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Dissolved organic carbon (DOC) and optical properties (absorption and fluorescence) of chromophoric dissolved
organicmatter (CDOM)weremeasured in October 2012, at the Arno river mouth and in a coastal station close to
it. The data reported indicates that the Arno river represents an important source of DOC and CDOM to this
coastal area, with a total DOC flux of 11.23–12.04·109 g C·y−1.
Moving from the river to the sea, CDOM absorption and fluorescence decreased, while the spectral slope
increased, suggesting a change in the molecular properties of CDOM.
Mineralization experiments were carried out in order to investigate the main processes of DOM removal and/or
transformation in riverine and coastal water. DOC removal rates were 20 μM·month−1 in the river and
3 μM·month−1 in the seawater, while CDOMwas released during the first 30 days and removed in the following
40 days.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Dissolved organic matter (DOM) is a complex mixture of molecules,
the majority not yet characterized at a molecular level. DOM is the main
source of food for heterotrophic prokaryotes, representing a reservoir of
etti Brogi).
energy formarine ecosystem. Depending on the bioavailability of itsmol-
ecules, DOM has been divided into two different fractions, the labile frac-
tion with a lifetime from few hours to days, and the recalcitrant fraction,
which is more persistent and is divided into 4 other fractions: the semi-
labile (lifetime ~1.5 years), the semi-refractory (lifetime ~20 years), the
refractory (lifetime ~16,000 years) and the ultra-refractory (lifetime
~40,000 years) [1].
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DOM in the oceans contains 662 Pg C, representing 93% of the active
carbon reservoir on the Earth [1]. It plays an important role in the global
carbon cycle with particular regard to CO2 sequestration from the
atmosphere [2].

Coastal areas represent only 0.5% of the ocean surface but they are
characterized by high carbon fluxes, due to terrestrial inputs. The global
input of total organic carbon (TOC) into the oceans from freshwaters has
been estimated to be ~0.45 Pg·y−1 [3], and it accounts for 0.024% of
the oceanic TOC pool [4]. In the Mediterranean Sea, the river input
may represent 0.08–0.3% of the TOC pool [5]. CO2 exchange between
ocean surface and the atmosphere is very intense in coastal and estuarine
areas, even if it is not clear if they act as a source or a sink of C. It has been
estimated that in coastal areas, heterotrophic organisms can respire
~50% of terrestrial carbon annually [6]. Borges et al. [7] estimated that
the global coastal systems may release ~0.4 Pg C·y−1, balancing
the 0.45 Pg C trapped annually in the global oceans. Despite their
importance, coastal and estuarine areas were ignored for a long period
in the global carbon budget.

The key role of coastal areas in the global carbon cycle is mainly
linked to the biophysical processes affecting particulate (POM) and
dissolved organic matter (DOM) dynamics. A rapid decrease in DOM
concentration has been observed moving from the rivers to the open
ocean, together with a change in chromophoric DOM (CDOM) optical
properties. Different biological and physical processes can explain this
observation: (1) dilution, determining a conservative behavior of
terrigenous DOM [8]; (2) flocculation phenomena, induced by the
change in physical conditions, leading to the sequestration of DOM in
the sediments [9]; (3) photodegradation [10] and (4)microbial removal
and transformation [11]. It has recently been demonstrated that coastal
microbial communities control the flow of dissolved organic carbon
(DOC) from terrestrial sources and regulate the release of inorganic
carbon into the atmosphere [12]. The interaction between physical
and biogeochemical processes results in temporally and spatially
variable dynamics in oceanmargins,making an estimation of the carbon
fluxes difficult [13].

DOC and optical properties (absorption and fluorescence) of CDOM
have been used to study the dynamics of DOM in coastal areas influ-
enced by river inputs [5,13–22]. Studies in the Mediterranean Sea,
focus on the Po [16,22] and the Rhone river [5,17,19], the main fresh
water inputs to the Mediterranean Sea after the building of the Aswan
Dam, and the Arno river [14,20,21].

DOC shows similar concentration in the Rhone (134-217 μM) and Po
river (175 μM) (Table 1), even if their characteristics are different in
terms of population density in the watershed, solid transport and
discharge [22]. It is worth noting that in the Arno river the DOC concen-
tration is markedly higher (322-402 μM) than that reported for the
other Mediterranean rivers (Table 1, [23]). As a consequence, it could
play an important and overlooked role in theMediterranean Sea carbon
budget, though its discharge is low. A conservative behavior was
observed for both DOC and humic-like CDOM [14,16,20] at the mouth
of Po and Arno river. In contrast, a non-conservative behavior was
recently reported for both humic-like and protein-like CDOM at the
Table 1
Discharge, drainage basin area [38], DOC concentrations and fluxes of the Arno river compared

River Length
(km)

Discharge
(km3/y)

Drainage basin area
(103 km2)

Arno 241 2.6 8.2

Tevere 405 6.8 16.5
Po 652 49.5 70.1
Ebro 928 13.1 84.2
Rhone 812 54.3 95.6
mouth of the Arno and Rhone rivers [17,21]. This findingwas explained
by physical and biological processes (i.e. photobleaching, production
and/or removal by both phytoplankton and heterotrophic prokaryotes)
other than dilution.

The main goal of this study is to investigate the role of biophysical
processes in DOM removal and/or transformation in a coastal system,
by using a spectroscopic approach. A comparison of DOC concentration
and CDOM absorption and fluorescence in the Arno river and in the
coastal area, close to the river mouth, is reported together with a first
estimate of the removal rates for riverine and marine DOC in this area.

2. Methods

2.1. Study area and sample collection

This studywas carried out at themouth of the Arno river (Pisa, Italy)
(Fig. 1). The Arno river is one of the biggest rivers flowing into the
Tyrrhenian Sea, it has a length of 241 km, a drainage basin area of
8.2·103 km2 and an average discharge of 2.6 km3·y−1. During its
route, the river flows through two big cities (Florence and Pisa) as
well as industrial and agricultural areas (e.g. the tannery industry in
Santa Croce sull'Arno), as a consequence the river is enriched by organic
and anthropogenic pollutants.

Surface water was collected in 500ml dark glass bottle at themouth
of the river and in the sea onOctober 10th 2012 (Fig. 1). The bottleswere
preconditioned with seawater and rinsed three times with the sample
before filling. Samples for DOC and CDOM were immediately filtered
through a sterile 0.2 μm nylon filter and stored in the dark at 4 °C until
analysis.

Salinity and temperature were measured by using a portable Hanna
9033 conductivity instrument.

Data of river discharge are from the Regional Hydrological Service of
Tuscany dataset (www.sir.toscana.it). A satellite map of chlorophyll-a
distribution in this areawas obtained fromMODIS-Aqua and elaborated
with regional algorithm MedOC3 [24]. The best coverage, in terms of
clear sky, occurred on October 9th. The map was kindly provided by
Dr. Gianluca Volpe (CNR — ISAC).

2.2. DOC measurements

DOC measurements were carried out by using a Shimadzu Total
Organic Carbon analyzer (TOC-Vcsn), by high temperature catalytic
oxidation. Samples were acidified with HCl 2N and sparged for 3 min
with CO2-free pure air in order to remove inorganic carbon. From 3 to
5 replicate injections were performed until the analytical precision
was lower than 1% (±1 μM). A five point calibration curve was done
by injecting standard solutions of potassium hydrogen phthalate in
the concentration range between 20 and 350 μM. At the beginning
and end of each analytical day, the system blank was measured using
Milli-Q water and the reliability of measurements was checked by
comparison of data with a DOC Consensus Reference Waters (CRM)
[25] kindly provided by Prof. D.A. Hansell of the University of Miami.
to the main Mediterranean rivers.

DOC
(μM)

DOC flux
(109 g C/y)

Reference

365 11.38 This study
402 12.54 [20]
322 10.04 [14]
352 10.98 [21]
227 18.52 Santinelli, unpublished data 2010
175 ± 50 103.95 [22]
218 34.32 [15]
217 ± 60 141.39 [5]
113 ± 12 73.63 [17]
134 ± 31 87.31 [19]

http://www.sir.toscana.it


Fig. 1. Study area and sampling stations. In the zoom the chlorophyll satellite map of the
area is reported.
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DOC concentrations were calculated by Eq. (1) [26]:

DOC cMð Þ ¼ sample area−system blank areað Þ
slope of standard curve

: ð1Þ

DOC was reported not to vary within 10 months in the storage
conditions reported above [27].

2.3. CDOM optical properties

2.3.1. Absorption measurements
Absorption spectra were measured by a Jasco Mod-7850 spectro-

photometerUV–visible, with a 10 cmquartz cuvette. Absorption spectra
were registered between 230 and 700 nm every 0.5 nm. The absorption
spectrum of Milli-Q water was subtracted from each sample spectrum
[28].

Absorption coefficient was then calculated by Eq. (2):

a λð Þ ¼ 2:303:A λð Þ=l ð2Þ

where A is the absorbance and l is the path length inmeters. Absorption
coefficient was calculated at 280 nm (a280) and 355 nm (a355), because
at these wavelengths the excitation maximum is observed for protein-
like and humic-like substances, respectively.

The spectral slope (S) of the absorption curve was calculated by
using a non-linear fitting with the Eq. (3):

a λð Þ ¼ aλ0
: e−S: λ−λ0ð Þ ð3Þ

where λ0 is the first wavelength in the range and aλ0
is the absorption

coefficient at λ0. S was calculated in the wavelength range
275–295 nm (S275–295) because this range is characterized by the
greatest variations [29] and S275–295 can be related to the percentage
of terrestrial DOC [13]. S was also calculated in the ranges 350–400
(S350–400), 350–500 (S350–500), and 270–Detection Limit (S270–DL), in
order to make a comparison with other studies carried out in coastal
waters [17,20,29].

The same sample was analyzed 5 times during a period of 3 months,
the repeatability test showed that the variation was less than
9·10−5 m−1 for a355 and 6·10−4 m−1 for a280.

2.3.2. Fluorescence measurements
Tridimensional excitation–emissionmatrixes (EEMs)were recorded

by the Aqualog fluorometer (Horiba) by using a 10·10 mm2 quartz
cuvette. The EEMs allow to distinguish between thefluorescence signals
due to the diverse groups of chromophores. The Aqualog fluorometer
uses a charge-coupled device (CCD) to reveal the signal, guaranteeing
a high acquisition velocity and reduced photobleaching. The character-
istics of the lamp improve the sensitivity of data acquisition at low
excitation wavelengths (250–350 nm) allowing a better identification
of the protein-like fluorescence. Excitationwavelength ranged between
250 and 450 nm at 5 nm increments, while emission was measured
between 212 and 619 nm at 3 nm increments. Each EEMwas corrected
for the inner-filter effect [30], by using Eq. (4) [31]:

Fcorr ¼ Fobs 10
A280

l : ð4Þ

EEMs were corrected for instrumental bias in excitation and emis-
sion and subtracted by the EEM of Milli-Q water (blank) measured in
the same conditions before each sample. Rayleigh and Raman scatter
peaks were removed by using the monotone cubic interpolation
(shape-preserving) [32], since water subtraction did not completely
remove their signals.

EEMs were normalized to the water Raman signal, dividing the
fluorescence by the integrated Raman band of Milli-Q water (λex =
350 nm, λem = 371–428 nm), measured the same day of the analysis.
The fluorescence intensity is reported as equivalent water Raman
Units (R.U.) [33].

In order to check the repeatability of our measurements the same
sample was analyzed 5 times during a period of 3 months, the results
showed that the variation was less than 5·10−4 R.U.

2.4. Mineralization experiment

Mineralization experiments were carried out in a 500 ml dark glass
bottle, by comparing DOC removal rates and changes in optical proper-
ties of CDOM in samples filtered through a sterile 0.2 μmnylon filter and
stored in the dark at 4 °C (hereinafter control) and in samples filtered
through a sterile 0.45 μm nylon filter and stored at 22 ± 2 °C (hereinaf-
ter mineralized samples). Three replicates were analyzed for both
control and mineralized samples. The treatment for the control was
chosen since no change inDOC concentration andCDOMoptical proper-
ties was observed within 10 months in the storage conditions reported
above (in the dark and at 4 °C) [27]. This procedure circumvented the
need to employ chemicals to stop the microbial activity, since their in-
teraction with DOM is not clear. The 0.45 μm pore size was chosen
since it retainsmost of the heterotrophic prokaryotes inside the sample
and it guarantees the removal of both autotrophic organisms and het-
erotrophic prokaryotic grazers [34]. As a consequence, we assume that
the semi-labile DOM is removed by the heterotrophic prokaryotes oc-
curring in the samples. Taking into consideration data from the litera-
ture for the Mediterranean Sea, the abundance of heterotrophic
prokaryotes is ~4.5·106 cells·ml−1 in the rivers (data from the Rhone
river) [35] and ~0.26–2·106 cells·ml−1 in the coastal areas [35,36].
The controlled temperature of 22 ± 2 °C was similar to the one mea-
sured in situ, in order to avoid thermal shock and a change inmetabolic
processes. DOC and CDOM optical properties were measured immedi-
ately after collection (t0), after one month (t1) and two months (t2).



Fig. 2. Discharge of Arno river during 2012. Values of discharge were measured in a station located 37 km inside the river.
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Before the analysis, 50 ml of each sample was filtered through a 0.2 μm
nylon filter, under a laminar air flow hood.

2.5. Statistics

The Kruskal–Wallis test (R software) was used in order to test if
the variations in DOC and optical properties of CDOM during the
experiment were statistically significant. This test was chosen since it
is a non-parametric test and does not need any distributional assump-
tion [37]. Differences were considered significant for p b 0.05.

3. Results and discussion

3.1. Study area characteristics

The riverine water (RW) had a salinity of 1.5, indicating the occur-
rence of a small percentage of seawater, and the coastal seawater
(SW) had a salinity of 38.5. The temperature was almost the same
in the RW (21.2 °C) and in the SW (21.9 °C). Chlorophyll-a showed
values higher than 1 mg m−3 in the SW, with a maximum
(~5 mg·m−3) close to the Arno river mouth (Fig. 1), suggesting that
the river input affected phytoplankton distribution up to 15 km from
the coast, mainly northward.

The Arno river discharge was highly variable during 2012 (Fig. 2).
The average dischargewas 1.98 km3·y−1, with 2minima in the periods:
January–April (0.5 km3·y−1) and July–September (0.4 km3·y−1).
Higher values were registered in Spring (April–June, 1.8 km3·y−1) with
Fig. 3.Meandissolved organic carbon (DOC) vs. salinity values at the rivermouth and in its
proximity, error bars refer to the standard deviation.
a maximum between October and the end of December (5.6-
40 km3·y−1). The sampling day was characterized by a discharge of
2.2 km3·y−1, slightly different from both the average of the year, and
the average of October (1.5 km3·y−1).

3.2. DOM dynamics in RW and SW

3.2.1. DOC concentration
DOC concentrationwas 365±0.6 μMinRW, and 67±1.0 μM in SW.

These values are similar to those reported in previous studies carried
out in the same area [14,20,21]. The small discrepancy among these
studies can be explained by river discharge and/or the extent of riverine
plume. As an example, a stronger riverine influence in SW (lower
salinity) can explain the higher seawater DOC concentration reported
in the previous studies [20,21].

It is worth noting that DOC concentration is 100–200 μM higher in
the Arno river than in the 4 major Mediterranean Sea rivers (Tevere,
Po, Ebro and Rhone) (Table 1), despite both the discharge and the
length of theArno river aremuch lower than those of thesemajor rivers.
The high DOC concentration can be attributed to a higher input along its
flow (industrial and agricultural waste and/or anthropogenic inputs
from the cities).

The published [14,20,21] and unpublished data, collected at the
mouth of the Arno river, were merged together in order to study the
effect of dilution in DOC distribution at the river mouth (Fig. 3). Taking
into consideration the average values DOC shows a conservative
Fig. 4. Absorption spectra of RW (black) and SW (red) samples. Both spectra are the
average of the spectra of the three replicates. Absorption coefficient at 280 nm (a280)
and 355 nm (a355).

image of Fig.�2
image of Fig.�3
Image of Fig.�4


Fig. 5.Average of three replicates Excitation–emission matrixes (EEMs) of SW (a) and
RW (b). Note the marked difference in the color scale. R.U.: Raman Units.

5S. Retelletti Brogi et al. / Biophysical Chemistry 197 (2015) 1–9
behavior. However where there are high standard deviations one can
assume that other processes may affect DOC distribution.

In order to have a rough estimate of the total input of DOC by Arno
river, the river discharge was multiplied by both the average DOC con-
centration, that was estimated taking into account the published data
(360 μM, Table 1), and the value calculated by using the intercept of
the linear relationship between DOC and salinity (386 μM, Fig. 3). This
rough calculation indicates that the Arno river may account for 11.23–
12.04·109 g DOC·y−1, that is 1.7% of the total DOC riverine input to
the Mediterranean Sea, though its discharge is just 0.8% (Table 1, [23]).
Table 2
Excitation–emission matrix (EEM) peaks. Comparison between peaks found in SW and in RW

This study Coble [40] Kowalczuk

Peak 1 (SW and RW)
Ex 250/Em 400–500
Fulvic-like

A
Ex 260/Em 380–460
Humic

C1 + C2
Ex 250/Em
Ex 250/Em
Terrestrial

Peak 2 (SW)
Ex 315/Em 419

M
Em 380?420
Marine humic/Em 380–420
Marine humic

C3
Ex 250(310
Marine andPeak 2 (RW)

Ex 315/Em 400
Marine humic-like

Peak 3 (SW)
Ex 350/Em 450

C
Ex 350/Em 420–480
Humic

C4
Ex 270(390
TerrestrialPeak 3 (RW)

Ex 350/Em 420
Humic-like

Peak 4 (SW)
Ex 270/Em 315
Tyrosine-like

B
Ex 275/Em 305
Tyrosine

C5
Ex 270/Em
Tyrosine +

Peak 5 (RW)
Ex 280/Em 341
Tryptophan-like

T
Ex 275/340
Tryptophan

C6
Ex 250(290
Tryptophan
However it is important to take into consideration that samples collect-
ed with a high temporal resolution within 1 year would be necessary to
make an accurate estimate.

3.2.2. Absorption coefficients and spectral slope
SW and RW absorption spectra showed a similar shape with the

typical exponential decay at increasing wavelengths (Fig. 4). In the
RW, the absorption coefficients (a280 = 24.18 m−1 and a355 =
7.02 m−1) were markedly higher than in the SW (a280 = 1.26 m−1

and a355 = 0.3 m−1). These values are in agreement with those
observed in September 1997 in the same area (a280 = 21.6 m−1 and
a355 = 5.18 m−1 in the RW and a280 = 1.43 m−1 and a355 =
0.27 m−1 in the SW) [20]. A decrease in CDOM absorption was also
observed moving from the mouth of the Rhone river (a355 = 2.42 m−1)
to seawater (a355 = 0.09 m−1) [17]. Finally, absorption coefficients in
SW were similar to those observed close to the mouth of the Po river
(a280 = 1.6 m−1 and a355 = 0.3 m−1) [16]. These results suggest that
moving from the river to the sea, CDOM undergoes different biological
and physical processes that lead to a decrease in the absorption
coefficient.

S was calculated in order to gain indirect information about the
molecular characteristics of CDOM. S indicates how fast the absorption
decreases with increasing wavelengths and it has been reported to be
inversely related to aromatic content and molecular weight of the
molecules [13,29,39]. Taking into consideration the values of the spec-
tral slope calculated in different ranges, some interesting similarities
can be highlighted. In RW, S275–295 showed a value of 0.014 nm−1,
similar to that reported for riverine waters in the Gulf of Mexico
(0.013 nm−1) [13] while the value in SW (0.025 nm−1) was half
of that observed in offshore oligotrophic waters (0.048 nm−1) [13].
Those authors reported that S275–295 is correlated with the percentage
of terrestrial DOC (tDOC) (their Fig. 7) [13] and according to their
results, S275–295 values observed in our study suggest the occurrence
of 100% of tDOC in RW and ~15% in SW.

Values of S350–400 (0.017 ± 8.7 · 10−6 nm−1 in RW and 0.014 ±
8.6 · 10−5 nm−1 in SW) were similar to that reported for the Elizabeth
river and Chesapeake Bay [29]. In agreement with their observations,
S275–295 was higher than S350–400 in SW, while the opposite was
observed in RW. According to these authors, SR (ratio between
S275–295 and S350–400) was also calculated and it is interesting to observe
that for the two rivers the values are similar (0.83 this study, 0.88
Elizabeth river) and they increase in the coastal areas (1.8 this study,
EEMs with those identified in previous studies.

et al. [41] Para et al., [17]

452
420
humic

A
Ex 260/Em 430–440
UVC humic

)/Em 400
terrestrial humic, possible microbial reprocessing

M
Ex 300/Em 380–400
Marine humic

)/Em 508
humic substances

C
Ex 350/Em 430–450
UVA humic

332
component of autochthonous DOM

B
Ex 275/Em 300–310
Tyrosine

)/Em 356
+ component of autochthonous DOM

T
Ex 275/Em 330–350
Tryptophan

Image of Fig.�5


Fig. 6.Dissolved organic carbon (DOC) variation during the experiment in SW(a) and RW
(b). Black circles refer to control samples, empty circles refer tomineralized samples. Each
point is the average of three replicates, error bars refer to the standard deviation.
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1.32 Chesapeake Bay), suggesting a decrease in CDOM molecular
weight. The difference between the SR in the two coastal areas can be
attributed to a different influence of the river. Values of S350–500 were
the same (0.017 nm−1) for the Arno and Rhone rivers [17], while
they were slightly different in SW (this study: 0.014 nm−1; Rhone
river: 0.018 nm−1). Finally, values of S270–DL (0.016 nm−1) were similar
to those reported for the same area in September 1997 [20]. The
small changes in absorption and spectral slope values suggest that
molecular characteristics of riverine CDOM are similar among the
different rivers and did not change in the Arno river between 1997
and 2012.

3.2.3. Fluorescence
Fluorescence confirmed the differences in CDOM between RW and

SW. A 75% reduction of fluorescence intensity was observed moving
from the river (0.5–2.0 R.U.) to the costal station (0.01–0.03 R.U.)
(Fig. 5), this result is in agreement with 60–66% reduction of fluores-
cence intensity observed moving from the Rhone river to the sea [17]
and suggests that dilution, removal and transformation processes,
affecting DOC at the river mouths, can also strongly affect CDOM
dynamics.

The EEMs, measured in both RW and SW, show four main peaks:
three in the excitation–emission wavelengths typical of humic-like
compounds (peak 1, peak 2 and peak 3), and one in the excitation–
emission wavelengths typical of protein-like compounds (peak 4 in
SW and peak 5 in RW) (Fig. 5). In order to identify the peaks, their spec-
troscopic characteristics were compared to those reported in the litera-
ture [17,40,41] (Table 2). Peaks 1 and 3 were identified as a signal of
terrestrial humic-like fluorescence, in particular the emissionmaximum
of peak 1 at 400–500 nm is similar to that of fulvic acid [42]. Peak 2 was
identified asmarine humic-likefluorescence, and ismainly attributed to
substances reprocessed by microbes [41]. The two protein-like peaks
were attributed to tyrosine-like fluorescence (peak 4) and
tryptophan-like fluorescence (peak 5), even if we cannot exclude that
the peak 5 was due to the occurrence of organic contaminants [43]. It
is worth nothing that the humic-like and the fulvic-like peaks showed
the same spectroscopic characteristics in the Arno and Rhone rivers,
while the protein-like peak was tryptophan-like in the Arno river and
tyrosine-like in the Rhone river. Finally the marine humic-like peak
was missing in the Rhone river [17]. These results suggest the occur-
rence of different protein-like substances in the two rivers that can be
due to a different input from the land.

3.3. DOC removal and CDOM transformation

Changes in DOC concentration and in CDOM optical properties
(absorption and fluorescence) were followed during the mineralization
experiment in order to gain information about DOM removal and trans-
formation processes (a summary of all the results is shown in Table 3).
Table 3
Summary of all measurements made during the mineralization experiment. Values of control s
mineralized samples are the average ± S.D. of three replicates measured at the different times

SW

Time of experiment (days) t0 (0) t1 (30)

DOC (μM) 67 ± 1.03 68 ± 1.4
a280 (m−1) 1.26 ± 0.01 1.18 ± 0.009
a355 (m−1) 0.3 ± 0.02 0.26 ± 0.001
Protein-like (peak 4/5) Ex/Em

F (10−2 R.U.)
275/325
1.5 ± 0.4

275/335
2.6 ± 0.9

Fulvic-like (peak 1) Ex/Em
F (10−2 R.U.)

250/442
2.8 ± 0.1

250/439
3.7 ± 0.2

Marine humic-like (peak 2) Ex/Em
F (10−2 R.U.)

315/419
1.4 ± 0.1

315/416
1.8 ± 0.1

Humic-like (peak 3) Ex/Em
F (10−2 R.U.)

350/450
1.1 ± 0.003

350/446
1.4 ± 0.04
3.3.1. DOC
DOC concentration decreased in both RW and SW with time

(70 days) (Fig. 6), while no significant variations were observed in the
controls. Since the difference between the two treatments was the
occurrence of the microbial community in the mineralized sample, the
observed changes were attributed to microbial activity.
amples are not reported since they did not show significant variation. Values reported for
.

RW

t2 (70) t0 (0) t1 (30) t2 (70)

62 ± 1.2 365 ± 0.6 346 ± 2.3 326 ± 0.6
1.16 ± 0.04 24.18 ± 0.11 22.98 ± 0.04 22.55 ± 0.19
0.24 ± 0.02 7.02 ± 0.02 7.01 ± 0.02 6.46 ± 0.05
275/318
2.1 ± 0.02

280/341
117 ± 1

280/344
132 ± 1

280/344
127 ± 2

250/436
3.7 ± 0.07

250/436
182 ± 0.9

250/436
222 ± 1

250/436
215 ± 1

315/413
1.8 ± 0.1

315/400
73 ± 0.06

315/396
82 ± 0.2

316/396
80 ± 0.8

350/446
1.5 ± 0.04

350/420
53 ± 0.04

350/420
58 ± 0.04

350/423
57 ± 0.5

Image of Fig.�6
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In RW, DOC decreased from 365 to 346 μM in the first 30 days, and
from 346 μM to 326 μM in the following 40 days, suggesting a removal
rate of 20 μM DOC·month−1 (~0.6 μM DOC·day−1). This value is
similar to the DOC removal rates estimated for the northern Adriatic
Sea (10–20 μM DOC·month−1) [44].

In SW, DOC showed no significant variations during the first 30 days,
while it showed a 6 μMdecrease (from68 μMto62 μM)between30th and
70th days, suggesting an average removal rates of 3 μM DOC·month−1

(~0.08 μM DOC·day−1), markedly lower than in the river. The lag of
30 days in DOM removal suggests that the DOC, occurring in SW, is not
immediately available to the prokaryotic heterotrophs. The same lag
was observed by Carlson et al. [45] in a similar incubation experiment car-
ried out with oligotrophic seawater from the Sargasso Sea (initial DOC
concentration of 68 μM). This observation can be explained by themolec-
ular characteristics of DOC, making it resistant to rapid microbial utiliza-
tion, and/or to the inability of the prokaryotic heterotrophs to use the
DOC due to its low concentration and/or their low abundance.

The estimated removal rate in SW is three times higher than that re-
ported for the Tyrrhenian Sea (1.1 μM DOC·month−1) [44] and much
lower than that observed in a microbial degradation experiment, con-
ducted in a coastal area of Spain, where an exponential decrease of
DOC was observed, with a removal rate of ~0.22 μM·day-1 [46]. These
differences can be attributed to various factors such as: the occurrence
of diverse concentrations of semi-labile DOC and/or the capability ofmi-
crobial communities in the use of bio-available DOC. Similarly, the
higher DOC concentration, aswell as the occurrence of a higher concen-
tration of semi-labile DOC in the river [19] may explain the faster min-
eralization rate in RW.

It is interesting to highlight that the same percentage of DOC was
removed both in RW (10%) and SW (9%), which suggests that the
percentage of semi-labile DOC was similar.

The removed DOC can be used by the heterotrophic prokaryotes
to build biomass (net bacterial production) or it can be respired
to CO2 (mineralization). Taking into consideration the values of
Fig. 7. Absorption coefficient variations during the experiment. Black circles refer to control sam
replicates, error bars refer to the standard deviation. Absorption coefficient at 280 nm (a280) an
Bacterial Growth Efficiency (BGE) reported in literature for SW (25%)
[47] and RW (4–60%) [48], we can roughly estimate the release of
2.25 μM CO2 month−1 and 6.8–19.2 μM CO2 month−1 in SW and RW,
respectively.

3.3.2. Absorption coefficients
In RW, a280 showed an exponential decrease with time (Table 3,

Fig. 7) and a 6.7% decrease at the end of the experiment (difference
between t0 and t2 was significant: p = 0.02). In contrast, in SW a280
showed no significant difference between t0 and t2. In RW, a355 showed
no changes in the first 30 days and a slight decrease during the
following 40 days (Table 3, Fig. 7). In SW, a355 decreased during the
whole experiment (differences between t0, t1 and t2 were significant:
p = 0.02) with 20% reduction in SW and 8% reduction in RW. The
changes in control samples were not significant (RW: p =0.9; SW:
p= 0.2).We assume that the decrease of absorption is due to the trans-
formation of CDOM by microbial activity.

3.3.3. Fluorescence: EEMs and emission spectra
In order to highlight the changes in fluorescence during the experi-

ment, the EEMs were subtracted by the control and then subtracted one
from each other as follows: t1 − t0 (change in the first month), t2 − t1
(change in the secondmonth) and t2− t0 (changebetween thebeginning
and the end of the experiment) (Fig. 8). This representation highlights the
increase (positive peaks) or decrease (negative peaks) in fluorescence in-
tensity with time as well as the shift in the position of the peaks.

After the first month, an increase in fluorescence was observed in
mineralized samples (Fig. 8a and d). In both SW and RW the t1 − t0
EEMs showed an increase in the fulvic-like (peak 1), humic-like
(peaks 2 and 3) and tryptophan-like peaks (peak 5). An increase in
the tyrosine-like fluorescence was only observed in SW (peak 4). A
tryptophan-like signal (peak 5) can be observed in SW at t1, but this
peak did not occur in the non-mineralized sample (Fig. 5a), suggesting
ples, empty circles refer to mineralized samples. Each point is the average value of three
d 355 nm (a355).

Image of Fig.�7
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that during the experiment molecules containing tryptophan were
released.

During the second month (t2 − t1 EEMs, Fig. 8b and e) most of the
fluorescence peaks decreased (negative values). In RW, the fulvic-like,
humic-like andmarinehumic-like peaks (peaks 1, 2 and 3)had negative
values suggesting their removal.

Looking at the differences in fluorescence intensities between the
beginning and the end of the experiment (t2 − t0 EEMs, Fig. 8c and
f) it is possible to observe that after 70 days (t2) fulvic-like, humic-like
and marine humic-like fluorescence intensities are higher than at t0.

All the differences in fluorescence intensities reported above were
statistically significant (p b 0.05) and 10 to 103 times higher than the
analytical variation.

These results are in agreement with previous studies, which
reported an initial release of CDOM by heterotrophic prokaryotes
followed by its removal [49–51]. This behavior was attributed to the
production of labile CDOM that was consumed on a short temporal
scale.

Looking more in detail at the fluorescence spectra, a shift in the
emissionmaximawas observed for almost all peaks (Table 3). The shifts
were small (0–4 nm) in RW mineralized sample, while they were
3–10 nm in SW mineralized sample.

These shifts in emission peaks suggest a change in CDOM character-
istics during the experiment, since the variation in emission maxima
could indicate a change in molecular weight of the chromophores. The
intensities of fluorescence peaks (Table 3) highlight higher variability
in the SW than RW. After 70 days (t2) the protein-like signal increased
of 8% in RW and of 40% in SW, while the humic-like increased between
7 and 18% in SW and between 28 and 36% in SW.

It is worth noting that absorption coefficients show an exponential
decrease with time (Fig. 7, Table 3), while fluorescence increased in
the first 30 days and then decreased during the following 40 days
(Fig. 8, Table 3). These observations suggest that these chromophores
can change their quantum yield due to (i) nonspecific interactions,
and (ii) changes in their chemical structure and/or (iii) in the environ-
mental conditions (e.g. pH).
4. Conclusions

The data reported in this study indicate that the Arno river is an
important source of DOC and CDOM to the coastal area. Dilution is the
main process affecting the distribution of DOM moving from the river
to the sea. However, other processes play a role in DOM transformation
and removal at the river mouth as highlighted by the mineralization
experiment. Our results suggest an important role of the microbial
community in DOC removal, with efficiency markedly higher in the
river than in the seawater. Biochemical processes may play a crucial
role also in the production, removal and transformation of CDOM in
both the river and in the seawater.

All the above highlights the complexity of the study system and the
importance of fluorescence and absorption spectroscopy as key tools in
the understanding of DOM dynamics. This study suggests the need for
further studies on the main biophysical processes responsible for DOM

Image of Fig.�8
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removal and transformation and the application of new spectroscopic
tool to answer the many unresolved questions about DOM lability.
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