus reference materials
(DOC-CRM) program (D. A. Hansell, University of Miami).
Measured value was 44 =3 ymol C L™! (n=5), with a certi-
fied value of 45+ 1 ymol C L.

CDOM absorption and fluorescence analysis
Measurements of CDOM absorption were performed using
a Cary-4 dual beam spectrophotometer, as described in detail
in Tzortziou et al. (2008). CDOM absorption coefficients,
dcpom, Were measured in the spectral range from 270 nm to
750 nm (1 nm bandwidth and resolution). Absorption coeffi-
cients are reported here at 300 nm, as this is a reference
wavelength commonly used in the literature (Table 4
includes estimates at additional wavelengths to facilitate
comparison with other studies in Mediterranean rivers and
coastal waters). The CDOM absorption spectral slope, Scpowm,
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was estimated after applying nonlinear exponential regres-
sion to absorption values across the full spectral range of the
measurements (R?> values in all cases>0.99). The average
range between duplicate determinations of Scpom Wwas
0.0001 nm~'. The DOC-specific CDOM absorption coeffi-
cients, agpop(4)=acpom(4) : [DOC], were also estimated.
Both aijoy and Scpom have been previously proposed as
tracers of DOM aromatic content and molecular size, with
atpoy typically increasing and Scpowm decreasing with
increasing aromaticity and MW (Stewart and Wetzel 1980;
Chin et al. 1994).

CDOM fluorescence was measured on a Jobin-Yvon/Spex
Fluoromax-3 spectrofluorometer. The fluorescence emission
measured by the signal-detector, S., was referenced to the
signal measured by the reference-detector, R., to monitor
and correct for fluctuations in the lamp output, according
to manufacturer’s protocol. Emission and excitation
correction-factor files were applied according to manufac-
turer instructions to correct for the wavelength dependen-
cies of the optical components of each monochromator and
the detectors themselves. Three-dimensional fluorescence
Excitation-Emission-Matrices, EEMs, were measured at exci-
tation wavelengths from 240 nm to 600 nm (5-nm resolu-
tion) and at emission wavelengths from 250 nm to 600 nm
(2-nm resolution). Bandwidths were set to 5 nm. Fluores-
cence spectra were corrected for absorption within the sam-
ple (inner-filter effect) according to McKnight et al. (2001).
The fluorescence signal of deionized (di) water was meas-
ured as a blank and subtracted from the sample spectra to
correct for Raman scattering effects. The standard error in
the fluorescence measurements was less than 0.5%. The
EEMs were analyzed using the traditional “peak picking”
technique (Coble et al. 1998; Yamashita and Tanoue 2004;
Fellman et al. 2010).

In addition, we estimated two fluorescence indices, the
humification index (HIX) and the index of recent autoch-
thonous contribution or biological index (BIX) (Huguet et al.
2009). HIX is the ratio of fluorescence emitted at 435-
480 nm to that emitted at 300-345 nm, at excitation
254 nm. High fluorescence HIX values correspond to high
fluorescence emission at longer wavelengths, indicating
larger contributions from complex molecules and high MW
aromatics (Huguet et al. 2009). The BIX has been used in
previous studies to determine the presence of the fluores-
cence marine peak (M) characteristic of autochthonous bio-
logical activity (Coble et al. 1998; Huguet et al. 2009). BIX,
is calculated at excitation 310 nm, by dividing the fluores-
cence emitted at 380 nm (maximum of peak M) by the fluo-
rescence emitted at 430 nm (typically, maximum of humic-
like fluorescence peak C).

Molecular weight distribution
The MW distribution was determined using size exclusion
chromatography-high performance liquid chromatography
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Fig. 2. (a) Salinity (unitless), (b) dissolved oxygen (DO) saturation (in
%), (c) chlorophyll a concentration ([Chl a], in ug L"), and (d) DOC
concentration ([DOC], in mg L™") along the Evros river for all sample
dates. The locations of the merging with Ergene, the river dam, and the
Evros river mouth are indicated by dashed lines.

(SEC-HPLC) coupled with a UV-Vis detector as reported in
Jaffé et al. (2012). Briefly, the analyses were performed on a
Shimadzu (Model LC-10AT) HPLC system fitted with a YMC-
Pack Diol-120G size exclusion column (pore size 12 nm,
inner diameter 8.0 mm length 500 mm; YMC). An aliquot of
100 uL analyte without pH adjustment was injected into the
column directly. The eluent used was 0.05 mol L™ Tris(hy-
droxymethyl) aminomethane (THAM) adjusted to pH 7.0
with phosphoric acid, eluted at a flow rate of 0.7 mL min '
and measured at 280 nm UV absorption (Scully et al. 2004).
The column was calibrated using five poly(styrenesulfonic
acid Sodium salt) standards of different and known molecu-
lar weights (MW = 1400, 4300, 6800, 13,000 and 32,000 Da,
respectively; Sigma Chemical). The void volume (V,=14.1
min) and void volume plus inner volume (Vo+ V;=27.5
min) were determined using Blue Dextran 2000 (Pharmacia,

CDOM dynamics in a transboundary river

at 628 nm wavelength) and Glycine (Pierce, at 210 nm wave-
length), respectively. The weight-average molecular weight
(M,,) was calculated as follows: M,, = Z(AiMi)/ ZAi, where Ai
and Mi are, respectively, the absorbance in arbitrary units
and the MW estimated from the calibration curve at elution
volume i. Determining MW distributions of DOM by SEC
with UV detection has been commonly reported in the liter-
ature. Following Scully et al. (2004) and Jaffé et al. (2012),
M,, is reported here as an index (relative average MW values)
to compare the average size of DOM measured under the
standard conditions. DOM polydispersity (d) was calculated
as follows: d = M,,/M,,, where M,, (number-average MW) was
calculated using the equation M, = £Ai/X(Ai/Mi) (Jaffé et al.
2012). Since salinity strongly affects the SEC distribution,
only samples of similar salinity were compared here.

Statistical analysis

Statistical analysis was performed using the SigmaStat/
Systat software. The unpaired t-test (including the normality
test Shapiro-Wilk) was used to calculate the probability that
the means of two different samples was statistically signifi-
cant. The f statistic, degrees of freedom (df), and the p value
are reported. The Pearson Product Moment Correlation was
used to measure the strength of the association between
pairs of variables. The correlation coefficient, r, the number
of samples, 1, and the p value are reported.

Results

Hydrologic and physicochemical conditions

Precipitation (P) and river discharge (Dx and Dggg) in
the Evros catchment showed large seasonal variability
(Table 1). Relatively high precipitation (P>80 mm during
the two month period preceding each sampling) was meas-
ured for both our samplings in spring (wet season), while
precipitation and discharge were lower in summer (dry sea-
son) (Table 1). This is typical for semiarid Mediterranean
systems. Based on the long term data series (1970-2010)
available at the Alexandroupoli station, the average total
monthly precipitation decreases from 55.4 mm, 44.8 mm,
and 35.3 mm, in February, March, and April, respectively,
to 269 mm, 23.7 mm, and 13.7 mm in June, July, and
August. An exception was the June—July 2010 period. Total
rainfall amounts were 46.4 mm in June 2010 and
45.8 mm in July 2010, more than twice the long-term
(1970-2010) monthly average. Total rainfall reached as
high as 103 mm during the two months preceding our
sampling in July 2010, compared to<38 mm during the
two months preceding our samplings in July 2008 and
July 2009 (Table 1).

Changes in precipitation directly affected salinity gra-
dients, resulting in a seasonal transition between freshwater
and saline regimes in the Evros delta and coastal waters
(Fig. 2a). Superimposed on the influence of precipitation
was the influence of the dam on freshwater flow regulation.
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Table 2. Salinity (unitless), DOC concentration (mg L"), Scpom (nM ™), acpom (300) (™), and apoy (300 nm) (m? g~ ') meas-
ured in the freshwater segment of the river upstream (FW u-Ergene) and downstream (FW d-Ergene) of the merging with Ergene, in
the Evros marshes, the river delta, and coastal waters (average value, SD in parenthesis, and range of values are shown). Downstream
the location of the dam, results are shown for samplings when the dam was operational (October 2008) and when the dam was not
operational (all other samplings), and at the site receiving the diverted river flow in October 2008 (S-DF).

Salinity DOC SCDOM aCDOM(300) a*CDOM(300)
FW u-Ergene <1 2.75 (0.41) 0.0174 (0.0007) 8.11 (1.30) 3.03 (0.46)
(51-S3) All transects 2.26-3.71 0.0160-0.0186 5.49-9.88 2.24-3.77
FW d-Ergene <1 4.53 (1.06) 0.0161 (0.0008) 15.48 (3.46) 3.46 (0.50)
(54-56) All transects 2.75-6.13 0.0145-0.0173 10.70-20.13 2.93-4.62
Marshes (S8) 29.7 (n=1) 592 (n=1) 0.0168 (n=1) 23.56 (n=1) 3.98 (n=1)
Dam operational
(October 08)
River delta (57, S9, S10) 3.8 (5.9) 0.0-20.0 3.56 (0.52) 0.0167 (0.0005) 11.68 (2.27) 3.32 (0.53)
Dam non operational 2.71-5.15 0.0157-0.0177 8.69-16.57 2.60-4.06
River delta (57, S9, S10) 35.5(2.4) 33.8-37.2 2.09 (0.21) 0.0193 (0.0002) 3.55 (0.31) 1.81 (0.25)
Dam operational 1.90-2.31 0.0192-0.0195 3.33-3.77 1.63-1.98
(October 08)
Coastal waters (S11-513) 29.5(10.2) 4.7-37.9 2.39 (0.71) 0.0190 (0.0039) 5.80 (3.90) 2.20 (1.06)
Dam non operational 1.59-3.53 0.0165-0.0301 0.85-11.73 0.53-3.78
Coastal waters (S11-513) 374 (n=1) 1.52(n=1) 0.0210 (n=1) 1.51 (n=1) 1.0(n=1)
Dam operational
(October 08)
S-DF Dam operational 0.05(n=1) 4.88 (n=1) 0.0157 (n=1) 17.84 (n=1) 3.66 (n=1)

(October 08)

Maximum salinity was measured in the Evros delta follow-
ing the construction of the dam in October 2008. Salinity
reached 29.7 in the marshes (S8) compared to almost zero
in April 2010, and 35.5 at the mouth of the delta (S10)
compared to an average value of 14 (Fig. 2a). At the marine
end-member (S13), salinity varied between 28 and 37.9,
with the lowest value in April 2009 and maximum in Octo-
ber 2008.

Dissolved oxygen (DO) variability in the river was
mostly biologically rather than physically driven, as indi-
cated by the almost no correlation with water temperature.
DO conditions remained close to saturation (99% on aver-
age) at our upstream freshwater sites S1-S2, with slightly
higher values (by 11%) during summer (Fig. 2b). Highly
variable conditions, with DO as low as 30% to as high as
260% (standard deviation (SD) = 44%) were observed down-
stream of the merging with Ergene during the dry season,
with the highest DO (> 160%) coinciding with particularly
high Chl a concentrations. DO in this segment of the river
was lower and considerably less variable during the wet sea-
son (90%, SD =2%). Low variability was observed during
both wet and dry seasons in the coastal waters, where DO
was close to saturation (102%, SD =9%) suggesting well
oxygenated waters. Undersaturated waters (< 50%) were
observed in the Evros marshes during the October 2008
sampling.

Inorganic constituents, Chl a, and DOC dynamics

Ammonium (NH;}) and chloride (CI™) concentrations con-
sistently increased downstream of the merging with Ergene,
NH} by more than an order of magnitude and Cl~ by more
than a factor of two (Table 1). In October 2008, NH; was
below detection (< 0.01 mg LY in the coastal waters down-
stream of the river dam and off the Evros main stem, while
both NH; and Cl~ remained at high levels in the coastal
waters receiving the diverted freshwater discharge (site S-DF).

Chl a was relatively low during spring, with an average
concentration of 5.5 ug L™! (SD=1.4 ug LY in the
freshwater-brackish segment of the river and 3.5 ug L™*
(SD=1.2 ug L' at the marine end-member (Fig. 2c). Con-
siderably higher Chl @ amounts and variability (67 ug L™! on
average, SD =81.8 ug L™ ') were observed during the summer
and fall months. Maxima in Chl a were often observed
downstream of S3, with concentrations exceeding in some
cases 200 ug L.

DOC concentrations varied both spatially and temporally
(1.52-6.13 mg L~') (Fig. 2d; Table 2). Freshwater DOC
showed statistically significant seasonal variability (t-test,
t=-3.248, df =26, p=0.003) with higher concentrations
(4.32 mg L™, SD=1.21) during the warm summer months,
particularly following high precipitation in July 2010, and
lower in spring (2.96 mg L™!, SD = 0.85). In addition to this
seasonal variability, DOC showed large spatial gradients
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Fig. 3. Relationship between DOC concentration ([DOC], in mg L")
and CDOM absorption at 300 nm (in m™"), for measurements at: fresh-
water sites upstream the merging with Ergene (FW u-Ergene), freshwater
sites downstream the merging with Ergene (FW d-Ergene), brackish sites
during October 2008 (BR, October 08), brackish sites all samplings other
than October 2008 (BR, other), Evros marsh (S8) during the October
2008, marine sites for October 2008 (Marine, October 08), and marine
sites all samplings other than October 2008 (Marine, other). The linear
regression between all measurements of DOC and CDOM absorption is
also shown (liner fit; r=0.92, n= 68, p<0.0001).

along the river. While [DOC] was relatively low upstream of
$3 (2.75 mg L%, SD =0.41), a sharp increase by almost a fac-
tor of two was consistently observed at S4 with [DOC]
remaining elevated (on average 4.53 mg L~') more than
25 km downstream. Variability in the delta and coastal zone
was driven by changes in water discharge, with relatively
high [DOC] (> 3.5 mg L™ ') extending out to the Aegean Sea
under high discharge conditions. Low values (< 2.0 mg L")
were observed in the coastal waters downstream the dam
and off the Evros main-stem in October 2008, while [DOC]
was as high as 4.88 mg L™! at the mouth of the channel
receiving the diverted freshwater flow (S-DF). A consistent
high peak in [DOC] was observed in the marshes (S8), partic-
ularly during the October 2008 sampling when the marsh
area remained unaffected by upstream freshwater inputs.

DOC was strongly correlated with CDOM absorption
(r=0.92, n=068, p<0.0001; Fig. 3). Extrapolation of the lin-
ear regression to zero dacpom (Fig. 3) provides an estimate of
the nonabsorbing fraction of DOC. This was 1.08 £ 0.13 mg
L~! at 300 nm (p <0.0001), or approximately 33% of DOC
on average over all seasons. The absorbing DOC component
was on average higher (80%) in the freshwater segment of
the river, decreasing to 64% in the brackish estuarine waters
and 40% at the marine end-member. Estimates of seasonal
trends showed an average decrease in the fraction of absorb-
ing DOC from 70% in spring to 58% in early-mid fall.

CDOM dynamics in a transboundary river

Ergene Dam River mouth
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Fig. 4. Change in CDOM absorption properties along Evros for all sam-
ple dates. Average values (over all sampling dates, at each site) are
shown as solid line, while variability among sampling dates (1 SD) is
shown by the error bar. Symbols are same as in Fig. 2.

CDOM absorption characteristics

Although variability in CDOM was driven partly by
changes in DOC amounts, observed gradients in both DOC-
specific CDOM absorption and spectral slope (quantities
strongly inversely correlated, r=—0.73, n=68, p<0.0001)
reflected parallel changes in DOM composition (Fig. 4; Table
2). Whereas freshwater DOM showed small spatial gradients
and no clear seasonal dependence upstream of S3, a steep
increase in acpom (by a factor of 2) with a parallel increase
in agpoym and decrease in Scpom were observed downstream
the merging with Ergene, particularly during the dry season.
Absorption remained elevated while Scpoym remained low
almost 25 km downstream (Fig. 4). A gradual decrease in
dcpom and agpoy with a simultaneous increase in Scpowm
were found in the Evros delta (§7-S10) under dry conditions
(i.e., >40% decrease in dacponm), while CDOM properties
remained almost constant (< 5% decrease in acpom and
almost no change in Scpon) during high water discharge.
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TABLE 4. Continued
Study Area

Peaks
(280/300-310)

Scoom (nm_1)

DOC (mg L™") acpom (4) (m™")

Source

(basal discharge)
(hydrological transition)

C (330/410-430)
A (240-250/445-460)

0.0145-0.0195

GCDOM(ZSO): 4.89-32.94

1.90-6.13

This study (freshwater-brackish

Evros river, delta, and

M (310/410)
B (280/305-330)

=0.0170

Average

Average =16.09
GCDOM(350): 1.28-10.19

=3.52

Average

area, Salinity: 0-37,

N.Aegean coastal

2.75)

Average Salinity

waters

T1 (280/335)
T2 (240/350)

4.96

aCDOM(375): 0.79-6.71

Average

P6 (300/460)
C (330-360/440-460)
A (240-250/445-460)

aCDOM(443): 0.22-2.47

0.0165 - 0.0301

GCDOM(ZSO): 1.55-16.34

1.52-3.53

This study (Evros delta-coastal

B (280/305-310)

=0.0191

Average

Average =7.78
aCDOM(350): 0.19-5.13

=232

Average

area, Salinity: 5-38, Average

T1 (280/335)
T2 (240/340-350)

=30)

Salinity

2.28

aCDOM(375): 0.09-3.39

Average

P6 (300/460)
C (330-360/440-460)

dcpom(443): 0.01-1.10
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CDOM dynamics in a transboundary river

Under such conditions, strongly absorbing and low slope
CDOM was exported to the coastal Aegean, with
acpom(300) as high as 11.73 m ' and Scpom as low as
0.0165 nm ™! more than 1.5 km offshore (512). Under dry
conditions (July 2008, July 2009), CDOM in these coastal
waters was characterized by considerably lower absorption
(4.1 m™!, SD=3.0), lower ajpny (1.71 m? g, SD=0.81)
and higher Scpon (0.0200 nm™ !, SD =0.0057) (Fig. 4).

Dam-induced changes in water flow regimes in October
2008 dramatically affected coastal CDOM quality. Intrusion
of saltwater introduced weakly absorbing and high slope
marine CDOM  (dcpom(300)=3.55 m™ !, Scpom=
0.0193 nm ') into the Evros delta, while strongly absorbing
and low slope CDOM (acpom(300)=17.84 m !,
Scpom = 0.0157 nm™!) was found in the coastal waters off
the mouth of the channel receiving the diverted freshwater
flow (S-DF). Under this flow regime, CDOM in the marshes
was characterized by particularly high acpowm, high aipoum
and low Scpoy (23.56 m™ !, 3.98 m? ¢! and 0.0168 nm !,
respectively) (Fig. 4; Table 2).

CDOM fluorescence characteristics

The HIX index, showed a gradual decrease with increas-
ing salinity from 6.95 to 0.75, with the exception of a peak
(HIX=8.08) in the marsh (Table 3). Variability in HIX
upstream of S3 was driven by changes in precipitation
(r=0.82, n=7, p=0.024), while downstream of S3 HIX was
not correlated strongly with precipitation (r=0.4, n=7,
p=0.37). In the Evros delta, HIX remained relatively high
(6.23, SD =0.51), but decreased to < 3.0 when the dam was
operating (Table 3).

BIX ranged between 0.63 and 0.77 upstream of S3 and
was strongly correlated with changes in Chl a (r=0.86,
n=7, p=0.012). Downstream S3, BIX was statistically sig-
nificantly lower (0.49-0.65; t-test, t=4.960, df=12,
p<0.001), became inversely correlated with Chl a
(r=-0.76, n=7, p=0.046) and positively correlated with
total precipitation and discharge from Ergene (r=0.84,
n=7, p=0.018). BIX, remained relatively low in the Evros
marshes and at coastal sites influenced by the Ergene out-
flow, while it increased in the river delta and reached 0.9
(SD=0.1) at the marine end-member during low freshwater
influence (Table 3).

Three main peaks were identified in the fluorescence
EEMs of freshwater CDOM upstream of S3 (Table 3; Fig.
S5a,e). A peak at EXpax/Empmax =240/445 nm was consis-
tently the most prominent one, and similar to peak A in
Coble et al. (1998) indicating humic material (Fellman
et al. 2010). The second most dominant peak was at Ex;ax/
Em.x = 310/410 nm, similar to the marine UVA humic-
like peak M reported in previous studies and associated
both with biological activity as well as terrestrial and
anthropogenic sources (Fellman et al. 2010). A third peak
at  Expa/Empa. =280/(310-330) nm has fluorescence
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CDOM dynamics in a transboundary river
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Fig. 5. CDOM fluorescence EEMs along the Evros river under (a-d) dry conditions in July 2008, and (e-h) under wet conditions in July 2010. Gra-
dients are shown upstream and downstream of the confluence with Ergene (u- and d-Ergene, respectively), in the main Evros delta and at the marine
end-member off the main delta (S12-S13). Fluorescence is shown in relative units.

characteristics similar to the protein-like peak B (tyrosine),
which previous studies suggested to be indicative of biologi-
cal activity, microbial processing, and relatively degraded
peptide material (Yamashita and Tanoue 2004).

Freshwater CDOM directly downstream of the merging
with Ergene showed a distinctive fluorescence footprint
(Table 3; Fig. Sb,f). Peak A increased on average by a factor
of 9, was still the most prominent one, and was slightly red-
shifted. Peak M was absent. The protein-like peak increased,
on average, by a factor of 11 and was at Exyax/Empmax = 280/
335 nm, resembling tryptophan fluorescence (T1) and indic-
ative of intact proteins or less degraded peptide material
(Fellman et al. 2010). Three additional peaks were identified.
A peak at EXpax/Empax =240/350 nm, similar to the short
UV excitation component of tryptophan-like fluorescence
(T2), was the second most pronounced peak after A (Hudson
et al. 2008). A peak at EXpax/Empax = 360/460 nm, is similar
to the UVC humic-like peak C in Coble et al. (1998). A very
well defined peak at Expax/Empax = 300/460 nm was promi-
nent in all (and only those) CDOM samples affected by the
Ergene outflow. This peak is not common in the literature,
and will be referred to here as peak P. Variability in P : A
and C : A was strongly correlated with discharge from Ergene
Dgrg (r=0.91, n=7, p=0.004, and r=0.90, n=7, p=0.005,
respectively). Both ratios remained unchanged during trans-
port to the coastal zone (Table 3). With the exception of
October 2008 when the dam was operating, this five-peak
CDOM fluorescence signature persisted along the full extent

of the Evros main stem, from S4 down to the river mouth,
with a very consistent relative contribution among different
fluorescence components (Figs. 5c,g, 6¢; Table 3). It was also
observed in the Aegean coastal waters under freshwater influ-
ence, as in July 2010, although peaks T1 and T2 were more
pronounced relative to peak A in the coastal environment
(Fig. 5h; Table 3). Under low freshwater influence (July 2008,
October 2008), this five-peak fluorescence footprint was not
detected at the marine end-member. Instead, coastal CDOM
was characterized by a fluorescence signal with dominant
contribution by the protein-like fluorescence component, a
small contribution from peak A, and occasionally small con-
tributions from the short UV excitation component of
protein-like fluorescence (Fig. 5d; Table 3).

In October 2008, CDOM in the Evros brackish marshes
had a fluorescence signal that was different than that of
CDOM from other sources in Evros (freshwater or marine). It
was very similar to that of CDOM exported from brackish
tidal marshes (primarily vegetated by Spartina patens, Scirpus
olneyi, and Phragmites australis; Tzortziou et al. 2008) in the
Chesapeake Bay estuary, along the Eastern coast of the
United States (Fig. 7). Peaks A, C, and B were present in
CDOM from both marsh environments, at very similar rela-
tive contributions (Table 3). CDOM collected from the river
mouth (S9-S10) in October 2008 was characterized by the
same three peaks, suggesting marsh influence (Fig. 6¢). Dur-
ing this river flow regime, the five-peak CDOM fluorescence
footprint identified at the merging with Ergene was observed
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S-DF, Oct 08

FW d-Ergene, Oct 08

River delta, Oct 08
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Emission (nm)

Fig. 6. Fluorescence EEMs measured on CDOM collected in October
2008 from (a) Evros downstream of the confluence with Ergene (FW d-
Ergene), (b) the coastal water receiving the diverted river flow (S-DF),
(c) downstream of the dam in the river delta off the Evros main stem,
and (d) the marine end-member off the Evros main stem.

only in the coastal waters off the Turkish channel receiving
the redirected freshwater discharge (S-DF, Fig. 6a,b).

DOM molecular weight distribution

DOM upstream of S3 showed five peaks in our measured
SEC elution curves, at elution times 19.7 min (with a
shoulder at 19.1 min), 20.5 min, 21.9 min, 24.1 min, and
24.8 min (Fig. 8a). Downstream of the merging with Ergene
(S4), DOM showed an additional elution peak at 23.6 min, a
considerable increase in the larger MW fraction components
(left shoulder of first peak), and changes in the relative con-
tributions of the two peaks at longer retention times, which
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E 350 350
Q
"
M 300 300
250 250
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correspond to smaller MW fraction components. Almost
identical MW distribution was found for CDOM at S-DF,
with a small decrease in the relative contribution of the
larger and smaller MW DOM components. Both M,, and pol-
ydispersity increased downstream the Ergene influence. M,
increased from 970 at S3 to 1166 at S4, and remained rela-
tively high (1018) in the coastal waters receiving the fresh-
water outflow (S-DF). Polydispersity increased from 2.32 at
S3 to 2.91 at S4 and 2.55 at S-DF.

DOM collected from the Evros marshes (salinity 29.7)
showed three distinct elution peaks that were very similar to
the peaks measured on CDOM exported from the Chesa-
peake Bay brackish marshes during the fall of 2008 (measure-
ments at low tide, salinity 14.3) (Fig. 8).

Discussion

Dissolved organic carbon dynamics

In a review study of the environmental state of 15 river
basins that cover 83% of the Balkan river flow to the Medi-
terranean and largely encompass the physicogeographical
diversity of the Balkan Peninsula, the Evros was among the
most polluted (Skoulikidis 2009). It was also the only one
characterized by “bad quality” status for all measured
nutrients. Industrial and urban activities in the three coun-
tries sharing this basin, combined with a high proportion of
agricultural land and forests, are expected to result in
organic matter enrichment (Abril et al. 2002). Indeed, DOC
concentrations in the Evros have been reported to be the
highest among 13 major rivers that collectively contrib-
ute > 75% of the total Greek peninsula runoff to the Mediter-
ranean (Skoulikidis 2009). Among these, transboundary
rivers were the most polluted with the Evros at the top, fol-
lowed by the Axios/Vardar river shared between Greece and
the Former Yugoslav Republic of Macedonia (Skoulikidis
2002).

Our measurements were consistent with previous studies
in the Evros that reported [DOC] in the range 2.09-3.87 mg

500

450 350

Emission (nm)

Fig. 7. CDOM fluorescence EEMs in the Evros coastal marshes (a) in April 2010 when the dam was not operating and (b) in October 2010 when the
dam was operating and the marshes were not influenced by freshwater outflow (mid panel). (c) The fluorescence EEM measured on CDOM collected

from the Chesapeake Bay (CB) brackish marshes in November 2008.
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Fig. 8. Elution curves of DOM collected during our sampling in Octo-
ber (dam operational). (a) Results for DOM collected from sites S3
(upstream of the merging with Ergene), S4 (downstream of the merging
with Ergene), and S-DF (coastal site affected by the redirected freshwater
flow). Salinity at all sites was zero. (b) Elution curves of DOM collected
from the Evros marshes (salinity =29.7) and the brackish Chesapeake
Bay marshes (salinity = 15). Results were normalized to maximum meas-
ured values. Peaks at smaller elution times correspond to larger molecu-
lar size DOM.

L~ ! and an average of 2.77 mg L~' (Skoulikidis 2009). How-
ever, our results also revealed that [DOC] can reach consider-
ably higher levels, associated with marsh export of carbon-
rich material nonpoint pollution sources and (Table 2).
Compared to other major southern European coastal catch-
ments, such as Po, Rhone and Arno (Table 4), [DOC] in the
Evros delta and coastal waters reached higher values, similar
to those reported for higher latitude, turbid, and highly pol-
luted European estuaries (Abril et al. 2002; Mattsson et al.
2009).

A large fraction of DOC in Evros (40-80%) was colored.
Our estimates of nonabsorbing DOC are lower compared to
values reported for the Baltic Sea and the Rhine river plume
(Ferrari et al. 1996; Ferrari 2000; Kowalczuk et al. 2010), but
agree with data reported for eutrophic estuarine and coastal
waters in the Tyrrhenian Sea, Chesapeake Bay, and Delaware
Bay mouth, as well as freshwater systems in the North Amer-
ica and United Kingdom, where nonabsorbing DOC was in
the range 0.6-1.2 mg L' (Seritti et al. 1998; Del Vecchio and
Blough 2004; Carter et al. 2012). They also agree with previ-
ous studies showing that absorbing DOC can contribute as
much as 70-80% to the total DOC pool in nearshore regions
where river inputs are dominant (Oliveira et al. 2006).
Among the non- or weakly-absorbing DOC substances, car-
bohydrates and urea typically represent the main fraction
(Ferrari et al. 1996). During our sampling, the average contri-
bution of total carbohydrates to DOC in Evros was in the
range 20-30% (Pitta et al. 2014), in agreement with our opti-
cal analyses. Similarly, in the case of the Taylor River in the
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Florida Everglades, the nonabsorbing fraction, such as carbo-
hydrates, represented only 35% of the DOC compared with
the coastal bay the river discharges into, where carbohy-
drates represented 77% of DOC (Maie et al. 2005) due to a
shift in DOC sources from soils and terrestrial higher plants
to seagrass communities. In addition to such biologically
controlled nonabsorbing DOC inputs, it has also been
reported that the nonabsorbing fraction of DOC can be
driven by storm-induced hydrological events in rain-forest
streams (Pereira et al. 2014). Considering that such influen-
ces were relatively short-lived in tropical rainforest streams
(ca. nine hours; Pereira et al. 2014), they may be less impor-
tant in more arid regions, such as the one under study here.

Influence of anthropogenic pressures on DOM quality
Changes in the CDOM optical signature indicated strong
variability in the source, composition, and distribution of
DOM, associated both with natural processes and anthropo-
genic pressures. The observed range in Scpom and agpoy in
the upper river, and the dominant role of peak A in fluores-
cence EEMs, reveal a major contribution of high MW, highly
aromatic, humic DOM (Stewart and Wetzel 1980; Chin et al.
1994; Coble et al. 1998). Similar Scpom and agpgy, values
were reported by Seritti et al. (1998) for the Arno river
($=0.0167 nm ™', atpoy(355)=1.17 m™ ') where, similarly
to Evros, DOM has a mixed allochthonous (industrial, agri-
cultural, urban) origin (Dinelli et al. 2005). The large contri-
bution by peak M, associated with biological activity but
also found often in agricultural catchment runoff (Fellman
et al. 2010), and the good correlation between BIX and Chl
a suggest some recent autochthonous DOM component
from biological activity, but combined with the observed
range in BIX (< 1.0) further indicate an important humic
character (Huguet et al. 2009) possibly associated with agri-
cultural run-off. This is consistent with previous studies
reporting that agricultural activities are among the most
important sources of pollutants along the Bulgaria-Greece
border of the Evros watershed (Nikolaou et al. 2008). Agricul-
tural land and forests are the main land uses in this section
of the river (Dimitriou et al. unpubl.). Strong contributions
of highly absorbing lignin and polyphenol aromatic humic
compounds from the soil, forested watershed, and litterfall
decomposition would, thus, be expected. Indeed, peak B, a
good indicator of low MW terrestrial polyphenolic structures
especially in environments with high contributions of humic
substances (Seritti et al. 1998; Scully et al. 2004), was the
third major peak identified in the CDOM fluorescence EEMs.
The noncorrelation between Chl a and DOC suggests that
the higher DOC amounts observed during the warm summer
months in the upper river (particularly following high pre-
cipitation conditions in July 2010) were not driven by bio-
logical activity. Rather, the observed seasonal variability in
DOC could be related to higher soil organic carbon concen-
trations during the growing season of terrestrial vegetation,
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and the greater soil temperature, leaching efficiency, and
flushing out of DOC from the surrounding forest organic
horizons during summer (Gueguen et al. 2006). The
observed high correlation between the degree of humifica-
tion of DOM and total precipitation in this section of the
river indicates an increased contribution of strongly humic
terrestrial DOM under increased catchment runoff, consist-
ent with Oliveira et al. (2006).

The dramatic shift in CDOM optical signature directly
downstream of the merging with Ergene, combined with the
more than an order of magnitude increase in NH, the > 2-
fold increase in Cl, and the twofold increase in DOC, high-
lighted the importance of the Ergene river as a major source
of allocthonous inputs of carbon, nutrients, and pollutants
in this system. This is consistent with Sakcali et al. (2009),
who compared water quality in the three major tributaries
flowing into Ervos: the Ergene, the Tunca, and the Arda river
(the last two merging with Evros upstream of our northern-
most sampling site) and found particularly high pollution
levels in the Ergene river. Water samples from Ergene had
the highest sulfate and nitrogen concentrations, the lowest
DO levels, and considerably higher biological (BOD) and
chemical oxygen demand (COD) values (by more than a fac-
tor of 5) (Sakcali et al. 2009).

With 11,325 km? of drainage area, Ergene is one of the
biggest river basins in the Turkish Thrace Region and a typi-
cal example of severe environmental deterioration due to
rapid urbanization and industrialization (Gunes and Talinli
2013). Both urban wastewater and solid waste inputs in the
river have increased the past decades (UNECE 2011). A total
of about 1500 industries in the region flush their effluents
directly into the main stem of the river and its tributaries,
and it is estimated that 80-85% of the total flow in Ergene is
from wastewater (Guines and Talinli 2013). Leather tannery
wastewater, municipal effluents, and uncontrolled landfill
leachates contribute to pollution (Giines et al. 2008; Ozkan
et al. 2010). A recent ecological assessment of the Ergene
river waters and sediments reported severe toxicity to Vibrio
fisheri (Glunes et al. 2008). Chloride and ammonium are
good indicators of anthropogenic sources, including inputs
of municipal waste leachates, farm drainage, piggery wastes,
sewage effluent, and agricultural run-off from the use of
nitrogenous fertilizers (Panno et al. 2005). Previous measure-
ments at several locations along the Ergene river showed par-
ticularly high levels of chloride and ammonia, with average
Cl™ ! and NH; levels of 378 mg L' and 0.95 mg L™*, respec-
tively, at the station closest to the confluence with Evros
(Table 2 in Ozkan et al. 2010). High values of ammonium
concentrations (1.9-12 mg L~ ') were reported by Giines
et al. (2008), who classified water quality as category IV (i.e.,
too polluted and should be used after treatment processes
only for industrial purposes). These results agree with the
increase in NH; and Cl ' we consistently measured down-
stream the merging of Evros with Ergene. Although detailed
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measurements of water optical properties in Ergene are not
available in the literature, Glines et al. (2008) reported high
values of organics and color (only absorbance at 340 nm was
measured), particularly near the most urbanized and indus-
trialized areas of Corlu and Cerkezkoy.

Our findings of an increase in agpq), decrease in Scpowm,
increase in peak A by almost an order of magnitude, and the
presence of a well defined peak C downstream of the merg-
ing with Ergene, indicate an increased input of strongly col-
ored, high MW, humic DOM, such as diagenetic products of
tannins or lignin-derived organic matter (Maie et al. 2007).
An even larger increase, however, was observed in the
protein-like fluorescence peak, which transitioned from
tyrosine-like B to tryptophan-like T. Such a large contribu-
tion from peak-T (both T1 and T2 components) is character-
istic of areas influenced by sewage (both treated and
untreated), because sewage-derived DOM is dominated by
organic matter originating from microbial activity (Baker
2002; Hudson et al. 2008). Interestingly, downstream of the
merging with Ergene, the BIX index became inversely corre-
lated with Chl a and positively correlated with discharge at
Yenicegorece, further suggesting input of DOM of bacterial
origin. Consistent with these results, the observed SEC traces
showed a shift to an enhanced high-MW DOM in the upper
MW range (16-18 min in Fig. 8a) and an absolute increase in
the average-weight MW from S3 to S4, due to enhancement
of humic-like materials. At the same time the low MW range
for S4 was also enhanced compared to S3 (23 min and 25
min in Fig. 8a), possibly due to DOM components associated
with sewage, peptide material or dissolved amino-acids.

Under heavy precipitation conditions, the distinctive five-
peak CDOM fluorescence footprint of input from Ergene per-
sisted across the full extent of the Evros river and into the
coastal zone. Among these five fluorescence components,
the relatively unknown, but in our case very well-defined,
round-shaped peak P was observed on all (and only those)
samples influenced by the Ergene outflow. The spectral loca-
tion and shape of peak P are similar to the fluorescence
properties of DOM associated with leaching of optical bright-
eners or fluorescent whitening agents (Baker 2002). Textile
industries using toxic dyes and bleaching processes, are
indeed among the main sources of pollution in the Ergene
(Gunes et al. 2008; Ozkan et al. 2010). Fluorescence peaks in
a similar spectral region were reported previously by Saadi
et al. (2006) and Butturini and Ejarque (2013) for relatively
biorefractory humic DOM in rivers influenced by anthropo-
genic pollution. We found that peak P was absent in the
freshwater DOM upstream the merging with Ergene, and was
not detected in any of the samples collected from the estua-
rine or coastal waters off the Evros main stem when the dam
diverted the river flow in October 2008. Yet, peak P clearly
tracked the influence of the redirected freshwater plume on
the Turkish coastal waters. The direct association of peak P
with Ergene inputs and the strong correlation between the
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ratio P : A and discharge at Yenicegorece suggest that contin-
uous monitoring of peak P could provide a powerful tool, a
rapid and sensitive proxy for detecting and assessing the ori-
gin, transport, and spatial extent of this allochthonous DOM
input in the Evros system.

Effects of dam operation on downstream DOM dynamics

The construction of dams has become one of the most
controversial issues in global efforts to strengthen regional
economies, while at the same time balancing the environ-
mental and socioeconomic benefits of healthy ecosystems
(Richter and Thomas 2007). Regulation of dam operations
becomes particularly challenging in shared rivers, where the
benefits and risks of dams are quite different for different
countries along the river’s course. Although in this study
we were not able to examine the influence of large reser-
voirs, we were able to capture some of the influences that
smaller dams have on downstream water quality, salinity
regimes, and biogeochemical properties. Operation of the
dam downstream of S7 resulted in statistically significantly
different nearshore optical, physicochemical, and biochemi-
cal properties. The immediate effect of the dam extended
from the Evros marshes to the Aegean coastal zone and
was, mainly, twofold. First, the redirection of the flow of
upstream nutrients, carbon, and pollutants, and, second,
the reduction in freshwater discharge and saltwater intru-
sion into the marsh and almost eight kilometers into the
river.

Tidal marshes have been identified as consistent sources
of optically distinctive, aromatic-rich, humic and highly col-
ored DOM to adjacent estuaries (Tzortziou et al. 2008).
Anthropogenic contributions of DOM in some estuaries with
extensive wetlands are often masked by wetland-exported
DOM, despite extensive urbanization and agricultural land
use (Fellman et al. 2011). We found the opposite in the
Evros estuary, where the influence of marshes on DOM qual-
ity was typically masked by upstream anthropogenic inputs
(Figs. 3-5). In the absence of freshwater river runoff, how-
ever, (i.e., when the dam was operational) the brackish Evros
marshes were the main source of DOC-rich, highly aromatic,
and humic DOM to the delta (Tables 2-3). Under such con-
ditions, DOM in the Evros marshes and adjacent delta had
an optical footprint and a molecular-weight distribution sig-
nature that were almost identical to that of DOM derived
from other brackish tidal marshes having similar vegetation
characteristics but located in a very different environment,
such as the eutrophic Chesapeake Bay (Figs. 7, 8; Table 3).
The dam operation blocked the majority of upstream anthro-
pogenic inputs. Still, the influence of the Ergene inputs was
clear in the DOM fluorescence signal and MW distribution
measured in the Turkish coastal waters receiving the diverted
river flow, highlighting the predominance and refractory
character of the DOM associated with this anthropogenic
source.

CDOM dynamics in a transboundary river

River flow alteration by the dam reduced DOC concentra-
tions in the Greek part of the Evros delta to almost half and
lowered acpom(300) to one third (Table 2), improving down-
stream water clarity. At the same time, however, the dam
operation resulted in changes in salinity and availability of
inorganic nutrients in coastal waters (Tables 1-2; Fig. 2). The
optical signature of CDOM in the Evros delta when the dam
was operating clearly indicates DOM of marine origin with
low degree of humification, consistent with the observed
intrusion of saltwater >8 km into the river. At the interface
between the land and the ocean, the Evros marshes are natu-
rally subject to considerable variability in salinity regimes.
During our measurements covering both ebbing and flood-
ing tides during both wet and dry seasons, salinity in the
Evros delta ranged from O to 14 when the dam was not oper-
ating. Intrusion of saltwater when the dam was operating
caused an abrupt increase in salinity, reaching almost 30 in
the marshes. Such changes in salinity regimes may directly
or indirectly influence biogeochemical cycles, carbon miner-
alization and greenhouse gas production in coastal wetland
ecosystems (Neubauer et al. 2013).

Conclusions

Our findings have important implications for environ-
mental monitoring and assessment in the Evros and other
vulnerable transboundary rivers and wetland ecosystems,
particularly in light of accelerated climate change and con-
tinued human pressures. Our measurements of CDOM opti-
cal signature and the direct association of peak P with DOM
input from the severely polluted Ergene allowed to: (1) iden-
tify, track, and assess the spatial extent and distribution of
this allocthonous DOM input under different hydrologic
conditions (high vs. low runoff) and anthropogenic distur-
bances (dam operational or not), and (2) examine influences
on carbon quality in downstream freshwater, wetland, and
marine ecosystems. These results could have direct applica-
tions to programs focusing on pollution detection and moni-
toring in shared rivers where management of water quality
remains largely ineffective. Most of the present climate mod-
els in the Eastern Mediterranean area indicate higher temper-
atures, increased frequency and intensity of drought, and
increased vulnerability to flooding due to intensification of
heavy precipitation events (Christensen et al. 2013). Water
resources will be stressed in Southern Europe, North Africa,
and the Near Fast where water availability is already low,
making effective management of these limited resources
even more challenging. Dams may play an increasingly
important role in protecting water resources and regulating
human exposure to natural hazards (Brown et al. 2009), at
the same time changing salinity regimes, redirecting
upstream anthropogenic pollution, and affecting carbon
quality in downstream ecosystems, as this study showed.
Coordinated monitoring of specific CDOM optical properties
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(such as fluorescence peak P) and other sensitive water qual-
ity and biogeochemical state indicators are critically needed
to better understand the influence of current (and future)
natural and anthropogenic pressures on biogeochemical
cycles and ecosystem dynamics in transboundary rivers and
their coastal wetlands.
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