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Fluorescent dissolved organic matter (FDOM) in the Mediterranean Sea was analysed by excitation–emission
matrix (EEM) spectroscopy and parallel factor (PARAFAC) analysis during the cruise HOTMIX 2014. A
4–component model, including 3 humic–like and 1 protein–like compounds, was obtained. To decipher the
environmental factors that dictate the distributions of these components, we run generalized additive models
(GAMs) in the epipelagic layer and an optimum multiparametric (OMP) water masses analysis in the meso– and
bathypelagic layers. In the epipelagic layer, apparent oxygen utilization (AOU) and temperature presented the
most signiﬁcant eﬀects on the variability of the marine humic-like peak M ﬂuorescence, suggesting that its
distribution was controlled by the net community respiration of organic matter and photobleaching. On the
contrary, the variability of the soil humic-like peak E and the protein–like peak T ﬂuorescence was explained
mainly by the prokaryotic heterotrophic abundance, which decreased eastwards. In the meso– and bathypelagic
layers, water mass mixing and basin–scale mineralization processes explained > 72% and 63% of the humic–like
and protein–like ﬂuorescence variability, respectively. When analysing the two basins separately, the OMP
model oﬀered a better explanation of the distribution of ﬂuorescence in the eastern Mediterranean Sea, as
expected from the reduced biological activity in this ultra–oligotrophic basin. Furthermore, while western
Mediterranean deep waters display the usual trend in the global ocean (increase of humic–like ﬂuorescence and
decrease of protein–like ﬂuorescence with higher AOU values), the eastern Mediterranean deep waters presented
an opposite trend. Diﬀerent initial ﬂuorescence intensities of the water masses that mix in the eastern basin, with
Adriatic and Aegean origins, seem to be behind this contrasting pattern. The analysis of the transect–scale
mineralization processes corroborate this hypothesis, suggesting a production of humic–like and a consumption
of protein–like ﬂuorescence in parallel with water mass ageing. Remarkably, the transect–scale variability of the
chromophoric dissolved organic matter (CDOM) absorbing at the excitation wavelength of the humic–like peak
M indicates an unexpected loss with increasing AOU, which suggests that the consumption of the non–ﬂuorescent fraction of CDOM absorbing at that wavelength exceeded the production of the ﬂuorescent fraction
observed here.

1. Introduction
This manuscript is part of a broader study about the environmental
drivers of the optically active fraction of dissolved organic matter
(DOM) in the open waters of the Mediterranean Sea, hereinafter

⁎

MedSea. The chromophoric fraction of DOM (CDOM) has been examined in the companion study by Catalá et al. (2018), who explored
the physical and biogeochemical drivers that dictate the distributions of
CDOM absorption coeﬃcients and spectral slopes in epi–, meso–, and
bathypelagic waters of the MedSea. Here we focus on the small fraction
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ﬂuorescence of chlorophyll a (SeaPoint ﬂuorometer) sensors were attached to the rosette sampler. Discrete sampling depths were decided
according to the values of the continuous proﬁles of potential temperature (θ), salinity (S), dissolved oxygen (O2) and ﬂuorescence of
chlorophyll a (Chl a). A total of 330 samples were collected during the
cruise.
Seawater samples were collected to analyse salinity (S), dissolved
oxygen (O2) and Chlorophyll a (Chl a) to calibrate the sensors for
conductivity, O2 and ﬂuorescence of Chl a, respectively. In addition,
inorganic nutrients and prokaryotic heterotrophic abundance (PHA)
were also determined in all samples (see Section 2.2).
Samples for the determination of ﬂuorescent dissolved organic
matter (FDOM) were collected in 0.5–litres acid–cleaned glass bottles.
Discrete samples collected at < 200 m were ﬁltered through precombusted (450 °C, 4 h) Whatman GF/F ﬁlters with an acid–cleaned
all–glass ﬁltration system under positive pressure of high–purity N2,
previously rinsing with about 50 mL of the sample. Dark ocean samples
were not ﬁltered. FDOM aliquots were kept in the dark until analysis on
board by ﬂuorescence spectroscopy (see Section 2.3) within two hours
of collection.

of this CDOM pool that is able to emit the light absorbed in the form of
blue ﬂuorescence, i.e. on the ﬂuorescent dissolved organic matter
(FDOM) pool.
FDOM consist basically on two groups of ﬂuorophores: protein–like
substances, related mainly to the aromatic amino–acids tyrosine and
tryptophan, which absorb at < 300 nm; and humic–like substances,
related to terrestrial and marine humic and fulvic acids, which absorb
at > 300 nm (Coble, 2007; Nelson and Siegel, 2013; Coble et al., 2014;
Stedmon and Nelson, 2015). FDOM is reliably, fast and easily determined by ﬂuorescence spectroscopy, being widely used over the last
decade to gain fundamental knowledge on the impact of ocean circulation, mixing and biogeochemical processes on DOM cycling in open
ocean waters (Yamashita and Tanoue, 2008; Jørgensen et al., 2011;
Catalá et al., 2015a; Nelson and Gauglitz, 2016; Yamashita et al., 2017).
While the dynamics of dissolved organic carbon (DOC) in the open
MedSea is well-known (Santinelli, 2015 and the references therein),
FDOM studies have been mostly conducted in coastal areas (Para et al.,
2010; Romera-Castillo et al., 2013; Sánchez-Pérez et al., 2016; Aparicio
et al., 2017) and local seas (Zeri et al., 2014, Gonnelli et al., 2016, Cyr
et al., 2017; Pitta et al., 2019) of the MedSea. However, the basin–wide
distribution of FDOM in the open MedSea remains largely unknown yet.
The particular hydrography and circulation of the MedSea with its large
variety of water masses despite its small size (Bergamasco and
Malanotte-Rizzoli, 2010; Catalá et al., 2018), its reduced renewal times
of decades vs. centuries for the global ocean (Laruelle et al., 2009;
Schneider et al., 2014; Powley et al., 2016), and its relatively high deep
water temperatures of about 13 °C vs. < 3 °C in the global ocean
(Dickson and Brown, 1994) makes this “miniature ocean” very suitable
for biogeochemical studies in general, and the ﬂuorescent fraction of
CDOM in particular.
Here, we hypothesize that the distribution of the diﬀerent FDOM
fractions in the open waters of the MedSea is dictated by the origin of
the materials (terrestrial vs. marine), the formation area of the intermediate and deep water masses (Eastern vs. Western, Adriatic vs.
Aegean), and the microbial and photochemical transformations experienced during their transit through the MedSea. As for the case of
the companion paper by Catalá et al. (2018), the aim of this study is to
assess whether the distribution and environmental drivers (physical vs.
biogeochemical, photochemical vs. microbial, autotrophic vs. heterotrophic) of FDOM in the MedSea diﬀers from the world ocean and
whether the contrasting degree of oligotrophy between the WestMed
and the EastMed aﬀects the dynamics of FDOM. To do so, PARAFAC
analysis (Stedmon and Bro, 2008) is used to identify the main ﬂuorophores present in the MedSea. General additive models (GAMs) are
used to explore the environmental drivers of the FDOM ﬂuorophores in
the epipelagic layer. In the meso– and bathypelagic layers, an optimum
multiparameter (OMP) water mass analysis is used to diﬀerentiate the
eﬀect of water mass mixing from the biogeochemical processes occurring during this mixing, on the variability of FDOM. Furthermore, the
OMP analysis also allowed us to obtain a census of the main ﬂuorophores in all the water masses intercepted during the cruise.

2.2. Determination of explanatory variables
Salinity samples were measured on board with a Guildline Portasal
salinometer Model 8410A. Conductivity measurements were converted
into practical salinity scale values with the equation of UNESCO (1985).
Dissolved oxygen was determined on board following the Winkler
method with potentiometric endpoint as modiﬁed after Langdon
(2010). The apparent oxygen utilization (AOU = O2sat – O2) was calculated using the algorithm proposed by Benson & Krause (UNESCO,
1986) for oxygen saturation (O2sat). Chl a concentration was determined on board after ﬁltration of 0.5 L of seawater through a GF/F
ﬁlter and storage frozen until analysis. Pigments were extracted in cold
acetone (90% v/v) for 24 h and analyzed with a 10 AU Turner Designs
bench ﬂuorometer, calibrated with pure Chl a (Sigma Aldrich), according to Holm-Hansen et al. (1965). Nitrate, phosphate and silicate
concentrations were determined using a Skalar segmented ﬂow autoanalyzer SAN++ following the colorimetric methods of Grasshoﬀ et al.
(1999). The heterotrophic prokaryote abundance (PHA) was measured
by ﬂow cytometry. Samples (1.6 mL) were preserved with paraformaldehyde (2% ﬁnal concentration), left 15 min at 4 °C in the dark to
ﬁx, deep frozen in liquid nitrogen and stored at −80 °C until analysed.
The day after, subsamples (400 μL) were stained with the ﬂuorochrome
SYBR Green I, Molecular Probes (ﬁnal concentration 1000× dilution of
the commercial product) at room temperature before analyses at low
speed (< 20 µL min−1) with a BD FACSCalibur cytometer, ﬁtted with a
15 mW laser emitting at 488 nm. Cells were identiﬁed in bivariate plots
of side scatter (SSC–H) versus green ﬂuorescence (FL1–H). A suspension
of yellow–green 1 µm latex beads (∼106 beads mL−1) was added as an
internal standard (Polysciences, Inc.).
2.3. Determination of the response variables: FDOM matrices and
PARAFAC processing

2. Materials and methods
2.1. Sampling strategy

Fluorescence excitation–emission matrices (EEMs) were collected
with a JY–Horiba Spex Fluoromax–4 spectroﬂuorometer at room temperature (around 20 °C) using 5 nm excitation and emission slit widths,
an integration time of 0.25 s, an excitation range of 240–450 nm at
10 nm increments and an emission range of 300–560 nm at 2 nm increments. To correct for lamp spectral properties and to compare results
with those reported in other studies, spectra were collected in signal–to–reference (S:R) mode with instrument–speciﬁc excitation and
emission corrections applied during collection, and EEMs were normalized to the Raman area (RA). In our case, the RA and its baseline
correction were performed with the emission scan at 350 nm of the
Milli–Q water blanks and the area was calculated following the

Twenty–four hydrographic stations were sampled across the entire
MedSea from the Levantine Basin to the Strait of Gibraltar (Fig. 1)
during the HOTMIX 2014 cruise, on board the R/V Sarmiento de
Gamboa (Heraklion, Crete, 27 April 2014 – Las Palmas, Canary Islands,
29 May 2014). A description of the sampling strategy, core measurements, GAMs and OMP water mass analysis is included below.
At each station, water samples were taken from surface to bottom
(max. 15 levels) using a SBE 38 rosette sampler, equipped with 24 (12
L) Niskin bottles. Two conductivity, temperature and depth probes
(CTD SBE 911 plus), dissolved oxygen (SBE–43 oxygen sensor) and
94
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Fig. 1. Map of the study area and hydrographic stations occupied during the HOTMIX 2014 cruise. White arrows indicate the main straits of the MedSea. Figure
created using the software ODV.

Simple linear regression between ﬂuorescence peaks was calculated
using Pearson’s correlation.

trapezoidal rule of integration (Murphy et al., 2010). Rayleigh scatter
bands were removed mathematically from the EEMs.
To track the variability of the instrument in the Raman, protein–
and humic–like regions of the spectrum and to assess gradual spectral
bias during the 33 working days of the cruise, three standards were run
daily: (1) a p–terphenyl block (Starna) that ﬂuoresces in the protein
region, between 310 and 600 nm exciting at 295 nm; (2) a tetraphenyl
butadiene block (Starna) that ﬂuoresces in the humic region, between
365 and 600 nm exciting at 348 nm; and (3) a sealed Milli–Q cuvette
(Perkin Elmer) scanned between 365 and 450 nm exciting at 350 nm.
Fig. S1a in the supplementary material shows that the temporal evolution of the RA of the Milli–Q water produced on board and the reference p–terphenyl and tetraphenyl butadiene materials were parallel,
which conﬁrms that the Raman normalization was successful in both
the protein– and the humic–like regions of the EEMs. Therefore, no
additional drift corrections were necessary. In addition, sealed Milli-Q
reference cuvette and daily Milli-Q water produced on board showed
similar pattern of evolution during the cruise, indicative of a good
quality of the Milli-Q water produced in the ship (Fig. S1b).
Furthermore, two scans of the reference sealed Milli-Q water were
measured at the beginning (sMQ1) and at the end (sMQ2) of each
session, which reveals a slight decrease of the ﬂuorescence intensities
along each working day (Fig. S1c). The initial and ﬁnal sMQ spectra
were separated about 8 h of continuous work of the spectroﬂuorometer.
We found that the diﬀerence between sMQ1 and sMQ2 was only 0.69%.
Raman–normalized Milli–Q blanks were subtracted to remove the
Raman scattering signal (Stedmon et al., 2003; Murphy et al., 2010). RA
normalization, blank subtraction and generation of EEMs were performed using Matlab (version R2014B).
A Parallel factor analysis (PARAFAC) was then applied to decompose the ﬂuorescence signal of the EEMs into the underlying individual
ﬂuorescent components (Bro, 1997). The PARAFAC was based on 406
corrected EEMs and was performed using the DOMFluor 1_7 Toolbox8
(Stedmon and Bro, 2008) and Matlab (version R2014B). Before validating the model, only 3 outliers were withdrawn from the database. A
4–component model was obtained (Fig. 2) after split–half validation
and random initialization steps (Stedmon and Bro, 2008; Murphy et al.,
2013). PARAFAC analysis was exclusively used to identify the main
ﬂuorophores in the data set.
Furthermore, from the original EEMs we picked up speciﬁc values at
selected excitation–emission wavelength pairs previously deﬁned by
Coble (1996) and Stedmon et al. (2003). The selected Ex/Em wavelength pairs were 250 nm/435 nm (peak A) due to general humic substances; 340 nm/440 nm (peak C) due to humic substances of terrestrial
origin; 320 nm/410 nm (peak M) due to humic substances of marine
origin; 450 nm/520 nm (peak E) due to soil fulvic acids; and 280 nm/
350 nm (peak T) and 270 nm/304 nm (peak B) due to protein–like
substances, tryptophan and tyrosine–like respectively. Fluorescence
intensities of these peaks are reported in Raman units (RU).

2.4. Generalized additive models (GAMs)
To test for the degree of relationship between the environmental
parameters (inorganic nutrients, O2, AOU, Chl a and PHA) and the
distribution of the FDOM ﬂuorophores in the epipelagic layer of the
MedSea we have used generalized additive models (GAMs, Wood,
2006). A GAM is a nonparametric regression technique that allows inspecting the relationship between a response variable and one (or
more) continuous explanatory variable(s) without the need to choose a
particular parametric form for describing the shape of the relationship
(s). In this study, the explanatory variables are the environmental
parameters and the response variables are the FDOM ﬂuorophores.
Before model ﬁtting, covariability among all potential predictors was
examined using pairwise correlations and calculating variance inﬂation
factors (VIFs, Table S1). The VIF analysis selected the following variables: θ, AOU, Chl a and PHA. GAMs were formulated as follows:

Yi, l = α +

∑j gj (X ji,l ) + ∈i,l

(1)

where Y is the FDOM ﬂuorophores (peak A, C, M, E and T) measured at
a station i and depth level l, α is an intercept, X is a vector of predictor
variables where the superscript j identiﬁes each covariate, g is a
non–parametric smoothing function specifying the eﬀect of each covariates on the response variables and ∈i, l is the error term assumed to be
normally distributed. Smoothing functions were ﬁt by penalized cubic
regression splines restricted to a maximum of three knots. The
smoothness of the functions was estimated by minimizing the generalized cross validation criterion. All models were ﬁtted in R 3.2.3
software (R Development Core Team, 2016) and using the 'mgcv
1.8–16’ package (Wood, 2006).
2.5. Optimum multiparameter (OMP) water mass analysis
Despite the small size of the MedSea, a total of 19 water types were
identiﬁed along the HOTMIX 2014 cruise track (see Table 1 in Catalá
et al., 2018). A water type is a unique combination of physical and
biogeochemical tracers, in our case potential temperature (θ), salinity
(S), silicate (SiO4) and the conservative parameter NO (=O2 + RN NO3;
with RN = 9.3 mol O2 mol N−1; following Anderson, 1995). The OMP
allows computing the optimum contribution of each water type to every
water parcel/sample by solving over–determined systems of linear
mixing equations for volume, θ, S, SiO4 and NO in a non-negative
less–squares sense (Tomczak and Large, 1989). For further details see
the companion study of Catalá et al. (2018). In the Western Mediterranean, hereafter WestMed, the shallowest water type was the
Atlantic Water (AW) that enters the MedSea across the Strait of
95
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Fig. 2. Fluorescence matrices of the four identiﬁed PARAFAC components. C1 represents a
combination of Coble’s (1996) peaks A and C, C2
represents peak M, C3 corresponds to a mixture
of peak T and peak B and C4 represents Stedmon
et al. (2003) peak E. The right panels represent
the excitation (blue lines) and the emission (red
lines) ﬂuorescence intensities of the four PARAFAC components, which are compared with the
PARAFAC components found in the global ocean
(dashed grey lines) by Catalá et al. (2015a).
Figure created using the software Matlab (version
R2014B; MathWorks, USA). (For interpretation of
the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

origin, occupying diﬀerent depth ranges in the Ionian and Levantine
basins (see Table 1a and Fig. 3 in Catalá et al., 2018).
Using the values of any measured variable (N) and the proportions
of the 19 water masses identiﬁed in this study (xij), the water mass
proportion–weighted average concentration of N in each water type, Ni,
herein after archetype value of N, can be calculated as:

Gibraltar. The Winter Intermediate Water (WIW) is located below the
AW, and it is formed in the slope of the Gulf of Lions and the Balearic
Sea. The Eastern Intermediate Water (EIW), coming from the Eastern
Mediterranean, enters the basin through the Strait of Sicily. The deep
WestMed is ﬁlled with up to ﬁve varieties of Western Mediterranean
Deep Water (WMDW) formed by deep convection in the Gulf of Lions
(see Table 1b and Fig. 3 in Catalá et al., 2018). In the Eastern Mediterranean, hereafter EastMed, two surface waters have to be considered:
Modiﬁed Atlantic Water (MAW) at the Strait of Sicily and Levantine
Surface Water (LSW) in the Levantine basin. The intermediate layer is
occupied by the Levantine (LIW) and Cretan (CIW) intermediate waters.
In the deep layer ﬁve varieties of the Eastern Mediterranean Deep
Water (EMDW) are found, one of Aegean origin and four of Adriatic

Ni =

∑j x ij ·Nj
∑j x ij

(2)

where Ni is the archetype value of N in water mass i; Nj is the value of N
in sample j; and xij is the proportion of water mass i in sample j.
To determine the fraction of the total variability of variable N that is
due to water mass mixing, a multiple linear regression of Nj with the
96
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Table 1
Archetypal depth (Zi, m), apparent oxygen utilization (AOUi, µmol kg−1), peak Ai (10−3 RU), peak Ci (10−3 RU), peak Mi (10−3 RU), peak Ti (10−3 RU), peak Ei
(10−4 RU) (%), of the water mass intercepted during the HOTMIX cruise. VOLi, (%) represents the percentage of the total volume of water sampled that corresponded
to each water mass.
Acronym

VOLi

Zi

AOUi

Peak Ai

EastMED

MAW
LSW
LIW
CIW
AdMW
AdDW
Pre-EMT
EMT
Post-EMT-A
Post-EMT-B
Post-EMT-C
AW

3.2
1.8
12.2
6.6
5.8
0.5
14.3
4.3
3.3
2.3
1.8
3.7

125 ± 26
116 ± 21
149 ± 13
379 ± 56
273 ± 55
1425 ± 403
1462 ± 125
1702 ± 135
1903 ± 180
2892 ± 227
2414 ± 235
88 ± 14

13 ± 5
3±3
15 ± 2
47 ± 3
34 ± 5
59 ± 4
62 ± 1
62 ± 1
58 ± 1
55 ± 1
56 ± 1
23 ± 5

14.0
11.3
13.6
15.4
15.6
14.5
14.2
14.0
14.5
15.1
14.8
16.7

±
±
±
±
±
±
±
±
±
±
±
±

WestMED

EIW
WIW
A
B
C
D11
D14

11.4
6.9
9.3
5.8
0.7
0.7
5.4

364 ± 79
170 ± 33
1210 ± 156
1632 ± 222
2012 ± 300
2476 ± 357
2134 ± 160

51
45
67
61
56
55
56

17.0
17.6
16.9
16.5
16.3
16.0
16.3

±
±
±
±
±
±
±

±
±
±
±
±
±
±

5
5
1
2
1
1
1

Peak Ci

Peak Mi

Peak Ti

Peak Ei

0.7
0.6
0.4
0.4
0.4
0.5
0.2
0.3
0.3
0.2
0.4
0.5

5.4
4.3
5.3
6.4
6.2
6.1
6.1
6.0
6.2
6.4
6.5
6.8

±
±
±
±
±
±
±
±
±
±
±
±

0.3
0.3
0.2
0.1
0.2
0.2
0.1
0.1
0.1
0.1
0.2
0.2

7.1
5.5
6.9
8.0
7.9
7.3
7.3
7.1
7.3
7.6
7.5
8.6

±
±
±
±
±
±
±
±
±
±
±
±

0.4
0.3
0.2
0.2
0.2
0.2
0.1
0.1
0.1
0.1
0.1
0.2

7.4 ± 0.6
7.6 ± 0.8
7.5 ± 0.3
6 0.0 ± 0.7
6.7 ± 0.6
3.7 ± 0.8
3.6 ± 0.2
3.3 ± 0.5
3.5 ± 0.4
3.8 ± 0.4
3.5 ± 0.3
9.2 ± 0.5

5.5 ± 0.7
3.9 ± 0.5
4.9 ± 0.4
8.2 ± 0.5
6.8 ± 0.7
11.5 ± 0.7
11.5 ± 0.2
11.7 ± 0.4
12.1 ± 0.4
12.1 ± 0.4
13.1 ± 0.5
8.3 ± 0.4

0.2
0.3
0.2
0.3
0.6
0.5
0.2

7.1
7.3
7.0
6.9
6.6
6.5
6.6

±
±
±
±
±
±
±

0.1
0.1
0.1
0.2
0.3
0.2
0.1

8.8
9.1
8.4
8.3
8.1
8.0
8.1

±
±
±
±
±
±
±

0.1
0.1
0.1
0.1
0.3
0.2
0.1

7.1
8.1
4.8
4.6
4.2
4.2
4.3

9.8 ± 0.4
9.6 ± 0.4
12.3 ± 0.2
11.8 ± 0.3
11.6 ± 0.8
11.3 ± 0.6
11.6 ± 0.3

±
±
±
±
±
±
±

0.4
0.4
0.2
0.4
0.7
0.4
0.2

Note: MAW: Modiﬁed Atlantic Water, LSW: Levantine Surface Water, LIW: Eastern Levantine Intermediate Water, CIW: Cretan Intermediate Water, AdMW: Middle
Adriatic Water, AdDW: Adriatic Deep Water, Pre-EMT: Eastern Mediterranean Deep Water (EMDW) previous to the EMT, EMT: EMDW during the EMT, Post-EMT-A:
EMDW after the EMT found in the Levantine basin, Post-EMT B: EMDW formed after the year 2003, Post-EMT-C: EMDW formed after the year 2007, AW: Atlantic
Water, EIW: Eastern Intermediate Water formed in the Levantine Basin, WIW: Winter Intermediate Water, A: Western Mediterranean Deep Water (WMDW) formed
prior to the year 2005, B: WMDW formed in winter 2004/5 in the Gulf of Lions, C: originated in winter 2004/5 with high inﬂuence of coastal shelf waters, D11:
WMDW formed prior to the year 2011, D14: WMDW formed prior to the year 2014.

humic–like (Coble, 1996, Stedmon et al., 2003). Component 1 corresponds to a mixture of Coble’s (1996) peaks A (shorter excitation wavelength associated with general humic substances) and C (longer excitation wavelength linked to terrestrial humic substances) and
component 2 to Coble’s (1996) peak M, related with marine humic
substances. Component 4 is close to Stedmon et al. (2003) peak E,
which has been associated with soil fulvic acids. On the contrary,
component 3 has been classiﬁed as protein–like, exhibiting its maximum ﬂuorescence at the Ex/Em wavelength pair of 280/320 nm,
which is in between Coble’s (1996) peaks T and B. Therefore, this
component represents a mixture of tryptophan– and tyrosine–like
compounds.
Given that the PARAFAC components roughly match the classical
ﬂuorescence peak intensities at the Ex/Em wavelength pairs previously
established by Coble (1996) and Stedmon et al. (2003), we decided to
use the latter in order to allow direct comparison with previous studies.

previously obtained xij values is performed. A system of n linear
equations (one per sample) with m coeﬃcients (one per WT) has to be
solved for each variable N:

Nj =

∑j xij ·αi

(3)

where αi is the linear ﬁtting parameter of water type i. The determination coeﬃcient (R2) and the standard deviation of the residuals (SD
res) of this regression deﬁne the goodness of the ﬁt.
Finally, to consider simultaneously the eﬀect of mixing and biogeochemical processes on the distribution of FDOM variables, a term is
added to Eq. (3) that models the non–conservative processes independent of the water type proportions. To do that, an additional
explanatory chemical variable (N2) is introduced to model the distribution of the response variable (N1) as follows:

N1j −

∑j xij ·α1i = β·

(N

2j

−

∑j xij ·α2i

)

(4)

Note that the term in the left represents the residuals of Eq. (3) for
the response variable and the term in parenthesis in the right are the
residuals of Eq. (3) for the explanatory variable. β is the ﬁtting parameter of the relationship between N1 and N2, independent of water
mass mixing, assuming that such a relationship is linear and homogeneous (i.e., β does not vary) in all the study area. This equation can
be rearranged as follows:

N1j =

∑j xij ·(α1i − β·α2i) + β·N2j

3.2. Distribution of ﬂuorescent DOM in the Mediterranean Sea
The three major humic–like peaks (A, C and M) presented very
strong positive correlations among them (peak A vs peak M, R2 = 0.91,
p < 0.0001, n = 317, peak A vs peak C, R2 = 0.91, p < 0.0001,
n = 317 and peak C vs peak M R2 = 0.97, p < 0.0001, n = 317). Thus,
for simplicity, we will report only peak M results. Although peak E also
exhibited positive correlations with the other humic-like peaks, they
were much weaker (peak E vs peak A, R2 = 0.44, p < 0.0001, n = 314,
peak E vs peak C, R2 = 0.55, p < 0.0001, n = 314 and peak E vs peak
M R2 = 0.43, p < 0.0001, n = 314). Therefore, we will present the
results of peak E apart.
Fluorescence intensities of peak M ranged from 2 to 11 × 10−3 RU.
Lower values were found at the surface layer with mean values (upper
100 m) of 4 ± 2 × 10−3 and 7 ± 2 × 10−3 RU for the EastMed and
WestMed, respectively. Concerning water masses, in the EastMed the
lowest intensities of peak M corresponded with LSW (archetype depth
of 116 ± 21 m) with an archetype intensity of 5.5 ± 0.3 × 10−3 RU.
On the other hand, the highest intensities were attributed to the

(5)

Therefore, a system of n linear equations (one per sample) with
m + 1 unknowns (one per water type, α1i − β·α2i, and the coeﬃcient β)
has to be solved. For further details please see Catalá et al. (2018).
3. Results
3.1. Fluorescent DOM components in the Mediterranean Sea
A 4–component model was obtained from the PARAFAC analysis
(Fig. 2). Components 1, 2 and 4 have been already classiﬁed as
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Fig. 3. Distribution of the ﬂuorescence peaks. (a) Peak M (RU), (b) peak T (RU) and (c) peak E (RU) along the Mediterranean Sea. Numbers located on the top of the
ﬁgure indicate the sample stations, which are depicted in Fig. 1. Figure created using ODV software (Schlitzer, 2017).

intermediate layer of the EastMed, LIW presented signiﬁcantly higher
(t–test, p < 0.05, α = 0.05) archetype peak T intensity than CIW
(7.5 ± 0.3 × 10−3 RU and 6.0 ± 0.7 × 10−3 RU, respectively).
Analogously, in the WestMed, WIW presented slightly higher archetype
peak T intensity than EIW (8.1 ± 0.4 × 10−3 RU and
7.1 ± 0.4 × 10−3 RU, respectively). Comparison between the water
masses of the intermediate layers in both basins at similar depths
yielded no diﬀerences in the archetype intensities of peak T (Table 1).
Regarding the deep waters, the mean archetype intensity of all EMDW
varieties was 3.5 ± 0.2 × 10−3 RU, signiﬁcantly lower (t–test,
p < 0.0001, α = 0.05) than WMDW average value (4.4 ± 0.3 × 10−3
RU). The archetype intensities of peak T in the diﬀerent deep water
varieties were homogeneous inside each basin (Table 1).
Fluorescence intensities of peak E ranged from 1 to 15 × 10−4 RU,
that is an order of magnitude lower than peaks M and T. Lower intensities were found at the surface layer (upper 100 m) with mean values of 4 ± 2 × 10−4 and 7 ± 2 × 10−4 RU for the EastMed and
WestMed, respectively. In the epipelagic layer MAW presented signiﬁcantly lower archetypal value (5.5 ± 0.7 × 10−4 RU) than AW
(8.3 ± 0.4 × 10−4 RU) (t–test, p < 0.001, α = 0.05). In the intermediate layer LIW exhibited a signiﬁcantly lower archetypal value
(4.9 ± 0.4 × 10−4 RU) than EIW (9.8 ± 0.4 × 10−4 RU) (t–test,
p < 0.0001, α = 0.05). In the bathypelagic layer, basin-scale diﬀerences were not evident (Fig. 3c), exhibiting mean archetype values of
12 ± 1 and 12.0 ± 0.4 × 10−4 RU, for the EastMed and WestMed,
respectively (Table 1). Considering the deep water varieties of the

intermediate waters, characterized by maximum archetype values of
8.0 ± 0.2 × 10−3 RU. In the Levantine basin, peak M increased with
depth up to about 200 m and then was kept constant through the water
column until reaching the bottom. In the Ionian Sea, peak M showed
higher intensities than in the Levantine basin, increasing down to the
intermediate waters and maintaining almost constant through the water
column below this depth (Fig. 3a and Fig. S2a). In the WestMed, peak M
ﬂuorescence increased from surface to intermediate waters where
maximum intensities were recorded (red branch in Fig. 3a) and then
decreased monotonically with depth. In this basin, maximum values
were found in EIW and WIW (archetype depths of 364 ± 79 m and
170 ± 33 m, respectively) with archetype values of 8.8 ± 0.1 × 10−3
RU and 9.1 ± 0.1 × 10−3 RU, respectively (Table 1).
The basin-wide variability of protein-like substances will be described on basis of peak T measurements. Protein–like ﬂuorescence
ranged between 2 and 15 × 10−3 RU and, similarly to peak M ﬂuorescence, exhibited higher intensities in the WestMed (Fig. 3b and Fig.
S2b). Contrary to peak M, peak T showed higher intensities at the
surface with mean values in the upper 100 m of 7 ± 2 × 10−3 and
10 ± 2 × 10−3 RU for the EastMed and WestMed, respectively. Peak T
decreased through the water column, achieving minimum values at the
bottom in both basins. In the EastMed, MAW and LSW presented an
archetype intensity of 7.4 ± 0.6 × 10−3 and 7.6 ± 0.8 × 10−3 RU,
respectively, signiﬁcantly lower (t–test, p < 0.05, α = 0.05) than AW
in the WestMed, 9.2 ± 0.1 × 10−3 RU. These basin–wide diﬀerences
in the upper layer can be easily recognised in Fig. 3b. In the
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Fig. 4. Distribution of the ﬂuorescence ratios: (a) peak A/C, (b) A/M and (c) M/C along the Mediterranean Sea. Numbers located on the top of the ﬁgure indicate the
sample stations, which are depicted in Fig. 1. Figure created using ODV software (Schlitzer, 2017).

T, the total variance explained was signiﬁcantly lower (31%) than for
the humic–like peaks (Table 2). PHA and θ were the only two variables
that contributed to explain the observed variability. PHA had a strong
inﬂuence on the distribution of peak T with a shift from an inverse to a
direct linear relationship at around e12.5 (=2.7 × 105) cell mL−1
(Fig. 5e). The explanatory power of θ was lower and showed a negative
linear relationship with peak T.
In summary, while AOU is the major explanatory variable of the
peaks A, C and M, peaks E and T were mostly explained by PHA.

EastMed, Post-EMT-C (newest deep water mass) presented the highest
archetypal value of peak E (13.1 ± 0.5 × 10−4 RU).
Despite the strong correlations (R2 > 0.91) among the main humiclike peaks (A, C and M) shown at the beginning of this section, the
distributions of the A/C, A/M and M/C ratios still retain a clear pattern
with depth and basin: the highest values of the ratios are found in the
surface layer of the EastMed (Fig. 4).

3.3. Results of GAMs analysis in the epipelagic waters of the Mediterranean
Sea

3.4. Mixing and biogeochemical model results for the meso– and
bathypelagic waters of the Mediterranean Sea

To assess the drivers that dictate the distribution of the ﬂuorescence
peaks in the epipelagic layer of the MedSea we performed a GAM
analysis. The model results indicated that > 88% of the variability of
peaks A, C and M was explained by a combination of θ, AOU, Chl a and
PHA. The main explanatory variables were θ, AOU and Chl a (Table 2),
showing a positive linear relationship with AOU and Chl a and an inverse relationship with θ (Fig. 5a–c). Concerning peak E, the model
explained 74% of the total variability, with θ, AOU and PHA as selected
explanatory variables (Fig. 5d and Table 2). PHA was the better predictor of the variability of peak E with a shift from an inverse to a direct
linear relationship. Peak E showed a positive linear relationship with
AOU, similar to that observed with peaks A, C and M (Fig. 5a–c),
nevertheless it showed an inverse relationship with θ. Regarding peak

Fluorescence peaks presented strong linear correlations with water
mass mixing proportions (R2 > 0.62) (Table 3). Speciﬁcally, 73% of
the variability of the intensity of peak M is explained by water mass
mixing. It should be kept in mind that this multiple linear regression
model with water type proportions retains not only the variability due
to diﬀerent initial concentrations at the formation area of each water
type, but also the large scale mineralization from the formation area to
the study section (Álvarez-Salgado et al., 2013; Catalá et al., 2018).
Inclusion of a biogeochemical parameter as AOU in the multiple regression model improves the explained variance to 76%. In addition the
SD of the residuals of the estimation improved by 5.8%. More
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(66%/24%) more inﬂuence of DOC than sinking POC en the EastMed.
Alike for DOC, given that peak T represents a labile fraction of DOC, it is
expected that this inﬂuence should be even higher. In fact, it is about 3
times (8/2.7).

Table 2
Results of the Generalized Additive Models (GAMs) ﬁtted to the ﬂuorescence
variables. Note that only statistically signiﬁcant covariates were retained in the
ﬁnal formulations. SE = Standard Error; EDF = Estimated Degrees of Freedom;
DE = Deviance Explained; N = number of data. See the main text for the
variables and parameters descriptions. Note that Chl a ﬂuorescence and
Bacterial abundance (PHA) were ln-transformed.
Fluorescence
variable

Parameter

Estimate
( ± SE)

Peak A

Intercept

13.01
(0.11)

N = 160
DE = 87.9%

θ
AOU
Chl a
PHA

Peak C

Intercept

N = 161
DE = 91.1%

θ
AOU
Chl a
PHA

Peak M

Intercept

N = 161
DE = 89.2%

θ
AOU
Chl a
PHA

Peak E

Intercept

N = 159
DE = 73.7%

θ
AOU
PHA

Peak T

Intercept

N = 165
DE = 31%

θ
PHA

EDF

t-value

F-value

123.6
1.00
1.60
1.80
1.98

4.88
(0.05)

107

6.32
(0.06)

103.1

0.59
(0.01)

54.93

8.18
(0.15)

< 0.0001
< 0.0001
< 0.0001
0.0003

4.1. FDOM drivers in oligotrophic epipelagic waters

< 0.0001
7.62
8.99
30.86

53.83
1.00
1.93

< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001

44.11
22.11
24.99
8.67

1.84
1.67
1.97

< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001

69.23
52.45
28.03
12.47

1.52
1.00
1.42
1.95

All ﬂuorophores found in this work were previously reported in the
literature (Coble, 1996, Stedmon et al., 2003; Catalá et al., 2015a; Pitta
et al., 2017, 2019). The PARAFAC components found in the MedSea
compares to those found in the global ocean by Catalá et al. (2015a)
(Fig. 2). Component 1 corresponded to peaks A + C and component 2
to peak M in both studies. Our component 3 (protein–like, mixture of
tryptophan and tyrosine) corresponded to component 4 (related to
tyrosine) of Catalá et al. (2015a). However, our component 4 matched
to humic–like peak E previously found in coastal areas (Stedmon et al.,
2003, Stedmon and Markager, 2005) but not in the open ocean (e.g.
Jørgensen et al., 2011; Kowalczuk et al., 2013; Catalá et al., 2015a). In
the Mediterranean Sea peak E was already found in the mixing zone of
the Dardanelles Strait and the North Aegean Sea, which is an area of
strong terrestrial inﬂuences due to river discharge into the Black Sea
(Pitta et al., 2017). The fact that we observed this component also in the
open MedSea points to the impact of continental runoﬀ in the distal
zone of this relatively small and enclosed basin.

P-value

< 0.0001
79.27
14.37
14.65
13.61

1.12
1.00
1.63
1.98

4. Discussion

Photobleaching is the likely reason behind the low ﬂuorescence
intensities of the humic–like ﬂuorophores (peaks A, C, M and E) in
epipelagic waters as compared with deep waters of the MedSea
(Kouassi and Zika, 1992; Moran et al., 2000; Mopper et al., 2015; Pitta
et al., 2017, 2019). Humic-like substances contain aromatic structures
that are prone to undergo decomposition into colourless smaller molecules. Furthermore, ﬂuorescence intensity was lower in the epipelagic
EastMed than in the WestMed, because the AW, that enters the MedSea
through the Strait of Gibraltar and displaces eastwards towards the
Levantine basin, experiences progressive photodegradation during its
route. Although all humic–like substances undergo photodegradation,
peak A was much less sensitive than peaks M, C and E (Fig. 4). Note that
in the case of peak A, the excitation wavelength (250 nm) is outside the
natural solar spectrum (> 295 nm) and, therefore, the eﬀect of photobleaching should be secondary (Del Vecchio and Blough, 2002). In the
case of peaks M, C and E, the excitation wavelengths (320, 340 and
440 nm, respectively) are within the photochemically active part of the
natural solar spectrum (Fichot and Benner, 2011).
On the contrary, protein–like ﬂuorescence was higher at the epipelagic layer and declined with depth in agreement with Jørgensen
et al. (2011), who suggested a labile or semilabile nature of these
compounds linked to primary production. In the epipelagic layer, protein–like ﬂuorescence presented lower intensity in the EastMed despite
DOC concentrations were higher there (Catalá et al. 2018). This combination of higher DOC but lower protein–like ﬂuorescence intensity is
likely associated to the ultra–oligotrophy of the EastMed that could
preclude a regular functioning of the microbial loop (Thingstad et al.,
1997). Following these authors, we propose that in the EastMed phytoplankton exude organic matter depleted in nitrogen or structurally
diﬀerent than that formed in the WestMed. In addition, we also propose
that prokaryotes are not able to decompose DOM because of the extremely low values of nutrients in these surface waters (0.1 ± 0.3 and
1.0 ± 0.5 µmol kg−1
NO3−
and
0.01 ± 0.01
and
−1
0.04 ± 0.07 µmol kg HPO4−2 for the ﬁrst 100 m of the EastMed and
WestMed, respectively). Note that this fact does not mean that the accumulated compounds are refractory, but just that the microbial communities somehow are not able to use them. Conversely, in the
WestMed the higher nutrient concentrations, transported by the surface
AW entering from the Atlantic Ocean through the Strait of Gibraltar,

0.0009
0.0002
< 0.0001
< 0.0001

3.89
29.88

0.05
< 0.0001

importantly, a water mass mixing independent peak M/AOU ratio of
2.1 ( ± 0.4) × 10−5 RU µmol O2−1 kg was obtained (Table 3), suggesting a production of marine humic–like substances in parallel to
water mass ageing. For the case of the protein–like peak T the variability explained by the water mass mixing model was slightly lower
(62%) and the mixing–biogeochemical model barely reduced the SD of
the residuals, but a signiﬁcant (p < 0.05) water mass mixing independent peak T/AOU ratio of −3.7 ( ± 1.3) × 10−5 RU µmol O2−1
kg was obtained (Table 3). Contrary to the humic–like peak M, peak T/
AOU ratio was negative, suggesting a decay of this ﬂuorophore in
parallel with water mass ageing. For peak E the mixing model explained
83% of the variability. The explained variance and the SD of the residuals did not improve when the mixing-biogeochemical model is
applied but a signiﬁcant (p < 0.0001) water mass mixing independent
peak E/AOU ratio of 3 ( ± 1) × 10−6 RU µmol O2−1 kg (Table 3) is
obtained.
Considering the two basins independently, the variance explained of
the ﬂuorescence peaks using the mixing model was signiﬁcantly lower
in the WestMed than in the EastMed, except for peak T (Table 3). Regarding the mixing–biogeochemical model, the EastMed presented
signiﬁcantly higher water mass mixing-independent peak M/AOU
(t–test, p < 0.001, α = 0.05) and slightly higher peak E/AOU ratios of
5 ( ± 1) × 10−5 and 5 ( ± 3) × 10−6 µmol O2−1 kg, respectively
compared to the WestMed of 1.6 ( ± 0.4) × 10−5 and 2 ( ± 1) × 10−6
µmol O2−1 kg, respectively. The water mass mixing independent peak
T/AOU in the EastMed, −8 ( ± 3) × 10−5 µmol O2−1 kg, was more
negative than in the WestMed, −2.7 ( ± 1.2) × 10−5 µmol O2−1 kg,
due to the oligotrophy of the EastMed. This is related to the fact that in
the EastMed 66% of the oxygen consumption is due to the DOC mineralization, however in the WestMed the DOC mineralization accounted for only 24% (Catalá et al. 2018). This is, about 2.7 times
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Fig. 5. Partial plots of the additive eﬀects of the physical, chemical and biological covariates on the FDOM parameters after ﬁtting Generalized Additive Models. (a)
Peak A, (b) Peak C, (c) peak M, (d) peak E and (e) peak T. Rugs on x-axis indicate the distribution of the data.

(Fig. 5c): (i) AOU, which is a proxy of the net community respiration
(i.e. the community respiration minus the autotrophic oxygen production) integrated over the time elapsed since the water was last in contact with the atmosphere, (ii) Chl a concentration, which is indicative of
autotrophic biomass and it is in agreement with the ﬁndings of marine
humic–like substances generated by phytoplankton (Romera-Castillo
et al., 2010; Fukuzaki et al., 2014), and (iii) θ, which apart from being
related to stratiﬁcation, can be partly considered as a proxy to solar

stimulate the primary production and the accumulation of protein–like
compounds by means of phytoplanktonic exudation processes. Note
that the AW in the Gulf of Cadiz (West of the Strait Gibraltar) presented
lower ﬂuorescence intensity of peak T than in the MedSea (data not
shown). This result suggests that peak T is produced in the MedSea
instead of being transported from the Atlantic Ocean.
The GAM analysis showed that in the epipelagic layer the distribution of peak M ﬂuorescence were addressed mainly by 4 variables
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Table 3
Parameters of the linear mixing (Eq. (3)) and mixing-biogeochemical (Eq. (5)) models. R2, determination coeﬃcient; SD res, standard deviation of the residuals of the
estimation; % SD reduction, percentage of reduction of the SD res of the mixing biogeochemical as compared with the corresponding mixing model; β, ﬁtting
parameter of the relationship between N1 and N2 independent of the mixing; SE(β), standard error of the estimation of β; p, signiﬁcance level of the estimation of β.
Results are presented for meso– and bathypelagic samples of the whole MedSea and for the EastMed and WestMed, separately.
N1
MedSea
AOU
PHA
Peak A
Peak C
Peak M
Peak T
Peak E
Peak A
Peak C
Peak M
Peak T
Peak E
EastMed
AOU
PHA
Peak A
Peak C
Peak M
Peak T
Peak E
Peak A
Peak C
Peak M
Peak T
Peak E
WestMed
AOU
PHA
Peak A
Peak C
Peak M
Peak T
Peak E
Peak A
Peak C
Peak M
Peak T
Peak E

N2

R2

SD res

AOU
AOU
AOU
AOU
AOU

0.88
0.78
0.72
0.77
0.73
0.62
0.83
0.74
0.79
0.76
0.63
0.83

7.8
88,518
0.001
0.0004
0.00052
0.00149
0.00012
0.00097
0.0004
0.00049
0.00148
0.00012

AOU
AOU
AOU
AOU
AOU

0.96
0.85
0.64
0.69
0.59
0.55
0.86
0.64
0.73
0.64
0.56
0.86

4.4
51,696
0.001
0.00043
0.00058
0.00167
0.00012
0.001
0.00040
0.00055
0.00164
0.00012

AOU
AOU
AOU
AOU
AOU

0.72
0.73
0.26
0.40
0.50
0.71
0.64
0.36
0.51
0.59
0.72
0.63

10.6
119,700
0.001
0.0004
0.00042
0.00124
0.00012
0.001
0.00035
0.00037
0.00123
0.00012

%SD reduction

4.9%
7.1%
5.8%
0.7%
–

β

0.000033
0.000019
0.000021
−0.000037
0.000003

–
7%
5.2%
1.8%
–

–
0.00004
0.00005
−0.00008
0.000005

–
12.5%
9.5%
0.8%
–

0.00004
0.000015
0.000016
−0.000027
0.000002

SE(β)

0.000009
0.000003
0.000004
0.000013
0.000001

–
0.00001
0.00001
0.00003
0.000003

0.00001
0.000003
0.000004
0.000012
0.000001

p

n

0.0001
0.0000
0.0000
0.05
0.0001

233
240
240
240
240
240
237
233
233
233
233
231

Ns
0.0000
0.0001
0.02
0.0001

130
134
134
134
134
134
131
130
130
130
130
128

0.0001
0.0000
0.0000
0.02
0.0001

103
106
106
106
106
106
106
103
103
103
103
103

intermediate layers, corresponding to CIW in the EastMed and to WIW
and EIW in the WestMed matching with the highest AOU values. These
results are in agreement with the hypothesis of humic–like compounds
being produced by microbes as by–products during bioavailable organic
matter mineralization (Kramer and Herndl, 2004, Nieto-Cid et al.,
2006; Yamashita and Tanoue, 2008; Jørgensen et al., 2011; Catalá
et al., 2015a, Zhao et al., 2017). The lower ﬂuorescence intensity of
peak M in the intermediate layers of the EastMed compared to the
WestMed is related to the ultra–oligotrophic EastMed presenting lower
heterotrophic production and enzymatic activities (Luna et al., 2012).
Regarding the deep water masses, they presented diﬀerent behaviour
depending on the basin. While deep waters of the WestMed showed the
expected positive trend between peak M and AOU (red circles in
Fig. 6a), deep waters of the EastMed showed a negative relationship
between both variables (white circles in Fig. 6a) and also a counterintuitive positive relationship with DOC (white circles on the left in
Fig. 6d). In the WestMed, deep water mass varieties presented diﬀerent
ages but the same area of formation and, therefore, equivalent peak M
intensities at the formation time. They also presented similar DOC
concentrations (red circles on the left in Fig. 6d). However, deep water
masses of the EastMed presented diﬀerent peak M values at their formation time depending on the formation site. In this case, we hypothesized that the area of formation have a larger inﬂuence than the
subsequent alteration due to biogeochemical processes in the ﬁnal

irradiation, and therefore linked to photodegradation processes. Peak T
was mainly controlled by PHA (Fig. 5e and Table 2). To a lesser extent,
θ also controlled the distribution of peak T. In this case, it should not be
related with photodegradation processes since peak T is less sensitive to
photobleaching. However, it could be due to the enhancement of biological processes with increasing temperatures. The distribution of peak
E was driven mainly by PHA and to a lesser extent by AOU and θ. In this
case, contrary to peak T, θ is mainly related with photodegradation
processes. Note that although AOU is negative at the surface because
autotrophic oxygen production exceeds community respiration, there
was not any change in the shape of the relationship of any FDOM peak
and AOU when this variable changes from net community production
(AOU < 0) to net community respiration (AOU > 0) (Figs. 5 and 6).
Therefore, it was not necessary to analyse both set of samples separately. Likewise for the MedSea, Catalá et al. (2016) found that AOU
and Chl a were the main environmental drivers of the humic–like distributions for the global ocean. For the amino–acid like components
these authors reported salinity and depth as the main explanatory
variables and PHA showing a lesser inﬂuence on the tyrosine distribution and salinity and AOU for tryptophan distribution.

4.2. FDOM drivers in meso– and bathypelagic waters
Maximum ﬂuorescence intensities of peak M were found in the
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Fig. 6. Relationships of archetype ﬂuorescence peak intensities with archetype apparent oxygen utilization (AOUi, μmol kg−1)
and archetype dissolved organic carbon
(DOCi, μmol kg−1). (a) archetype peak M
(peak Mi, RU), (b) archetype peak T (peak
Ti) and (c) archetype peak E (peak Ei), versus
AOUi.. (d) peak Mi, (e) peak Ti, and (f) peak
Ei, versus DOCi). Error bars represent the
standard deviation of the estimated archetypal values. Red and white circles represent
samples of the WestMed and EastMed, respectively. The acronyms of the water
masses are explained in Table 1.The dashed
grey line in panel (a) represents the regression curve found in Catalá et al. (2015a) for
the global ocean. The dashed black and blue
lines in panel (b) represent the mean archetypes values found in Catalá et al.
(2015a) in the Atlantic Ocean (black) and in
the Indian /Paciﬁc Oceans (blue). (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to
the web version of this article.)

peak M ﬂuorescence for the same AOU. For the deep waters (AOU >
40 μmol kg−1), whereas in the WestMed the peak M-AOU relationship
follows the global ocean equation (Fig. 6a), in the EastMed the varieties
of EMDW are characterised by a lower peak M intensity for the same
AOU than in the global ocean To do these comparisons, we translated
the ﬂuorescence intensity of the PARAFAC component 2 from Catalá
et al. (2015a) into the corresponding peak M intensities.
Regarding peak T in the EastMed, LIW presented the highest intensity of the water masses that coexist in the mesopelagic layer,
probably because it is the shallowest and youngest intermediate water
of the EastMed. The archetype ﬂuorescence intensity of LIW was similar
to MAW and LSW, which are centred at similar archetype depths. In
addition, when considering deep water masses, all varieties hosted similar peak T intensities. Similarly, in the WestMed, AW was the water
mass with the highest peak T intensity due to its shallowness and,
therefore, proximity to the primary production layer. Down in the

intensity of peak M. Speciﬁcally, ﬂuorescence intensity of peak M was
signiﬁcantly higher (t–test, p < 0.005, α = 0.05) in Post–EMT–B and
–C water masses (archetype AOU = 55 ± 1 and 56 ± 1 μmol kg−1,
respectively) than in the water masses formed during the EMT (archetype AOU = 62 ± 1 μmol kg−1) in spite of being formed earlier and
presenting lower archetype AOU. While Post–EMT–B and –C water
masses were formed in the Adriatic Sea, EMT was originated in the
Aegean Sea (Roether et al., 1996). On the other hand, in the deep
waters of the WestMed, the water mass WMDW–A (archetype AOU,
67 ± 1 μmol kg−1) presented signiﬁcantly higher (t–test, p < 0.05,
α = 0.05) peak M ﬂuorescence than WMDW–D14 variety (archetype
AOU = 56 ± 1 μmol kg−1), as WMDW–A was the oldest WMDW in
this basin, formed prior to WMT (before 2004/5; (López-Jurado et al.,
2005; Schroeder et al., 2016). Compared to the global ocean (grey
dashed line in Fig. 6a), the subsurface and intermediate waters
(AOU < 40 μmol kg−1) of the MedSea are characterised by a higher
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a325 had parallel trends with AOU as it was already observed for the
global ocean (Catalá et al., 2015a, 2015b). However, the trends of peak
M and a325 were opposite in the MedSea. These results suggest that in
the oligotrophic MedSea the CDOM fraction absorbing at a325 nm but
not emitting ﬂuorescence is consumed at a higher rate than the production of the ﬂuorescent fraction, resulting in an unexpected net inverse relationship.

mesopelagic layer, WIW presented higher intensity than EIW because
the former was more recently formed in the Gulf of Lions and the
Balearic Sea. However, EIW was originated in the Levantine basin and
mixed with the surrounding water masses in its route westwards
(EMDW, CIW and WIW, the latter is present in the western part of the
Strait of Sicily) and then, once in the WestMed, EIW was further mixed
with WIW and WMDW (Catalá et al., 2018). Regarding the WMDW
varieties, they presented an unexpected positive relationship between
peak T and AOU (four red circles in bottom right Fig. 6b). However this
increase is not observed in the Peak T – DOC relationship (red circles in
bottom Fig. 6e). The susceptibility of peak T of being aﬀected by
peak–tailing from humic–like compounds or small organic acids ﬂuorescing near the peak T region (Stubbins et al., 2014) is a feasible reason
that may cause those diﬀerences. To compare the AOU–peak T relationship in the MedSea to that found in the global ocean by Catalá
et al. (2015a), we calculated the mean archetype values for the Atlantic
and the Indian and Paciﬁc Ocean from the data reported by Catalá et al.
(2015a). Then we translated from the ﬂuorescence intensity of PARAFAC component 3 and the corresponding peak T intensity for the
global ocean leading to the black and blue dashed lines in Fig. 6b.
MedSea samples with AOU < 50 μmol kg−1 were parallel to the
Atlantic Ocean samples (higher peak T ﬂuorescence intensities). On
contrary, MedSea deep water samples (AOU > 50 μmol kg−1) followed
the Indian and Paciﬁc pattern (with lower peak T ﬂuorescence intensities).
Peak E presented lower ﬂuorescence intensities than the other
peaks, either humic– or protein–like, as previously observed by Pitta
et al. (2017), as well as a diﬀerent distribution compared to peak M
(Fig. 3a, c). While peak M presented signiﬁcant diﬀerences between the
EastMed and WestMed, peak E was homogeneously distributed. Similarly to peak M, peak E in the WestMed deep waters showed a positive
relationship with AOU (red circles in Fig. 6c) and in the EastMed the
relationship was negative (white circles on the top right Fig. 6c).
Likewise in the case of peak M these changes were also observed in the
DOC–peak E relationship for the EastMed samples but not for the
WestMed (Fig. 6f).
Regarding the mixing model and considering both basins independently, the variance explained of ﬂuorescence peaks were signiﬁcantly lower in the WestMed than in the EastMed. This result indicates that water mass mixing was more inﬂuential in the EastMed
because of its ultra–oligotrophy. In addition, the water mass mixing
independent peak M/AOU ratio obtained in the MedSea, 2.1
( ± 0.4) × 10−5 RU µmol O2−1 kg, is not signiﬁcantly diﬀerent from
the value obtained by Catalá et al. (2015a) for the global ocean during
the circumnavigation Malaspina, 1.9 ( ± 0.1) × 10−5 RU µmol O2−1
kg. This result indicates that the eﬃciency of conversion of these
marine humic–like compounds from microbial respiration was similar
in the MedSea and the global ocean. The water mass mixing independent peak E/AOU ratio 3 ( ± 1) × 10−6 RU µmol O2−1 kg, also
suggests a production of peak E ﬂuorescence in parallel to cumulative
microbial respiration, but an order of magnitude lower than for peak M.
However, as peak E has been associated with soil fulvic acids (Stedmon
et al., 2003), the production of this terrestrial material in the deep
MedSea as a by–product of respiration processes is unexpected. Likely,
the explanation to this positive relationship between peak E and AOU
could be the enhancement of the ﬂuorescence intensity of the existing
terrestrial source material (soil fulvic acid) by further chemical or microbial transformations (Andrew et al., 2013) rather than its autochthonous production. Alternatively, it could be argued that peak E
does not represent exclusively soil fulvic acids but it would be produced
in the ocean too.
Finally, in this work we have reported a positive relationship between peak M and AOU (Table 3). However, in the companion paper by
Catalá et al. (2018), it was observed a negative relationship between
a325 and AOU, indicating a consumption of these coloured compounds.
Since peak M absorb at a325, it should be expected that both peak M and

5. Conclusions
In the epipelagic layer of the MedSea, AOU, Chl a and θ explained
most of the variability of the humic–like ﬂuorescence, suggesting a
dominant inﬂuence of microbial food web respiration and photobleaching in the distribution of these compounds. On the contrary, the
variability of protein–like ﬂuorescence was largely explained by PHA.
In the meso– and bathypelagic layers, the combination of water mass
mixing and basin scale mineralization explained better the variability of
peaks A, C, M and E (> 72%) than the variability of peak T (62%).
Considering both basins independently, the explained variance was
better in the EastMed due to its extreme oligotrophy. Regarding the
deep water masses, while FDOM peaks dynamics in the WestMed was
mostly driven by ageing, in the EastMed knowledge of EMDW formation areas, in the Adriatic or the Aegean Sea, was relevant to explain the
distributions. Estimation of water mass independent ratios of FDOM
peaks with AOU revealed that the production of peak M by net microbial respiration (peak M/AOU ratio) was similar in the MedSea than
in the open global ocean. Furthermore, the fact that contrary to the
peak M/AOU ratio, the a325/AOU ratio was negative (Catalá et al., this
issue), indicates that in the particular case of the MedSea the consumption of the non ﬂuorescent fraction of CDOM that absorbs at
325 nm exceeds the production of the ﬂuorescent fraction represented
by peak M.
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