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• DOM composition monitored during 15
months in a NW Mediterranean coastal
station.

• Fluorescent DOM dynamics was influ-
enced by freshwater intrusions.

• A decrease in nutrients due to stratifica-
tion promoted surface DOC accumula-
tion.

• A temporal mismatch was found be-
tween chlorophyll a and dissolved or-
ganic matter.
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Coastal marine ecosystems are strongly influenced by different occasional events, such as intense winds,
mixing, rain and river discharges. These events can directly or indirectly cause changes in dissolved organic
matter (DOM) quality through a cascade of different biotic and abiotic processes. Changes in DOM quality
are often associated with changes in DOM optical properties. Thus, examining the dynamics of chromo-
phoric DOM (CDOM) can provide valuable information about biological and physical processes that have
occurred in the ecosystem. Episodic meteorological events, particularly in temperate areas, appear very
abruptly and induce very rapid responses; therefore, high time-resolved measurements are needed to cap-
ture them.We used a weekly sampling scheme to characterize DOM and nutrient dynamics in the NWMed-
iterranean coastal station ‘SOLA’. From February 2013 to April 2014, we measured several physical and
chemical variables including temperature, salinity, inorganic nutrients, chlorophyll a dissolved organic car-
bon (DOC), CDOM and fluorescent DOM (FDOM). During this period, two extremely high fresh water intru-
sions greatly influenced the dynamics of some DOM fractions, in particular the FDOM. Inorganic nutrients
and chlorophyll a showed seasonal patterns: Awinter period characterized by a high nutrient concentration
in surface waters favored the phytoplankton spring bloom; then, summer stratification extended until
autumn. This stratification led to nutrient depletion and, consequently, lower chlorophyll a values in the
photic zone. The CDOM and FDOM optical active fractions did not follow temporal trends similar to total
DOC. This was likely because the potential sources and sinks of these DOM pools are microbial activity
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and light exposure, and these were acting simultaneously but in opposite directions. Interestingly, DOC ex-
hibited the highest concentrations in summer, coinciding with nutrient and chlorophyll a minima. To
explain this mismatch, we propose a sequence of abiotic and biotic phenomena that drive DOC temporal
dynamics.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Map of the study area. The red circle represents the SOLA station. The black lines
represent the Têch and Têt Rivers.
1. Introduction

With 660 Pg C, the oceanic dissolved organic matter (DOM) pool
represents one of Earth's largest organic carbon reservoirs, an amount
equivalent to C as atmospheric CO2 (Hedges, 2002). Therefore, the
mechanisms that produce and recycle DOM in the ocean are crucial
for predicting further changes in CO2 captured by the ocean (Wagner
et al., 2020). Chromophoric Dissolved Organic Matter (CDOM) is the
fraction of dissolved organic matter comprised by optically active com-
pounds. CDOM in oceanic regions represents about 70% of the total dis-
solved organic carbon (DOC), and this percentage can increase in areas
with a riverine influence (Blough and Del Vecchio, 2002; Coble, 2007).
Given that light absorption by CDOM occurs mainly in the ultraviolet
spectra, this DOM pool is key in regulating UV light penetration in the
water column and its consequent damages to biological communities
(Kuwahara et al., 2000). However, its significant absorption also in the
visible spectra interferes with primary production. This last effect is
particularly remarkable in view of efforts to estimate chlorophyll a con-
centration from space (Böhm et al., 2016). In addition, CDOMmeasure-
ments allow us to calculate indexes that provide information about
chemical structure and biogeochemical processes of DOM in aquatic en-
vironments (Green and Blough, 1994). For example, the specific absorp-
tion coefficient at 254 nm [a*CDOM(254)], has been used as a proxy for
aromaticity (Weishaar et al., 2013), and the slope of the CDOM absorp-
tion spectrum can be used as a surrogate of DOM molecular weight
(Helms et al., 2008)

The CDOM fractionwhich contains compounds that emit lightwhen
excited by ultraviolet radiation is called fluorescent dissolved organic
matter (FDOM). FDOM dynamics in aquatic systems have been charac-
terized using fluorescence spectroscopy analyses and, in particular,
measurements of Excitation-Emission Matrices (EEMs) (Blough and
Del Vecchio, 2002; Nieto-Cid et al., 2006; Romera-Castillo et al., 2010).
Coble (1996) used EEMs to define different groups of substances that
provide complementary information about DOM origin and lability. In
the present study, we focus on two humic-like types (peak–M, and
peak–C) and one protein-like type (peak–T). Peak–M has been related
to marine prokaryotic heterotrophic activity (Coble et al., 1998;
Romera-Castillo et al., 2011a),while peak–C substances aremostly asso-
ciated with materials of terrestrial origin (Coble, 1996; Nieto-Cid et al.,
2006). However, some field and experimental studies have shown
that peak–C can also be produced by marine microorganisms
(Romera-Castillo et al., 2011b; De La Fuente et al., 2014). Humic-like
substances are considered to be recalcitrant but exhibit high photo-
lability, in contrast to protein-like peak–T compounds that are consid-
ered as a tracer for biologically labile DOM (Yamashita and Tanoue,
2003). Therefore, the protein-like vs humic-like ratio (peak-T/peak-C)
has been used as a proxy of DOM lability.

CDOM and FDOM inMediterranean coastal areas exhibit contrasting
temporal patterns depending on the particular site and year (Para et al.,
2010; Romera-Castillo et al., 2013). In these coastal systems, plankton
dynamics are also highly variable (Cloern and Jassby, 2008; Romero
et al., 2014). This high variability emerges from the complex responses
of the systems to both seasonal and episodic meteorological events.
However, previous sampling efforts in the area have not been intensive
enough to capture the response to these episodic phenomena. Here, in
order to capture the signal of both types of variability sources and
their direct or indirect influence on DOM dynamics, we sampled a
coastal station located in the NWMediterranean on a weekly basis dur-
ing 14-months (SOLA Station, Banyuls sur Mer, France). The aim of our
work was to determine the major environmental drivers affecting the
dissolved organic matter (DOM) concentration and quality in this area
with the aim of discerning recurrent seasonal dynamics from episodic
phenomena. To achieve this, we first analyzed samples for different
DOM fractions together with several environmental variables during a
14-month period. Then, we compared our results with climatological
and environmental data (temperature, salinity and inorganic nutrient
and chlorophyll a concentrations) collected from January 2000 to April
2014 at the same station.

2. Material and methods

2.1. Site and sample collection

Samples were taken from a NW Mediterranean coastal station (sta-
tion SOLA, 42°30′N, 03°09′ E, 27mdepth), located in the Bay of Banyuls
sur Mer. The area receives the discharge of two rivers, the Têch and Têt
Rivers. The mouths of the rivers are located at approximately 14 and 27
kmnorth (Fig. 1) and the area is influenced bywinterwindstorms. Sam-
ples for nutrients, chlorophyll a and DOM analyses were collected di-
rectly from Niskin bottles weekly at 3 m depth from February 2013 to
April 2014 aboard the RV “Nereis II”. We also compiled results from
the SOLA station database to examine the temporal trends of a 14-
year period (2000–2014).

Temperature and salinity were simultaneously measured using a
Seabird 19 Conductivity-Temperature-Depth probe. The data analyzed
from the historical time series (years 2000 to 2012) were acquired

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


3E.D. Sánchez-Pérez et al. / Science of the Total Environment 746 (2020) 141190
from the French Coastline Observation Service (http://somlit.epoc.u-
bordeaux1.fr/fr).

Discharge data of the Têt and Têch Rivers for the period 2010–2014
were obtained from the hydro database (http://www.hydro.eaufrance.fr/).

2.2. Chemical and biological analyses

Chlorophyll a concentration was determined by fluorimetry. For
each sample, 250 mL of seawater was filtered on a Whatman GF/F 25
mm glass fiber filter. All filters were stored at −20 °C until analysis.
After extraction by 90% acetone during 24 h in the dark; the total chlo-
rophyll and phaeopigment concentrations were measured using a
Tuner Design 10-AU fluorimeter (Holm-Hansen et al., 1965) calibrated
with standard solid RD-AU10. Samples for inorganic nutrient analyses
(NO3

−, PO4
−3 and H4SiO4) were collected in 12 mL polyethylene tubes

and stored at−20 °C until analysis in the laboratory using a colorimetric
“Seal-Bran-Luebb AA3HR” auto-analyzer (Germany). Dissolved NH4

+

concentrations were determined in fresh samples using a nanomolar
fluorometricmethod according toHolmes et al. (1999) on afluorometer
Jasco FP-2020. The accuracy of the measurements was ±0.02 μmol L−1

for nitrate (NO3
−), ±0.05 μmol L−1 for silicate (H4SiO4), ±0.01 μmol L−1

for phosphate (PO4
−3) and ± 2 nM for ammonium (NH4

+).
Samples for dissolved organic carbon (DOC) analyses were filtered

through pre-combusted Whatman GF/F filters (nominal pore size 0.7
μm) and collected in pre-combusted (12 h at 450 °C) glass ampoules.
After acidification with orthophosphoric acid (H3PO4−50 μL) to pH <
2, the ampoules were heat sealed and stored in the dark until analysis.
DOC was analyzed following the high temperature catalytic oxidation
(HTCO) technique (Sugimura and Suzuki, 1998; Cauwet, 1999) using a
Shimadzu TOC-L analyzer. The systemwas calibrated daily with a solu-
tion of acetanilide (C8H9NO MW = 135.17).

For particulate organic carbon (POC) analyses, 1 L seawater samples
were filtered on pre-combusted (24 h, 450 °C) glass fiber filters
(Whatman GF/F, 25 mm). The filters were dried overnight at 50 °C
and stored in glass vials in a desiccator until analyzed according to the
wet oxidation method described by Pujo-Pay and Raimbault (1994)
using a CHN Perking Elmer 2400.

2.3. Chromophoric (CDOM) and fluorescent (FDOM) dissolved organic
matter analyses

Samples for DOM absorption (CDOM) and fluorescence (FDOM)
were filtered by gravity through 47 mm pre-combusted Whatman GF/
F filters (nominal pore size 0.7 μm) into 250 mL pre-combusted (24 h
at 450 °C) glass flasks. We chose GF/F filters instead of 0.2 μm pore
size filters for our filtrations because GF/F filters have been and are ex-
tensively used for oceanographic and biogeochemical analyses. More-
over, they can be combusted at high temperatures, which minimizes
contamination. Actually, as they shrink slightly after combustion they
are comparable to 0.2 μm filters in oligotrophic waters. A previous
study (Ferrari, 2000) found no significant differences in CDOM mea-
surements when it compared samples filtered through GF/F and 0.2
μmpore size filters inWesternMediterraneanwaters. The filtered sam-
pleswere subsequently frozen at−20 °C in the dark until analysis in the
laboratory. Although freezing can alter the structure of someDOMcom-
pounds, recent studies have reported minimal changes in DOM due to
storage (Hancke et al., 2014). However, to evaluate these effects, a test
was carried out with coastal water DOM samples from the Blanes Bay
Microbial Observatory, NW Mediterranean (BBMO, 41°40′0″ N, 2°48′
0″ E). FDOM was measured (n = 8) in fresh and in thawed samples
after being frozen at −20 °C for eight months. We found no significant
differences between the fresh and frozen samples in any FDOM peaks
(t-test, p> 0.05). CDOM absorbance was measured in 10 cm quartz cu-
vettes using a Varian Cary UV-VIS spectrophotometer. Absorbance spec-
tra were performed between 250 and 750 nm at a constant room
temperature of 20 °C, with Milli-Q water as reference blank. The
residual backscattering (colloidal material, fine size particle fractions
present in the sample) was corrected by subtracting the mean absor-
bance from 600 to 750 nm (Bricaud et al., 1981). The CDOM absorption
coefficient (aλ) in m−1 at λ was calculated according to Eq. (1):

a λð Þ ¼ Abs λð Þ∗2303=l ð1Þ

where Abs(λ) is the absorbance at λ wavelength, l is the optical path
length (m) and 2.303 is a factor for the conversion of the Decimal loga-
rithm to theNapierian logarithm. CDOMspectral slopeswere calculated
over the wavelength ranges 250–500 nm and 275–295 nm using linear
regressions of the natural log-transformed aCDOM (λ) according to
Nelson et al. (2004) and Helms et al. (2008).

FDOM samples were analyzed with a Perkin Elmer luminescence
spectrometer LS 55 (United Kingdom) equippedwith a xenon discharge
lamp, equivalent to 20 kW. Slit widths were 10.0 nm for the wave-
lengths of excitation and emission and the scan speed was 250 nm
min−1.

Matrices (EEMs) were generated by combining 21 synchronous
excitation-emission fluorescence spectra of the sample, obtained for
an excitation wavelength range of 250–450 nm and a 20 nm offset be-
tween the excitation and emission wavelengths. The instrument was
calibrated with a quinine sulfate dehydrate (QS) standard made up in
0.05 mol L−1 of sulfuric acid (Nieto-Cid et al., 2006). Therefore, fluores-
cence measurements were expressed in quinine sulfate units (QSU).
Milli-Q water was used as a blank and Raman scattering was corrected
by subtracting the EEM of the Milli-Q water from the EEM of the sam-
ples. Inner Filter Effect (IFE) corrections were not applied to fluores-
cence measurements. According to previous studies (Ohno, 2002,
Stedmon and Bro, 2008, Kothawala et al., 2013, Wang et al., 2017), the
inner filter effects on fluorescence measurements are negligible (<5%)
when absorbance values are lower than 0.04 (absorption coefficient
below 10 m−1) and thus IFE corrections are not necessary. In our data
series, the absorbance values ranged from 0.005 to 0.02. Within this
range of absorbances, the percent measurement error for non-
corrected FDOMvalueswould range from1.12 to 1.21%.Weused a com-
bination of different pairs of excitation-emission (EX/EM) wavelengths
previously described by Coble (1996) in order to compare our results
with previous studies.

The fluorescence quantum yield at 340 nm was determined using
the ratio of the absorption coefficient at 340 nm and the corresponding
fluorescence emission between 400 and 600 nm of the water sample
and referred to the QS standard ratio (Green and Blough, 1994) accord-
ing to Eq. (2):

Φ 340ð Þ ¼ F 400−600ð Þ
aCDOM 340ð Þ ∙

aCDOM 340ð ÞQS
F 400−600ð ÞQS

∙Φ 340ð ÞQS ð2Þ

where aCDOM(340) and aCDOM(340)QS are the absorption coeffi-
cients of the sample and of the QS standard, respectively at 340
nm (in m−1); F(400–600) and F(400–600)QS are the average inte-
grated fluorescence spectra between 400 and 600 nm at a fixed
excitation wavelength of 340 nm obtained for each sample and
for the QS standard (Romera-Castillo et al., 2011a); Φ(340)QS is
the dimensionless fluorescence quantum yield of the QS standard
and equals 0.54 (Melhuish, 1961). The specific absorption coeffi-
cient a⁎CDOM (254) was obtained by dividing the value aCDOM

(254) by the DOC concentration and was expressed in m2 g C−1.

2.4. Statistical analyses

Pearson correlations were determined to explore co-occurrence
patterns between DOM metrics and environmental parameters.
Data were log10-transformed to accomplish the requirements of
parametric tests. Data normality was tested using Kolmogorov-
Smirnov tests. A correlation matrix was generated to explore the
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co-occurrence patterns between physical and chemical properties at
our sampling site. A multiple regression was applied to autumn-
winter samples to explore the FDOM variability as a function of salin-
ity and Chl a.

3. Results

3.1. Hydrological and physiochemical parameters – Long term period
(2000–2014)

The long-term temporal dynamics of the measured variables
showed a strong seasonal signal during the time series. In this
section, we describe seasonal variability of averaged values over
the study years (see Figs. 2). The discharges of both the Têch and
Têt Rivers showed three well-defined periods: the spring period
with high flow (March to May, mean 11.5 ± 11.6 and 13.1 ± 13.7
m3s−1 respectively), followed by a low flow scenario during mid-
summer and early autumn (July to September, mean 1.61 ± 1.16
and 2.8 ± 2.1 m3s−1 respectively) and continuing with an interval
of moderate flow from mid-autumn to early winter (October to De-
cember, mean 7.1 ± 8.6 and 8.6 ± 9.0 m3s−1, respectively).

The temperature tended to increase from mid-spring (mean of
14.98 ± 2.33 °C) to mid-summer (mean 21.6 ± 1.66 °C) with a sub-
sequent gradual decrease until winter (December, mean 11.6 ± 0.99
°C). The salinity showed values between 34.27 and 38.50. The
highest salinities occurred from mid-summer to mid-autumn (July
to October). The interannual variability of nitrates and silicates
showed a similar seasonal pattern during the time series. Their
Fig. 2. Time series. a) Temperature (°C), b) salinity, c) discharge from the Têch River (m3s−1), d
(μmol L−1) and i) chlorophyll a (μg L−1). The plots indicate the average annual cycle of each va
deviation (dotted grey line) of that particular month. Triangles and circles represent 2013 and
concentrations tended to increase from mid-autumn to winter
(November to February), mean of 0.75 ± 1.22 and 2.04 ± 1.40
μmol L−1 for nitrates, and 1.68 ± 1.46 and 2.13 ± 2.30 μmol L−1,
for silicates. Then, a decrease during summer was observed (0.11 ±
0.14 μmol L−1 for nitrates and 1.12 ± 0.85 μmol L−1 for silicates).
Phosphate concentrations were low, with maxima in winter (aver-
age of 0.042 ± 0.043 μmol L−1). Ammonium had two maxima, one
in spring and one in autumn, reaching means of 0.30 ± 0.29 and
0.28 ± 0.22 μmol L−1, respectively). Finally, chlorophyll a (Chl a)
concentrations were higher in winter and had a mean value of 0.99
± 0.83 μg L−1.

3.2. Short term period (2012–2014)

3.2.1. Hydrological parameters
The temperature and salinity dynamics followed well-defined sea-

sonal patterns (Fig. 2). Temperature values were lowest in February
(9.4 and 12.7 °C for 2013 and 2014, respectively) and highest (24.0
°C) in August (Fig. 2a), while salinity ranged from 34.28 to 38.49 and
showed two minima, the first in March 2013 and the second in January
2014. Theseminima (34.71 and 34.28, respectively) were exceptionally
low (93% and 91% lower than the average for the last 14 years, respec-
tively; Fig. 2b). On the other hand, the flow of the Têch and Têt Rivers
showed high intra-seasonal variability. The maximum discharges of
the two rivers in the study area occurred in early and mid-spring and
corresponded to rainy periods (34.0 and 27.0 m3s−1 for the Têch
River; 43.5 and 32.5 m3s−1 for the Têt River, Fig. 2c, d). During the dry
periods the water flow decreased to 2 m3s−1.
) discharge from the Têt River (m3s−1), (e–h) nitrate, ammonium, phosphate and silicate
riable during 2000–2014; each month displays the average value (black line) ± standard
2014 sampling respectively.



Fig. 3. Times series from February 2013 to April 2014. (a) Particulate and dissolved organic
carbon (POC and DOC in μmol L−1) and (b) absorption coefficient (a254 and a340, inm−1

and specific absorption coefficient (a*CDOM(254), in m2 mol C−1).
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3.2.2. Inorganic nutrients and chlorophyll a
Similarly, to the longer time series, inorganic nutrient concentra-

tions were generally lower in summer than in winter and spring. Ni-
trate concentrations ranged from 0.02 μmol L−1 to 9.5 μmol L−1

(Fig. 2e), with values >5.0 μmol L−1 in early-mid winter (March
2013 and January 2014). Ammonium concentrations ranged be-
tween 0.01 μmol L−1 and 0.64 μmol L−1 (Fig. 2f), showing remark-
ably low values in late spring and autumn 2013 (<0.1 μmol L−1).
The phosphate concentration was low (<0.2 μmol L−1) throughout
the entire time series (Fig. 2g). Silicate showed two maxima, one in
March 2013 and one January 2014 (9.9 μmol L−1 and 11 μmol L−1 re-
spectively, Fig. 2h), coinciding with the salinity minima (Fig. 2b) and
with high nitrate values (Fig. 2e). Total chlorophyll (Chl a) ranged
from 0.05 μg L−1 to 4.39 μg L−1 (Fig. 2i) and showed two peaks (Feb-
ruary 2013 and January 2014) with concentrations of 4.39 μg L−1and
Table 1
Correlation coefficients between physical and chemical parameters fromFebruary 2013 toApril
Abbreviations: temperature (T, °C), salinity (S), nitrates (NO3

−), phosphates (PO−3
4 ), silicates (H

bon (DOC, μmol L−1), Irradiance (I,Wm−2),fluorescenceDOM(Peak–M, Peak–C, Peak–T, inQSU
254 nm [a*CDOM(254) in m−2g C−1], fluorescence quantum yield at 340 ([ɸ (340)]) and spec

All data were log10-transformed prior to the analyses.
4 μg L−1, respectively. The winter Chl a peak in 2013 followed a NH4
+

maximum, while the 2014 peak came after a salinity minimum. In
contrast, during spring and summer, Chl a was rather low, reaching
values of <0.6 μg L−1.

3.2.3. Dissolved and particulate organic carbon
The dissolved organic carbon (DOC) concentration ranged from 60.2

μmol L−1 to 116.6 μmol L−1. Maximum values occurred in mid to late
summer (August–September), followed by a gradual decrease until
the winter period, when DOC values remained low (60.2 to 81.9 μmol
L−1, Fig. 3a). Particulate organic carbon (POC) concentrations showed
high variability throughout the whole period (from 3.9 to 22.4 μmol
L−1, Fig. 3a) with low concentrations (5.4 μmol L−1) in early spring, au-
tumn and winter 2013. In contrast, the highest POC values occurred in
mid-autumn 2013 and mid-spring 2014 (19.2 and 22.4 μmol L−1, re-
spectively). DOCdynamicswere significantly correlated to those of tem-
perature, nitrates and Chl a (Table 1).

3.2.4. Chromophoric DOM
CDOM absorption coefficients at 254 nm (a254) and 340 nm (a340)

showed high variability during the studied period, ranging from 1.6 to
4.6 m−1 and from 0.04 m−1 to 1.10 m−1 respectively (Fig. 3b). Both
a254 and a340 coefficients had maxima (4.6 m−1 and 1.1 m−1, respec-
tively) in mid-winter (11 March, 2013), concomitant with low salinity
(34.71) and low temperature (12 °C). In January 2014, and also coincid-
ingwith aminimumof salinity (34.28), high a254 and a340 valueswere
also observed (2.6 and 0.6 m−1, respectively). The coincidence between
low salinity and high CDOM values was confirmed by significant nega-
tive correlations between salinity and a254 and a340. These indexes
were also correlated (positively) with inorganic nutrients (Table 1).

The specific absorption coefficient at 254 nm, a*CDOM (254), oscil-
lated between 1.43 and 6.4 m−2g C−1 and the highest values coincided
with the salinity minima (Fig. 3b). This parameter also showed signifi-
cant correlations with salinity (Table 1).

The spectral slopes S250–500 and S275–295 did not follow a regular pat-
tern during the time series. The values fluctuated from 0.008 to 0.030
(S250–500) and from 0.016 to 0.041 (S275–295) (Table 2). For the
(S275–295) slope, which is a surrogate of low molecular weight sub-
stances, the highest values were found in summer coinciding with
high DOC concentrations. Significant negative correlations were found
between the S275–295 values and inorganic nutrients (nitrates,
2014. Colored cells indicate significant correlations (dark= p<0.01, and light= p<0.05).
4SiO4), ammonium (NH4

+) in μmol L−1, chlorophyll a (Chl a, μg L−1), dissolved organic car-
), CDOMabsorption coefficients (a254 anda340, inm−1), specific absorption coefficient at
tral slope (S275–295).



Table 2
Seasonal average of the spectral slopes from 250 to 500 (S250–500), from 275 to 295 (S275–295), absorption coefficient (a254 and a340, in m−1) and fluorescence quantum yield at
340 ([ɸ (340)]) during the time series.

Winter Spring Summer Autumn

Range Average Range Average Range Average Range Average

S250–500 0.008–0.025 0.016 0.011–0.030 0.019 0.013–0.030 0.017 0.014–0.020 0.017
S275–295 0.016–0.039 0.028 0.019–0.041 0.030 0.025–0.039 0.031 0.021–0.031 0.028ɸ340 0.11–0.87 0.44 0.08–0.51 0.28 0.08–0.25 0.14 0.15–0.59 0.26
a254 1.50–4.60 2.06 1.59–3.22 2.03 1.90–2.69 2.21 1.43–2.66 2.10
a340 0.04–1.10 0.37 0.11–0.57 0.27 0.11–0.45 0.29 0.25–0.61 0.35
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phosphate, silicate and ammonium) and Chl a, while these slopes values
were positively related to DOC and solar irradiance (Table 1).

3.2.5. Fluorescent DOM
Fluorescent DOM excitation-emission matrices (EEMs) showed

marked fluorescence peaks in the areas corresponding to the protein-
like and humic-like substances. The EEMs showed a marked temporal
variability, with noticeable changes in fluorescence signals associated
with the two most contrasting environmental events: (1) the intrusion
of low salinity (34.71) waters in winter (Fig. 4a) and (2) the high light
exposure and stratification occurring in summer (Fig. 4b). Coincident
with the freshwater inputs, clearly defined peaks in the humic-like
areas could be identified in the EEMs (Fig. 4a). For further analyses,
we selected the following single excitation/emission wavelength pairs
(as in Coble, 1996): 340/440 nm (peak–C), 320/410 nm (Peak-M),
280/350 nm (peak–T).

In the humic-like area, the most intense peaks appeared on 11
March 2013 with values of 2.9 and 3.0 QSU for peak–C and peak–M re-
spectively (Fig. 5a). The protein-like FDOM, peak–T, ranged from 0.18 to
3.65 QSU and followed temporal dynamics similar to those of the
humic-like substances (Fig. 5a). We could detect variability in the rela-
tive concentration of protein-like FDOM with respect to humic-like
FDOM: The highest value of the peak–T/peak–C ratio was detected in
Fig. 4. Example EEMs showing the twomost contrasting environmental events: a) intrusion of w
the capital letters indicate the different peaks: humic-like substances (Peak–A), terrestrial hu
substances (Peak–T).
March 2013 (Fig. 5b), while low peak–T/peak–C ratios were observed
during the minimum salinity periods.

The three FDOMpeaks showed significant positive correlationswith
nitrate and Chl a and negative correlations with DOC, temperature and
salinity (Table 1). Solar irradiance was negatively correlated to humic-
like FDOMpeaks–C andM (Table 1). During the autumn-winter period,
multiple regression analyses showed that both salinity and Chl a signif-
icantly affected (p < 0.05) the dynamics of the three FDOM peaks
(Table 3), although the partial coefficients and significance were always
higher for salinity.

The fluorescence quantum yield at 340 nm (Φ340) ranged from
0.08 to 0.87 (Table 2). The highest values ofΦ340 (>0.50) were ob-
served in winter and spring. This parameter was positively related
to Chl a (Table 1) and negatively related to irradiance (r=−0.57, p
< 0.01, n = 52, Fig. 6).

4. Discussion

4.1. Physical and chemical parameters

Our results show a well-marked seasonal variability of temperature,
salinity and nutrients in our study area, as previously described by other
authors (Marty et al., 2002; Grémare et al., 2003). Two sharp decreases
ater with low salinity inwinter and b) water photobleached in summer. Inside the EEMs,
mic-like substances (Peak–C), marine humic-like substances (Peak–M) and protein-like



Fig. 5. Times series from February 2013 to April 2014. a) Fluorescent DOM (Peak–C andM
humic-like FDOM, Peak–T protein-like FDOM). Fluorescence is expressed in quinine
sulfate units (QSU) and b) Ratio between Peak–T and Peak–C, and salinity.

Fig. 6. Relationship between irradiance (Wm−2) and fluorescence quantum yield at 340
nm, [Φ (340)]. The lineal regression (black line) was calculated including all the data
from the time series; Y = 0.67 (−0.00048)-4ּ X; R2 = 0.358; p < 0.01; n = 52.
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in salinity were observed in winter (11 March, 2013 and 13 January,
2014). Coinciding with the salinity minimum of March 2013, we ob-
served high water discharges from the Têt and Têch Rivers (≈40
m3s−1 each). The salinityminimum in January 2014 could be associated
with other environmental factors, such as rain or wind, since previous
studies have noted their influence (e.g. NE tramontane winds) on the
coastal ocean circulation (Estournel et al., 2005; Aparicio et al., 2017).
Unfortunately, we do not have enough data to assess the relative contri-
bution of hydrological factors other than river discharge; however, high
nitrate and silicate concentrations were found during the salinity min-
ima, which was confirmed by significant correlations (r = −0.34 and
−0.42; p<0.05, n=57). This could indicate that river flowwas actually
influencing the nutrient levels, and, for the case of January 2014, proba-
bly inducing a peak in chlorophyll a (Fig. 2). The other Chl a maximum
was observed in February 2013. This peak did not follow any salinity
minima but coincided with a relative maximum of NH4

+. This ammo-
nium peak could be originated by sediment resuspension caused by
the strong wind observed during that period (mean 19 m s−1, data
not shown). High waves and swell have been reported as a cause for
sediment resuspension at the SOLA station (Guizien et al., 2007). In
fact, coinciding with this Chl a peak, we found a relative minimum of
temperature (Fig. 2) that could be a sign of water intrusion from deeper
layers.
Table 3
Results of multiple regression analysis between FDOM peaks C, M, and T (log10 R.U., de-
pendent variables) and chlorophyll a (Chl a) and salinity (log10, independent variables)
during the autumn-winter period in the SOLA station. n=26, b = non-standardized par-
tial coefficient; β = standardized partial coefficient; p: level of significance.

Dependent variable Independent variables

Salinity Chl a

b β p b β p R2

Peak-C −13.9 −0.529 0.002 0.273 0.345 0.034 0.537
Peak-M −13.0 −0.492 0.004 0.300 0.377 0.023 0.524
Peak-T −10.0 −0.470 0.006 0.252 0.391 0.020 0.513
We compared the results obtained for the 2012–2014 period with
climatological and environmental data collected from 2000 to 2014 at
the same station. We found that the values for the different variables
during the 2012–2014 period, in general, varied within the range of
the values observed in the past 14 years. There were, however, two sa-
linity outliers. The annual salinity minima found in our study were also
the minima for the last 14 years. Considering that these minima are as-
sociated with extremely high nutrient concentrations, it would be of in-
terest to check whether these phenomena are sporadic or, conversely,
associated with a shift in meteorological trends. Notably, the ammonia
concentration values were, in general, below the mean of the past 14
years, while the phosphate values tended to be above the average.
This change in the tendency in nutrient dynamics may be due to local
processes because it did not occur in other coastal areas of theNWMed-
iterranean close to the SOLA study site (e.g. the Blanes BayMicrobial Ob-
servatory, Nunes et al., 2018).

4.2. Temporal mismatch between dissolved organic matter and inorganic
nutrients

In our study site and period, we observed an accumulation of
dissolved organic carbon (DOC) towards the end of summer, also
observed in previous studies in the NW Mediterranean Sea (Copin-
Montégut and Avril, 1993; Vila-Reixach et al., 2012; Romera-
Castillo et al., 2013) and in other oligotrophic ocean areas (Carlson
and Hansell, 2015). This accumulation in summer has been attrib-
uted to the “malfunctioning of the microbial loop” (Thingstad et al.,
1997); that is, the inability of heterotrophic prokaryotes to uptake
DOM due to the limitation in inorganic nutrients. Although the Med-
iterranean Sea is mainly limited by phosphorus, and subsequent
studies have also proven this limitation in the NW area (Sala et al.,
2002; Salter et al., 2014; Pinhassi et al., 2006), the concentrations
of both dissolved nitrogen and phosphorus are extremely low in
summer (close to detection limits 0.05 and 0.02 μmol L−1, respec-
tively), and osmotrophs are probably limited by both nutrients as
Sala et al. (2002) also pointed out. Nevertheless, in other NW Medi-
terranean zones, relatively high heterotrophic prokaryotic produc-
tion, measured as leucine incorporation, has been found in
summer, coinciding with the lowest inorganic nutrient concentra-
tions (Alonso-Sáez et al., 2008; Laghdass et al., 2010). Later, Vila-
Reixach et al. (2012) proposed that accumulated DOC comes from
heterotrophic prokaryotic origin. To interpret this mismatch be-
tween DOC accumulation and heterotrophic prokaryotic activity,
more detailed studies need to be carried out. Top-down control
could also contribute to this mismatch, as grazing is also a significant
DOM source (Strom et al., 1997). In fact, several studies have re-
ported increases in grazing activity with temperature (Marrasé
et al., 1992; Vaqué et al., 1994; Unrein et al., 2007).
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4.3. Seasonal dynamics of CDOM fractions

At SOLA station we could observe that the sharpest changes in the
quality of the FDOM coincided with high river discharges. In fact, the
significant negative correlations between FDOMpeaks and salinity sug-
gest that the incoming freshwaters have a high FDOM content (Table 1)
in linewith previous studies showing that CDOM and FDOM concentra-
tions in coastal areas are influenced by terrestrial-derived inputs
(Ferrari, 2000; Blough and Del Vecchio, 2002). However, based on our
results we hypothesize that, during most of the year, the variability in
humic-like FDOM in the coastal Mediterranean Sea depends on a com-
bination of biotic and abiotic factors, and that the autochthonous DOM
inputs (e.g. exudation from marine phytoplankton or heterotrophic
prokaryotes) (Alonso-Sáez et al., 2009; Romera-Castillo et al., 2011a;
Kramer and Herndl, 2004; Jørgensen et al., 2014) are the main source
and photobleaching after sunlight exposure is the main sink (see
below).

The significant correlations between all FDOMpeaks and chlorophyll
could be indicative of a phytoplanktonic source. This contrasts with the
lack of correlation between Chl a and DOC and with the negative corre-
lation between DOC and the humic-like FDOM peaks (Table 1). This re-
flects that the autochthonous processes controlling these two pools of
organic matter are uncoupled and are affecting their dynamics in oppo-
site directions (Chen and Bada, 1992; Coble, 2007; Romera-Castillo
et al., 2013). On the one hand, phytoplankton have been shown to pro-
duce humic-like and protein-like FDOM (Romera-Castillo et al., 2010),
which could bemanifested in our study systems in winter and autumn,
when other sources and themain sinks (i.e. photobleaching, see below)
are minor. In fact, multiple regression analysis performed with winter
and autumn FDOM data for the humic-like peaks (C and M) and also
for the protein-like peak (T) revealed significant relationships with
both salinity and Chl a (see Table 3). This corroborates that, although
land inputs highly influence the FDOM dynamics, in situ biological ac-
tivity may also contribute to this variability. On the other hand, the in-
crease in FDOM peaks associated with increases in phytoplankton
biomass could be also indirect and mediated by bacterial reprocessing
(Coble et al., 1998; Romera-Castillo et al., 2011b).

Low concentrations of humic-like FDOM found during the stratifica-
tion period (April to October) coincided with high sunlight exposure
(on average: day length 14 h d−1, irradiance 903 W m−2). Thus,
photobleaching could be the major FDOM sink during this period. Sim-
ilar trends have been observed in other coastal areas (Para et al., 2010;
Romera-Castillo et al., 2013), where humic-like compounds were also
low in summer. This pattern was paralleled by the highest values of
S275–295, (Table 2) found in summer, when DOC concentrations were
also elevated. High S275–295 values indicate low molecular weight
(LMW) material, possibly photobleaching products (Helms et al.,
2008), and, indeed, we observed negative correlations between Irradi-
ance and S275–295 (Table 1). According to the Size-Reactivity Continuum
hypothesis (Benner and Amon, 2015) most of the refractory DOC re-
sides in LMWmolecules, and thus increased photobleaching in summer
would increase the refractory, i.e. resistant to biodegradation, DOC frac-
tion (Obernosterer et al., 1999), favoring the observed accumulation of
DOC in summer. Finally, decreases in fluorescence quantum yield at
340 nm, [Φ (340)], are also related to photobleaching (Romera-
Castillo et al., 2011b, 2013).We found a significant negative relationship
between [Φ (340)] and Irradiance (Fig. 6), which corroborates with
photobleaching being a main driver of humic-like FDOM decreases in
summer.

5. Conclusions

The seasonal patterns of the environmental variables studied could
be discerned clearly. The signal of episodic events, such as fresh water
intrusions, onDOMdynamics could be captured thanks to the high sam-
pling frequency. During the study period, we found a temporal
mismatch between autotrophic biomass (chlorophyll a) and dissolved
organic carbon, although correlations between chlorophyll a and
FDOM peaks suggest an autochthonous DOM source that drives their
dynamics during most of the year and, in particular, in winter-autumn
seasons. In summer, when the water column was highly stratified, we
observed the highest DOC concentrations concomitant with the lowest
chlorophyll a values. Yet, the high DOC concentration in summer coin-
cidedwith lowfluorescence intensities of the humic-likeDOMfractions.
We attributed this temporal decoupling to photobleaching processes,
which are also indicated by lower fluorescence quantumyields.Wepro-
pose that photobleaching is one of themainmechanisms renderingDOC
recalcitrant, so that it accumulates in thewater column during summer.
We postulate that a combination of episodic terrestrial inputs,
photobleaching in summer, and microbial activity, could subsequently
explain the different DOC dynamics and its optically active fractions.
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