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Basin–wide distribution and drivers of chromophoric DOM
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Chromophoric dissolved organic matter (CDOM) in the open Mediterranean Sea (MedSea) is barely documented,
remaining the basin–wide patterns in intermediate and deep waters still enigmatic. Here, full–depth distributions of CDOM absorption coeﬃcients and spectral slopes recorded during the HOTMIX 2014 cruise are presented and their respective environmental drivers resolved. General Additive Models (GAMs) in surface waters
and Optimum MultiParameter (OMP) water mass analysis in deep waters were applied. In the surface, apparent
oxygen utilisation (AOU), a proxy to cumulative net community respiration, explained most of the variability of
dissolved organic carbon (DOC) and the absorption coeﬃcient at 254 nm (a254), whereas the absorption coefﬁcient at 325 nm (a325), and the spectral slopes were mostly explained by potential temperature, a proxy to
stratiﬁcation and solar radiation, indicating that both water column stability and photobleaching may drive the
variability of the UV–A absorbing CDOM components. In deep waters, the eﬀect of water mass mixing and
basin–scale mineralization were discerned from local mineralization processes. Water mass mixing and basin–scale mineralization contributed more substantially to explain the variability of DOC, a254 and a325
(82–91%) than the variability of the spectral slopes (35–64%). Local mineralization processes indicate that DOC
and CDOM play a more relevant role in the carbon cycle in the Eastern (EastMed) than in the Western (WestMed)
Mediterranean: whereas DOC contributed to 66 ± 10% of the oxygen demand in the EastMed, it represented
only 24 ± 4% in the WestMed. Independently of basins and layers, a254 revealed as an excellent proxy to the
concentration of DOC in the MedSea. Also, the unexpected inverse relationship of a325 with AOU indicates that
the consumption of the UV–A absorbing CDOM fraction prevails over their production.

1. Introduction
The Mediterranean Sea, hereafter MedSea, represents 0.8% of the
global ocean surface and is considered a laboratory basin for physical,
chemical and biological ocean processes occurring on shorter temporal
and spatial scales compared to the world ocean (Bergamasco and
Malanotte-Rizzoli, 2010; The MerMex Group, 2011; Malanotte-Rizzoli
et al., 2014). Geographically, it is made up of two semi–enclosed deep
basins: western (WestMed) and eastern (EastMed). The thermohaline
circulation of the MedSea is driven by the surface low salinity inﬂow of
Atlantic Water (AW) at the Gibraltar Strait. As the AW moves

eastwards, phytoplankton biomass and primary production decrease
and the deep chlorophyll maximum (DCM) becomes deeper, reaching
ultra oligotrophy in the EastMed (Azov, 1991; Yacobi et al., 1995;
Moutin and Raimbault, 2002; Krom et al., 2010; Reygondeau et al.,
2017). The bottom outﬂow at the Gibraltar Strait consists of a mixture
of Levantine Intermediate Water (LIW), the saltiest water mass of the
MedSea (Emelianov et al., 2017) with Eastern and Western Mediterranean Deep waters. The salinity maximum of the LIW is originated
by convection in the south of Rhodes and can be traced throughout the
entire MedSea between 200 and 500 m depth (Roether et al., 1998).
Deep waters of the MedSea are about 10 °C warmer than deep
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Nomenclature

MAW
MedSea
NO
NO3
O2
PHA
RN
S
S275–295
S350–400
SiO4
SR

modiﬁed atlantic water
Mediterranean Sea
O2 + RN⋯CNO3 (in μmol kg−1)
nitrate concentration (in μmol kg−1)
dissolved oxygen concentration (in μmol kg−1)
prokaryotic heterotrophic abundance (in cell mL−1)
Redﬁeld ratio, −ΔO2/ΔNO3 (in mol O2 mol N−1)
salinity
spectral slope between 275 and 295 nm (in μm−1)
spectral slope between 350 and 400 nm (in μm−1)
silicate concentration (in μmol kg−1)
ratio of the slope between 275 and 295 nm divided by the
slope between 350 and 400 nm
WestMed Western Mediterranean Sea basin
WIW
Winter Intermediate Water
WMDW Western Mediterranean Deep Water
WMT
Western Mediterranean Transition
Z
depth (in m)
θ
potential temperature (in °C)

List of acronyms
a254
a325
AdDW
AdMW
AOU
AW
CDOM
CIW
DOC
DOM
EastMed
EIW
EMDW
EMT
LIW
LSW

absorption coeﬃcient at 254 nm (in m−1)
absorption coeﬃcient at 325 nm (in m−1)
adriatic deep water
middle adriatic water
apparent oxygen utilization (in μmol kg−1)
Atlantic Water
chromophoric dissolved organic matter
Cretan Intermediate Water
dissolved organic carbon (in μmol L−1)
dissolved organic matter
Eastern Mediterranean Sea basin
Eastern Mediterranean Intermediate Water
Eastern Mediterranean Deep Water
Eastern Mediterranean Transient
Levantine Intermediate Water
Levantine Surface Water

North Africa (Mladenov et al., 2011; Santinelli, 2015). It is remarkable
the large contribution of DOC to the oxygen demand of the LIW
(30–50%; Santinelli et al., 2010, 2012; Martínez-Pérez et al., 2017a) as
compared with the open world ocean (10–20%; Arístegui et al., 2002).
Furthermore, in the deep MedSea, the DOC mineralization rates are
estimated in 1.4–14.4 μM C yr−1 (Santinelli et al., 2010; Hansell et al.,
2012; Martínez-Pérez et al., 2017a), which are substantially higher than
the largest values reported for the open ocean (0.1–0.9 μM C yr−1;
Carlson et al., 2010). In this regard, carbon isotopic data (Δ14C and
δ13C) support the idea that up to 45% of the refractory DOC transported
by the AW is removed in the deep MedSea in less than 126 yr (Santinelli
et al., 2015). In terms of molecular composition, Martínez-Pérez et al.
(2017b) have recently characterized the DOM of the MedSea and the
adjacent Northeast Atlantic Ocean by Fourier Transform Ion Cyclotron
Resonance Mass Spectrometry (FT–ICR–MS). Their results showed a
more reworked DOM in the Mediterranean overﬂow water than in the
Atlantic Inﬂow. Moreover, as the water masses of the MedSea aged,
lower DOC concentrations but higher average molecular weight and
highly unsaturated compounds were found. The contrasting origin,
Aegean or Adriatic, of the EMDW, also aﬀect the molecular composition
of DOM.
Contrary to DOC, the dynamics of the chromophoric fraction of
DOM (CDOM), i.e. the organic compounds that absorbs light in the UV
and visible ranges of the light spectrum, is barely documented in the
MedSea. Although CDOM is a small fraction of the total DOM pool in
the open ocean (Nelson et al., 1998, 2010; Nelson and Siegel, 2002;
Siegel et al., 2002), it plays an important role in the carbon cycle
(Mopper and Kieber, 2002) and in the optical properties of seawater
(Organelli et al., 2014; Sempéré et al., 2015). It can contribute more
than 50% to the light absorption at 440 nm at the ocean surface
(Bricaud et al., 2002, 2010; Siegel et al., 2002; Babin et al., 2003) and
its contribution can increase up to almost 100% below the deep
chlorophyll maximum (Bricaud et al., 2010). In the MedSea, CDOM
values from the upper layers have been reported only very recently
(Organelli et al., 2014; Xing et al., 2012, 2014; Pérez et al., 2016; Pitta
et al., 2016). However, basin–wide patterns of CDOM in the intermediate and deep Mediterranean waters are currently unknown, likely
due to technical constrains of the standard spectrophotometric procedures.
In this context, the aim of this study is to disclose the full–depth
distributions of CDOM across the open MedSea and to determine the
physical and biogeochemical drivers responsible for those distributions.
Particularly, we expect that CDOM in the MedSea behaves diﬀerent

waters of the global ocean; they form every winter in both the WestMed
and EastMed by a mechanism analogous to the polar Atlantic deep
convection. The Eastern Mediterranean Deep Water (EMDW) is formed
in the Ionian Sea, when water from the Southern Adriatic Sea plunges
down through the Otranto Strait and sinks to depths > 3000 m. Then, it
ﬂows eastwards and occupies the water column below the LIW with a
temperature > 13.3 °C and salinity > 38.66 (Wu et al., 2000). In the
1990s, for a short period of time, during the so–called Eastern Mediterranean Transient (EMT), the formation site of deep water changed
from the Adriatic to the Aegean Sea. The cause was an abrupt climate
shift in this area, which resulted in a warmer, more saline and denser
deep water mass than the previously existing EMDW of Adriatic origin
(Roether et al., 1996; Lascaratos et al., 1999; Klein et al., 2003). After
the EMT, EMDW started to form again in the Ionian Sea. Therefore, the
EMT altered the formation and large–scale circulation of the EastMed
deep waters (Roether et al., 1996, 2007), which is imprinted in the
pre–EMT, EMT and post–EMT EMDW varieties currently found in the
deep EastMed. The WDMW is formed in winter in the Gulf of Lions
(Gascard, 1978) and occupies the water column below the LIW with
temperatures between 12.75 and 12.80 °C and salinities between 38.44
and 38.46 (Millot, 1999). During the winter of 2004–05, a strong
convention event in the Gulf of Lions (called Western Mediterranean
Transition) led to the formation of a new WMDW variety, saltier and
slightly warmer than previously (salinity of 38.47–38.50 and temperature of 12.87–12.90 °C; López-Jurado et al., 2005; Beuvier et al.,
2012; Schroeder et al., 2016). Therefore, like in the EastMed, diﬀerent
varieties of the WMDW coexist in the bathypelagic layer of the
WestMed.
In the epipelagic MedSea, an increase in the concentration of dissolved organic carbon (DOC) from West to East has been observed
(Santinelli et al., 2012, 2013) in parallel to the rising oligotrophy of the
AW ﬂowing eastwards (Moutin and Raimbault, 2002; Reygondeau
et al., 2017). This accumulation of DOC is characteristic of oligotrophic
areas since nutrients shortage limits the microbial degradation of dissolved organic matter (DOM) (Thingstad et al., 1997; Hansell et al.,
2009; Romera-Castillo et al., 2016). The distribution of DOC in the
meso– and bathypelagic MedSea is also well–known (Santinelli et al.,
2010, 2012; Santinelli, 2015). DOC concentrations in the EMDW and
WMDW are at the level of the lowest values reported for the deep
Atlantic and Paciﬁc oceans (36–42 μmol L−1; Santinelli, 2015 and literature therein). This is unexpected given the short renewal time of the
MedSea (20–126 years; Andrie and Merlivat, 1988; Schlitzer et al.,
1991) and the noticeable inputs of terrestrial carbon from Europe and
36
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collected in 50 mL polyethylene bottles and kept in the dark at 4 °C until
analysis on board. 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 estimated 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 1000x 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.).

than in the World Ocean and that the increasing oligotrophy from the
WestMed to the EastMed produce a contrasting response of CDOM
parameters in the two MedSea basins. Since the hydrographic properties are not conservative in the surface layer because of mass and heat
exchange with the atmosphere, we used General Additive Models
(GAMs) to resolve the key environmental drivers of CDOM variability in
the epipelagic layer. On the contrary, the conservativeness of the hydrographic properties in the meso– and bathypelagic layers allowed us
to use an Optimum MultiParameter (OMP) water mass analysis to differentiate the impact of water mass mixing and basin scale mineralization from the local biogeochemical processes on the distributions
of CDOM.
2. Materials and methods
2.1. General sampling strategy and analytical methods
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), 24 hydrographic stations were occupied along the whole
Mediterranean Sea (Fig. 1).
A total of 330 discrete water samples (max. 15 levels per station)
were collected using a SBE38 rosette sampler equipped with 24 (12 L)
Niskin bottles. Two conductivity, temperature and depth probes (CTD
SBE 911 plus) were attached to the rosette, along with dissolved oxygen
(SBE–43 oxygen sensor) and ﬂuorescence of chlorophyll a (SeaPoint
ﬂuorometer) sensors. Discrete sampling depths were selected inspecting
real time proﬁles of potential temperature, salinity, dissolved oxygen
and ﬂuorescence. In all stations, the deepest sample was collected near
the seaﬂoor.
The salinity, dissolved oxygen (O2) and ﬂuorescence of chlorophyll
a (Chl a) sensors were calibrated with discrete samples measured on
board.

2.1.2. Determination of the response variables: DOC and CDOM
Seawater samples for the determination of DOC and CDOM were
collected in 0.25 L acid–cleaned glass bottles and stored in the dark.
Surface samples (< 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
rinsed with about 50 mL of the sample. Absorption of DOC onto GF/F
ﬁlters in open ocean samples, estimated as the amount of carbon retained on a backing ﬁlter placed underneath the main ﬁlter, used to
be < 0.5 μmol C L–1 (e.g. Santana-Falcón et al., 2017). Therefore, a
signiﬁcant eﬀect of CDOM adsorption onto GF/F is not expected. Deep
ocean samples (> 200 m) were not ﬁltered because light absorption
due to pigments and detrital particles contribute only to a minor fraction of the deep open ocean CDOM absorption (Nelson et al., 1998,
2007).
Aliquots of 10 mL were collected for DOC determination in precombusted (450 °C, 12 h) glass ampoules. These samples were acidiﬁed
to pH < 2 and the ampoules were heat–sealed and stored in the dark at
4 °C until analysis in the base laboratory. DOC concentration was determined with a Shimadzu TOC–V organic carbon analyser by high
temperature catalytic oxidation. Potassium hydrogen phthalate
(99.95–100.05%, p.a., Merck) was used to calibrate the system daily.
The precision of the equipment was ± 1 μmol L−1. The accuracy was
checked daily with the DOC reference materials provided by D. A.
Hansell (University of Miami, USA). All DOC samples were measured
within 6 months.
The UV–Visible–NIR absorption spectra of CDOM were measured on
board from 178 nm to 879 nm at 0.38 nm intervals by using a 100 cm
path length liquid waveguide capillary cell (LWCC) from World
Precision Instruments (model LPC100CM), a Deuterium–Halogen Light
Sources for the UV–Vis (Ocean Optics model DH2000BAC) and a miniature spectrometer (Ocean Optics model USB2000 + UV–VIS). Finally,

2.1.1. Determination of the explanatory variables: salinity, inorganic
nutrients, O2, Chl a and bacterial biomass
Samples for salinity were measured with a Guideline Portasal salinometer Model 8410A. Conductivity measurements were converted
into practical salinity scale values (UNESCO, 1985). Samples for O2
determination were collected in ﬂared neck iodine calibrated ﬂasks and
measured using a Winkler potentiometric method adapted from
Langdon (2010). The apparent oxygen utilization was calculated as
AOU = O2sat − O2 (Benson & Krause, UNESCO, 1986), where O2sat is
the oxygen saturation. Chl a measurements were performed by ﬁltering
500 mL of water through a Whatman GF/F ﬁlter and stored frozen until
analysis on board. Chl a pigments were extracted in cold acetone (90%
v/v) for 24 h and analysed with a 10 AU Turner Designs bench ﬂuorometer, previously calibrated with pure Chl a (Sigma Aldrich) (HolmHansen et al., 1965). Samples for inorganic nutrient analysis were

Fig. 1. Sampling stations during the Hotmix cruise.
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two 600 μm ﬁbber optic cables (Ocean Optics model QP600–1–SR–BX)
connected the LWCC with the light source and the spectrometer. The
LWCC is made of quartz capillary tubing coated with a low refractive
index polymer. Therefore, these cells are designed to minimize absorbance biases due to changes in the refractive index between samples of
diﬀerent salinity and the waveguide. In the particular case of our
LWCC, 10% and 50% dilutions of ﬁltered (0.2 μm) natural seawater of
salinity 35.9 yielded average diﬀerences of 0.005 ± 0.005 m−1 at any
wavelength between the measured and the expected concentration according to the sample dilution. This result prevented us to make any
further correction of the refractive index in our measurements. Prior to
measuring, the reference (Milli–Q water) and the samples were acclimatized at room temperature to minimize temperature eﬀects. Each
sample was measured twice and the average of the two spectra was
reported. Only the absorbances (Abs) from 250 nm and 700 nm were
logged. A baseline correction was applied by subtracting the average
absorbance between 600 and 700 nm to the measured absorption
spectrum. Finally, corrected absorbances were converted into naeperian
absorption coeﬃcients (aλ) multiplying by 2.303 and dividing by the
light pathlength, which was of 99.89 cm as certiﬁed by World Precision
Instruments.
In this study, we will focus on the absorption coeﬃcients at

wavelengths 254 nm, a254, and 325 nm, a325, and the spectral slopes for
the wavelength bands 275–295 nm, S275–295, and 350–400 nm, and
S350–400 (Helms et al., 2008). These spectral slopes were calculated from
the linear regression of the log–transformed absorption spectra. Only
those S275–295 with R2 > 0.95 and those S350–400 with R2 > 0.80 were
retained. Finally, the slope ratio (SR) was calculated as the ratio of the
slope of the shorter wavelength band (275–295 nm) to that of the
longer wavelength band (350–400 nm). Given that in the open MedSea
nitrate concentrations are < 10 μmol kg–1, the eﬀect on nitrate absorption on a325 and spectral slopes is minor and was not corrected
(Catalá et al., 2016). a254 is proportional to the abundance of conjugated carbon double bonds and it has been suggested as a proxy for
the concentration of DOC (e.g. Lønborg and Álvarez-Salgado, 2014),
whereas a325 is an indicator of the presence of aromatic substances
(Nelson et al., 2004; Catalá et al., 2015). The slopes of the 275–295 nm
region and SR have been related to DOM molecular weight and to its
corresponding photochemically induced shifts (Helms et al., 2008).
2.2. Generalized additive models (GAMs)
To assess the eﬀect of the environmental conditions on the basinwide variability of DOC and CDOM in the epipelagic layer of the

Table 1a
Main water masses in the Eastern Mediterranean Sea with a brief description of their characteristics and some references where more information about their origin
and circulation can be found. The Water Types (WT) used to model them are shown.
Name

Source

Characteristics

Acronym & WT

References

Modiﬁed Atlantic water

Atlantic Ocean

MAW derives from the Atlantic Water entering the MedSea at the Strait of
Gibraltar, in the way to the Strait of Sicily it mixes, evaporates and loses
nutrients. MAW enters the EMED crossing the Strait of Sicily in the surface
layer following a cyclonic path. Here is identiﬁed by a minimum of salinity

MAW

Levantine Surface Water

Levantine Basin

LSW

Levantine Intermediate Water

Rhodes Gyre
(∼30°E)

Cretan Intermediate Water

Cretan Sea

Middle Adriatic Water

Adriatic Sea

Adriatic Deep Water

Adriatic Sea

Eastern Mediterranean Deep
Water (EMDW)

Adriatic Sea

Highly modiﬁed Atlantic Water, detected by a surface maximum of salinity
(S > 39) and temperature (> 17 °C)
Formed by the combined eﬀects of evaporation, increasing salinity in summer,
and relatively deep vertical mixing caused by intense dry northerly winds in
winter. It ﬂows at mid depths (200–500 m) in the EMED. Typically presents
S = 38.74–39.20 and θ=15–17 °C in the Levantine Basin
Outﬂowing water from the Cretan Sea into the EastMed through the Cretan
Arc straits. It is colder, less saline and denser than LIW, so it is found between
LIW and EMDW. It moves westward along the Cretan continental slope
towards the Ionian and Adriatic seas
Operative water type deﬁned from data in the Adriatic Pit taken from the
M84/3 cruise in 2011. This WT is inﬂuenced by Adriatic Surface Water with a
low salinity and temperature, around 400 dbar, and detected in the eastern
Ionian Sea
Formed in the Southern Adriatic Pit where a cyclonic gyre is nearly
permanently present, produced by open ocean deep convection from water
preconditioned by LIW and CIW. This water spills over the Ionian Sea
following the western part
The Adriatic Sea was the source of deep waters to the EastMed prior to the
EMT event (1987–1995). This water is less saline, warmer and denser than
EMDW produced during the post–EMT phase
EMDW produced in the Cretan / Aegean Sea during the EMT event
(1995–1999). This denser water compared to Pre–EMT caused an uplifting of
the bottom isopycnals. The EMDW with Aegean Sea origin produced during
the EMT event is warmer, more saline and less oxygenated than the Pre-EMT
water of Adriatic origin
After the EMT event, the Adriatic Sea started to produce again EastMed. This
Post–EMT EMDW is mainly found in the Levantine basin from 2007s. This
water is colder and less saline than the EMT water type

Manzella and La
Violette (1990)
Millot (1999)
Lermusiaux and
Robinson (2001)
Theocharis et al. (1993)
Özturgut (1976)
Özturgut (1976)
Wüst (1961)
Millot (2013)
Lascaratos et al. (1993)
Astraldi et al. (1999)
Theocharis et al. (1999)
Velaoras et al. (2014)
Schlitzer et al. (1991)
Velaoras et al. (2014)
Vilibić and Orlić (2002)

Aegean Sea

Adriatic Sea

LIW

CIW

AdMW

AdDW

Artegiani et al. (1993)
Rubino and Hainbucher
(2007)

Pre–EMT

Roether et al. (1996)
Lascaratos et al. (1999)

EMT

Roether et al. (1996)
Roether et al. (2007)
Lascaratos et al. (1999)
Klein et al. (1999)

Post–EMT–A

Manca et al. (2003)
Sparnocchia et al.
(2011)
Kovačević et al. (2012)
Rubino and Hainbucher
(2007)
Hainbucher et al.
(2006)
Cardin et al. (2015)
Rubino and Hainbucher
(2007)
Hainbucher et al.
(2006)
Bensi et al. (2013)

Adriatic Sea

After 2003s Adriatic Deep Water became warmer and saltier than that
previously produced. This water is still found in the Ionian basin in 2011

Post–EMT–B

Adriatic Sea

After 2007 s Adriatic Deep Water spilling is still getting saltier and warmer
and found over the bottom of the Ionian Sea. This newer deep water is also
detected by a higher oxygen

Post–EMT–C
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variety of surface, intermediate and deep water masses (e.g., Schroeder
et al., 2012), which makes setting and solving an OMP analysis particularly diﬃcult. A detailed description of our OMP analysis can be
found in Section 2 of the supplementary material. In brief, the oceanographic setting found during the HOTMIX 2014 cruise can be eﬀectively explained with the array of water types described in Table 1. Note
that the Eastern (Table 1a) and Western (Table 1b) basins are considered separately. The physical properties of these water types
(Table 2) were extracted from the literature and corresponded to the θ
and S of the water types in their formation area or when they enter a
given MedSea basin. The θ–S pairs of the water types should envelope
the θ–S diagrams of the CTD proﬁles collected during the cruise, as
shown in Figs. S1 and S2.
The chemical properties of each water type were estimated from a
linear regression analysis of NO and SiO4 with S or θ within the realm of
that water type (Álvarez et al., 2014). Following Poole and Tomczak
(1999), the standard error of these regression equations have been used
to compute the uncertainty of the estimation of the water type characteristics (Table 2). Samples collected in the upper layer cannot be
included in the OMP analysis because θ, S and NO do not behave
conservatively due to the air–sea exchange of heat, water and gases and
SiO4 is aﬀected by biological utilization.
The mass balance equations involved in our OMP analysis are:

MedSea we used generalized additive models (GAMs, Wood, 2006). We
examined the inﬂuence of the environmental explanatory variables
described above on the response variables DOC, a254, a325, S275–295 and
SR. Before model ﬁtting, covariability among predictors was examined
using variance inﬂation factors (VIFs, Table S1). GAMs were formulated
as follows:

Yi, l = α +

∑ gj (X ji,l ) + ∈i,l

(1)

j

where Y is DOC, a254, a325, S275–295 or SR 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. Results from the GAM analysis of DOC and CDOM variables
are summarised in Tables S2 and S3, respectively. All models were
ﬁtted in R 3.2.3 software (R Development Core Team, 2014) and using
the 'mgcv 1.8–16’ package (Wood, 2006).
2.3. Optimum MultiParameter (OMP) water mass analysis

∑i xij ·θi = θj + Rθ j

The cornerstone of an OMP water mass analysis is the identiﬁcation
and quantiﬁcation of the water types that contribute to the water
samples collected in a certain study area. In this regard, a water type
(WT) is a unique combination of potential temperature, salinity and
other tracer values used to unambiguously deﬁne a given water mass
(Tomczak, 1999). Particularly, the variables used to deﬁne the water
types in our OMP analysis are potential temperature (θ), salinity (S), the
conservative chemical parameter NO (NO = O2 + RN * NO3, Broecker,
1974) and silicate (SiO4). RN is the stoichiometric ratio of dissolved
oxygen consumption to nitrate production during the mineralization of
biogenic organic matter in the ocean, which has been ﬁxed at
9.3 mol O2 mol NO3−1 (Anderson, 1995).
Despite having a relatively small area, the MedSea contains a wide

∑ xij ·Si = Sj + RSj
i

∑ xij ·NOi = NOj + RNOj

(2)

i

∑ xij ·(SiO4 )i = (SiO4 )j + RSiO4j
i

∑i xij = 1 + R ∑
where xij is the proportion of water type i in sample j; θ i, Si, NOi and
SiO4i are the values of θ, S, NO and SiO4 of water type i shown in

Table 1b
Main water masses in the Western Mediterranean Sea with a brief description of their characteristics and some references where more information about their origin
and circulation can be found. The Water Types (WT) used to model them are shown.
Name

Source

Characteristics

Acronym &
WT

References

Atlantic Water (AW)

Atlantic
Ocean

AW

Millot (1999)
Huertas et al. (2012)

Eastern Intermediate Water

Strait of
Sicily

EIW

Western Intermediate Water

NW basin

Western Mediterranean Deep
Water
(WMDW)

NW basin

Surface Atlantic Water entering the MedSea at the Strait of Gibraltar ﬂows
anticlockwise suﬀering continuous modiﬁcations by mixing and evaporation. It
is identiﬁed by a minimum in salinity in the upper surface layer and it contains
very low nutrients
Recently named by Millot (2013). High salinity intermediate waters from the
EastMed (i.e. LIW and CIW) ﬂow into the WestMed also mixing with
transitional EMDW. Recognized in the WestMed by its maximum in
temperature and salinity, contains relatively more nutrients than LIW
The WIW is formed in the continental shelf of the Gulf of Lion and the Balearic
Sea through severe winter convection. Recognized by relative minimum in
temperature between the surface AW and WMDW
The oldest resident WMDW water in the WestMed formed prior to the WMT
(before 2004/5) by deep convection in the Gulf of Lion. Nowadays detected as
a deep relative minimum in temperature and salinity. We use the nomenclature
in (11) to name the diﬀerent vintages of WMDW
Originated during the extreme forcing conditions in winter 2004/5 by open sea
convection, mainly in the Gulf of Lions, as preconditioned with saltier and
warmer CIW and LIW, this WMDW is warmer and saltier than the previous
resident one, A
Originated during the extreme forcing conditions in winter 2004/5 but with a
higher inﬂuence of coastal shelf waters, it is fresher, colder and more
oxygenated than B
Each winter since 2009/10, but especially in 2011/12, warmer, saltier and
denser deep water is produced, uplifting the older deep waters near the bottom,
we operationally call the more recent WestMed types found in 2011 and 2014
as D11 and D14, clearly distinguished in the temperature-salinity diagrams

Millot (2013)
Astraldi et al. (1999)
Gasparini et al. (2005)
Astraldi et al. (2002)
Millot (1999)
Salat and Font (1987)
Sparnocchia et al. (1999)
Bethoux and Tailliez (1994)
MEDOC Group (1970)
Schroeder et al. (2006)

NW basin

NW basin

NW basin

39

WIW

A

B

Schroeder et al. (2006)
López-Jurado et al. (2005)

C

Schroeder et al. (2006)
Puig et al. (2013)

D

Puig et al. (2013)
Schroeder et al. (2016)
Houpert et al. (2016)
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Table 2
Thermohaline and chemical characteristics (average value ± uncertainty) of the water types deﬁned to model the mixing of Mediterranean water masses along the
HOTMIX cruise, separating Eastern and Western basins. R2 determination coeﬃcient; and SE, standard error of the residuals from the regression between measured
and back–calculated variables; and N, number of data. Only data for the meso- and bathypelagic layers are considered.
Acronym

θi(°C)

Eastern Mediterranean Basin
MAW
LSW
LIW
CIW
AdMW
AdDW
Pre–EMT
EMT
Post–EMT–A
Post–EMT–B
Post–EMT–C
R2
SE
N

14.740
17.800
16.910
15.000
13.790
13.520
13.570
13.640
13.500
13.400
13.420
0.9984
0.014
100

±
±
±
±
±
±
±
±
±
±
±

0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002

37.150
39.180
39.270
39.140
38.732
38.705
38.744
38.788
38.756
38.717
38.735
0.9989
0.005
100

±
±
±
±
±
±
±
±
±
±
±

Western Mediterranean Basin
AW
EIW
WIW
A
B
C
D11
D14
R2
SE
N

14.800
14.220
12.934
12.840
12.910
12.881
12.902
12.913
0.9987
0.013
75

±
±
±
±
±
±
±
±

0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002

37.000
38.840
38.259
38.460
38.480
38.477
38.486
38.492
0.9967
0.005
75

±
±
±
±
±
±
±
±

SiO4i (µmol kg−1)

NOi(µmol kg−1)

0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005

0.6 ± 0.3
0.7 ± 0.3
0.9 ± 0.3
4.0 ± 0.3
1.1 ± 0.3
3.1 ± 0.3
9.1 ± 0.3
7.8 ± 0.3
7.2 ± 0.3
6.3 ± 0.3
6.3 ± 0.3
0.9987
0.10
100

250 ±
221 ±
219 ±
234 ±
250 ±
250 ±
228 ±
229 ±
237 ±
240 ±
238 ±
0.72
2.7
100

5
5
5
5
5
5
5
5
5
5
5

0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005

0.9 ± 0.3
5.9 ± 0.3
1.6 ± 0.3
9.3 ± 0.3
7.8 ± 0.3
8.4 ± 0.3
7.7 ± 0.3
9.5 ± 0.3
0.9859
0.21
75

254 ±
226 ±
262 ±
268 ±
271 ±
275 ±
280 ±
283 ±
0.95
3.2
75

5
5
5
5
5
5
5
5

Si

Table 2; θj, Sj, NOj and SiO4j are the values of θ, S, NO and SiO4 in
sample j; and Rθ j, RSj, RNOj, RSiO4j and RΣ are the residuals of the
mass balance equations of θ, S, NO, SiO4 and mass conservation for
sample j. A restriction to this system of equations is that the values of xij
have to be ≥0% (a negative proportion has no physical sense). The
linear mixing equations are normalized and weighted. The normalization is done using the mean and standard deviation values of the four
parameters in Table 2. Equations are weighted taking into account the
measurement error of each parameter in relation with its variability in
the study area and its relative conservative nature. Weights of 8, 8, 1
and 2 were assigned to θ, S, NO and SiO4, respectively. As the stoichiometry ratio RN of NO is variable and SiO4 is inﬂuenced by silica
dissolution, we assigned lower weights to their respective mass balance
equations. The mass conservation equation is stringently resolved by
assigning a weight of 100 to it.
In order to solve the OMP it is crucial to deﬁne mixing groups, this
is, which water masses mix and in which basin, maintaining the horizontal and vertical connection or continuity between basins. The
groups deﬁned in our OMP are explained in the supplementary material
and summarised in Table S4.
As discussed in Álvarez et al. (2014), the reliability of the OMP
analysis can be informed by checking the determination coeﬃcient (R2)
and the standard error of the estimation (SE) of the linear regression
between the measured and back–calculated values for the input variables, S, θ, NO and SiO4 and the distribution of the total and individual
residuals from the system of mass balance Eq. (2). The back–calculated
ﬁelds are obtained multiplying the OMP water mass proportions (xij) by
the water type values of S, θ, NO and SiO4. Note that R2 was high and
SE was slightly above that of the measurement error for any of the input
variables in both the EastMed and the WestMed (Table 2). Furthermore,
the vertical distributions of the total and individual residuals of the
mass balance equations are shown in Fig. S3. They are very low below
200 m depth. Further details about the OMP settings, reliability and
results can be found in the supplementary material.

2.4. Assessing the impact of water mass mixing and biogeochemistry in the
distribution of the explanatory and response variables
2.4.1. Water mass mixing weighted–average values
The water mass mixing weighted–average value, hereinafter archetype value, of any variable (N) in a given water mass can be obtained as:

〈Ni 〉 =

∑j x ij ·Nj
∑j x ij

(3)

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. The
standard deviation (SD) of the archetype value of N is calculated as:

SDNi =

∑j x ij ·(Nj−〈Ni 〉)2
∑j x ij

(4)

Application of Eq. (3) to the longitude, latitude and depth of the
samples allowed the calculation of the centre of mass or barycentre of
each water mass.
Finally, the proportion of the total volume of the samples occupied
by a given water mass (%VOLi) was calculated as:

〈%VOLi 〉 = 100·

∑j x ij
n

(5)

where n = 244, is the number of samples included in the OMP analysis.

2.4.2. Mixing model of DOC and CDOM
The fraction of the total variability of parameter N due to water
mass mixing can be calculated from the multiple linear regression of Nj
with the previously obtained xij values. A system of n linear equations
(one per sample) with m coeﬃcients (one per WT) has to be solved for
each chemical variable:
40
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Fig. 2. Distribution of the variables used to run the OMP analysis: (a) salinity (S), (b) potential temperature (θ, °C), (c) NO (µmol kg−1), (d) silicate (SiO4, µmol
kg−1). Besides (e) apparent oxygen utilization (AOU, µmol kg−1) and (f) ﬂuorescence of chlorophyll a (Chl a, ﬂuorescence units) are represented. Note that the depth
of Chl a is displayed for the upper 200 m only and that the depth scale of panels a–e is non linear. Produced with Ocean Data View (Schlitzer, 2017).
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Nj =

∑ xij ·αi

⎛
⎞
N1j− ∑ x ij ·α1i = β · N2j− ∑ x ij ·α2i
⎜
⎟
j
j
⎝
⎠

(6)

j

where αi is the linear ﬁtting parameter of WT i for parameter N. The
determination coeﬃcient (R2) and the standard deviation of the residuals (SD res) of this regression deﬁne the goodness of the ﬁt.

(7)

Note that the term in the left represents the residuals of Eq. (6) for
the response variable and the term in parenthesis in the right are the
residuals of Eq. (6) for the explanatory variable. β is the ﬁtting parameter of the relationship between N1 and N2, independent of the
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:

2.4.3. Mixing–biogeochemical model of DOC and CDOM
The distribution of any chemical variable depends on (i) the conservative mixing of water masses with contrasting initial values of that
chemical variable and (ii) the non–conservative biogeochemical processes occurring during that mixing. The non–conservative processes
can be classiﬁed in two types: those that correlate with the water mass
proportions and those that are independent of the water mass proportions.
The non–conservative processes that correlate with the water mass
proportions represent the mineralization occurring from the area of
formation of each water mass to the study transect. Therefore, the
multiple linear regressions with the water type proportions (Eq. (6)) do
not retain only the variability due to mixing of water masses of contrasting origins and initial concentrations of the chemical properties.
They retain also the variability associated with the biogeochemical
processes occurring at the basin–scale (Pérez et al., 1993; ÁlvarezSalgado et al., 2013; Álvarez et al., 2014). In our particular case, basinscale means the whole MedSea, including the formation areas of all the
Mediterranean water masses. By contrast, the non–conservative processes independent of the water mass proportions retain the variability
associated to the biogeochemical processes occurring at the local-scale.
In our case, since the HOTMIX 2014 cruise covered a substantial part of
the MedSea, the non–conservative processes independent of the water
mass proportions are representative of the MedSea out of the deep
water mass formation areas.
Simultaneous modelling of the impact of both mixing and biogeochemical processes on the distribution of DOC and CDOM implies the
addition to Eq. (6) of a term that models the non–conservative processes
independent of the water type proportions. To do that, an explanatory
chemical variable (N2) is introduced to improve our explanation of the
response variable (N1) as follows:

N1j =

∑ xij ·(α1i−β·α2i) + β·N2j
(8)

j

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. As for the case of Eq. (6), the goodness of this linear
mixing–biogeochemical model was tested using the determination
coeﬃcient (R2) and the standard deviation of the residuals of the least
squares analysis (SD res).
3. Results
3.1. Distribution of the main MedSea water masses during the HOTMIX
cruise
The distributions of the variables used to run the OMP analysis
(salinity, potential temperature, NO and silicate) are presented in Fig. 2.
Salinity in the upper layers mainly reﬂects the shallow overturning
cell of the MedSea with the low salinity surface Atlantic Water (AW)
displacing from West to East, centred at 88 ± 14 m in the WestMed
and 125 ± 26 m in the EastMed (Table 3; Fig. 3). Note that in the
EastMed the AW is introduced in the OMP Analysis as modiﬁed Atlantic
Water (MAW) (Table 1a). In the Levantine basin, the MAW mixes with
the Levantine Surface Water (LSW), centred at 116 ± 21 m (Table 3;
Fig. 3). These shallow water masses represent all together 8.7% of the
total volume sampled during the cruise (Table 3). The counterpart of
this low salinity eastward surface ﬂow is the high salinity Levantine
Intermediate Water (LIW) that returns at depth towards the Atlantic.
Maximum salinity was found around 200 m in the EastMed (Fig. 2a).
LIW is centred at 149 ± 13 m in the EastMed, where it represents

Table 3
Archetypal depth (Zi), apparent oxygen utilization (AOUi), dissolved organic carbon (DOC), absorption coeﬃcient at 254 nm (a254i) and 325 nm (a325i), slope
between 275 and 295 nm (S275–295i), slope between 350 and 400 nm (S350–400i), ratio of the slope between 275 and 295 nm divided by the slope between 350 and
400 nm (SRi), and the prokaryotic heterotrophic abundance (PHA) of the water masses intercepted during the HOTMIX cruise. The percentage of the total volume of
water sampled corresponding to each water type (VOLi) is also reported.
Acronym

VOLi (%)

Zi (m)

AOUi
(µmol kg−1)

−1

DOCi (µmol L
)

a254i (m−1)

a325i (10−2
m−1)

S275–295i (µm−1)

PHAi (10−3 cells
ml−1)

SRi

EastMed

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

3.2
1.8
12.2
6.6
5.8
0.5
14.3
4.3
3.3
2.3
1.8

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

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

57
59
59
48
54
41
39
37
40
41
41

±
±
±
±
±
±
±
±
±
±
±

3
2
1
2
2
1
1
1
1
1
1

1.16
1.18
1.08
0.86
0.94
0.65
0.66
0.62
0.65
0.66
0.66

±
±
±
±
±
±
±
±
±
±
±

0.05
0.06
0.03
0.03
0.05
0.02
0.01
0.01
0.01
0.01
0.01

18.1 ± 1.4
15.3 ± 0.8
15.0 ± 0.5
12.6 ± 0.6
13.7 ± 0.9
9.5 ± 0.6
9.6 ± 0.3
8.6 ± 0.3
9.3 ± 0.3
9.8 ± 0.3
9.9 ± 0.3

33.3
37.3
35.8
33.4
33.9
30.7
32.3
33.6
32.5
31.6
31.1

±
±
±
±
±
±
±
±
±
±
±

–1.4
–1.5
–0.5
–0.8
–0.9
–3.6
–0.5
–1.1
–1.2
–1.0
–1.3

2.2
2.5
2.4
2.6
2.4
2.3
2.5
2.5
2.4
2.2
2.3

±
±
±
±
±
±
±
±
±
±
±

0.1
0.2
0.1
0.1
0.1
0.3
0.1
0.1
0.1
0.1
0.1

348 ± 53
331 ± 50
260 ± 18
122 ± 15
179 ± 27
42 ± 8
41 ± 4
30 ± 3
32 ± 3
31 ± 3
30 ± 4

WestMed

AW
EIW
WIW
A
B
C
D11
D14

3.7
11.4
6.9
9.3
5.8
0.7
0.7
5.4

88 ± 14
364 ± 79
170 ± 33
1210 ± 156
1632 ± 222
2012 ± 300
2476 ± 357
2134 ± 160

23
51
45
67
61
56
55
56

56
50
53
42
43
42
42
42

±
±
±
±
±
±
±
±

2
1
1
1
1
2
2
1

1.11
0.89
0.99
0.69
0.69
0.67
0.69
0.68

±
±
±
±
±
±
±
±

0.03
0.03
0.03
0.01
0.01
0.01
0.01
0.00

19.3
15.1
17.2
11.2
10.9
10.4
10.8
10.7

30.7
30.3
30.0
28.9
29.0
29.5
29.2
28.9

±
±
±
±
±
±
±
±

–0.4
–0.2
–0.3
–0.3
–0.3
–1.1
–1.2
–0.5

2.1
2.3
2.3
2.4
2.5
2.5
2.4
2.4

±
±
±
±
±
±
±
±

0.0
0.0
0.0
0.0
0.1
0.2
0.2
0.1

550 ± 60
308 ± 45
414 ± 53
86 ± 13
77 ± 12
51 ± 3
55 ± 4
56 ± 2

±
±
±
±
±
±
±
±

5
5
5
1
2
1
1
1

42

±
±
±
±
±
±
±
±

0.9
0.7
0.8
0.3
0.3
0.5
0.4
0.2
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Fig. 3. Distribution of the water masses in the MedSea. See Table 1 for detailed information of the water masses nomenclature. Note that the depth scale is non linear.

found in the deep waters of the WestMed (Fig. 2c) indicating the presence of the newest variety of the WMDW (WMDW–D) which is characterized by the maximum initial NO value of 280 ± 5 μmol kg−1
(Table 2). SiO4 ranged between 0.6 and 9.6 μmol kg−1 (Fig. 2d). The
highest SiO4 concentrations were found in the deep waters of the
WestMed, with SiO4i values around 9.5 μmol kg−1 (Table 2). In the
EastMed, the highest SiO4 concentrations were found at about 1000 m
in the Levantine basin, where the Pre–EMT with an initial SiO4 of
9.1 μmol kg−1 (Table 2) is found. In the upper ocean, low SiO4 concentrations of around 2 μmol kg−1 covered a thick depth range in the
EastMed up to 400 m, whereas in the WestMed higher SiO4 values for
the same depths were observed as a result of the AW inﬂow (Fig. 2d).

12.2% of the total volume of water sampled during the cruise (Table 3).
In the WestMed, a modiﬁed LIW, named as Eastern Intermediate Water
(EIW) is introduced in the OMP analysis (Table 1b). Note that the EIW
is a mixture of the LIW that enters the WestMed through the Sicily
Strait, with WIW and the Ionian deep water (Table 1b). EIW is centred
at 364 ± 79 m and represents 11.4% of the volume sampled (Table 3).
In the EastMed, where the LIW is shallower, it is also important the
volume of Cretan Intermediate Water (CIW), 6.6% of the volume
sampled, that forms in the Cretan Sea and spreads below the LIW at
379 ± 56 m (Table 3; Fig. 3). Conversely, in the WestMed, where the
EIW is deeper, the layer above this water mass is occupied by the
Winter Intermediate Water (WIW), formed in the Western Mediterranean basin, centred at 170 ± 33 m and representing 6.9% of the total
volume sampled (Fig. 3).
Similarly to salinity, θ presented its maximum in the upper layers of
the EastMed (Fig. 2b), reaching a θi of 17.8 °C (Table 2) for the LSW. In
the EastMed, the average ± SD of θ in the surface layer was
16.17 ± 0.78 °C, whereas in the WestMed the value was lower,
13.99 ± 0.35 °C. In the deep layers, diﬀerent varieties of EMDW, with
initial salinites ranging from 38.717 to 38.788 and initial temperatures
from 13.40 to 13.64 °C, were found (Table 2). They were more saline
and warmer than the varieties of WMDW found in the WestMed, which
ranged from 38.460 to 38.492 and 12.840 to 12.913 °C (Table 2). The
Pre–EMT water type is the most abundant EMDW sampled during the
cruise, with 14.3% of the total volume and it is located at
1462 ± 125 m depth (Table 3; Fig. 3); the EMT water type is present in
the Levantine basin just below the Pre–EMT water at a depth of
1702 ± 135 m (Fig. 3). The Post–EMT, with three diﬀerent varieties
(A, B, C), is the most recent EMDW water mass produced in the Adriatic
Sea after the EMT event. The Post–EMT–A was intercepted in the Levantine basin just below EMT, at 1903 ± 180 m, representing 3.3% of
the total volume. The Post–EMT–B and Post–EMT–C were intercepted in
the Ionian Sea, i.e. much closer to their formation area, at depths >
2000 m near Crete, covering a lower volume extent (2.3 and 1.8% of
the total volume, respectively). These youngest water masses are replacing and uplifting the old water masses present in this basin. In the
deep WestMed, WMDW is formed in winter in the Gulf of Lions
(Gascard, 1978) and occupies the water column below the EIW (Fig. 3).
Here, ﬁve diﬀerent varieties of WMDW have been intercepted. The
variety A is the oldest and the most abundant deep WT of the WestMed,
with 9.3% of the total sampling volume; the varieties B and C were
originated in winter 2004/5 but they presented diﬀerent θ–S properties,
implying a larger contribution of LIW to B and of AW to C (Schroeder
et al., 2006). The most recent varieties, D11 and D14, were found in
2011 and 2014 and correspond to the saltiest and densest WMDW (Puig
et al., 2013; Schroeder et al., 2016; Houpert et al., 2016).
NO ranged between 220 and 300 μmol kg−1 and its maximum was

3.2. Distribution of the explanatory variables: AOU and Chl a
The distribution of AOU in the MedSea during the HOTMIX cruise
(Fig. 2e) reﬂects the diﬀerential ageing of the 19 water types intercepted during the navigation, i.e. the cumulative oxygen consumption
from the area of formation of each water mass to the study section. The
lowest AOU levels were recorded in the epipelagic layer (< 150 m)
with a signiﬁcant decrease towards the East (Fig. 2e). Whereas the AW
of the WestMed had an archetype AOU of 23 ± 5 µmol kg−1, the LSW
formed in the Levantine basin was characterized by an archetype AOU
of just 3 ± 3 µmol kg−1 (Table 3). AOU values were maxima in the
mesopelagic layer (150–1000 m) all along the MedSea, increasing towards the West as in the surface layer. The LIW was characterized by an
archetype AOU of 15 ± 2 µmol kg−1 whereas this value was
51 ± 5 µmol kg−1 for the EIW. The other intermediate waters of the
WestMed (WIW) and EastMed (CIW) had the same archetype AOU of
45–47 µmol kg−1 (Table 3). Furthermore, the AOU maximum layer was
shallower in the WestMed, between 350 and 400 m, concurring with
the archetype depth of the EIW (364 ± 79 m) (Table 3; Fig. 2e) as was
previously observed (Álvarez et al., 2014; Tanhua et al., 2013). Note
that although the AOU maximum in the WestMed reached up to
80 µmol kg−1, the archetype AOU of the EIW was 51 ± 5 µmol kg−1
because it is a water mass proportion weighted average of all samples
containing EIW and not just those from the AOU maximum. In the
EastMed, the AOU maximum was found deeper, between 600 and
700 m, in between the LIW, centred at 149 ± 13 m and the Pre–EMT,
centred at 1462 ± 125 m (Table 3). Finally, in the bathypelagic layer
(> 1000 m) the older EMDW varieties, present in the Levantine basin,
had a higher archetype AOU of 62 ± 1 µmol kg−1. In contrast, the
younger EMDW branches, found in the Ionian Sea, had a lower AOU of
55–58 µmol kg−1. In the western basin, the oldest WMDW–A presented
the highest archetype AOU of 67 ± 1 µmol kg−1 whereas the youngest
varieties (WMDW–B, C, D) had a lower AOU of 55–61 µmol kg−1
(Table 3).
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3.3. Distributions of the response variables: DOC and CDOM

Apart from the AOU, which is a key parameter to understand the
distribution of any biogeochemical variable throughout the entire water
column, Chl a is also a major environmental driver in the epipelagic
layer of the ocean. In the MedSea, as in any other oligotrophic region,
Chl a levels are very low and concentrated around a DCM. This DCM
was shallower and with higher Chl a concentrations in the oligotrophic
WestMed than in the ultraoligothropic EastMed (Fig. 2f). In the
EastMed, the DCM was situated at 93 ± 11 m with a mean ± SD
concentration of 0.22 ± 0.08 mg m−3 and in the WestMed was at
53 ± 18 m with 0.46 ± 0.17 mg m−3.

In the epipelagic layer, the EastMed showed higher DOC concentrations than the WestMed (Fig. 4a), with mean ± SD values of
60 ± 1 and 56 ± 1 μmol L−1, respectively. In fact, the water mass
with the highest archetype DOC concentration was the LSW with
59 ± 2 μmol L−1 (Table 3). In the mesopelagic layer, a marked westward decrease of DOC was observed with the LIW presenting an archetype DOC of 59 ± 1 μmol L−1, whereas the EIW presented
50 ± 1 μmol L−1. Accordingly, DOC removal occurs when this water
mass moves westwards. Unlike the epi– and mesopelagic layers, DOC

Fig. 4. Distribution of (a) DOC (µmol C L−1), (b) absorption coeﬃcient at 254 nm (a254, m−1), (c) absorption coeﬃcient at 325 nm (a325, m−1), spectral slope
between 275 and 295 nm (S275–295, µm−1), and (d) slope ratio (SR, unitless). Note that the depth scale of panels a–e is non linear. Produced with Ocean Data View
(Schlitzer, 2017).
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S275–295 (Table S3). SR variability was controlled by θ, AOU and Chl a
with F–values of 18.74, 20.02 and 15.23 (Table S3). Whereas the relationship with θ was positive and linear, the relationships with AOU
and Chl a were not, shifting from positive to negative at AOU of around
30 µmol kg−1 and from negative to positive for Chl a at around e–2
(=0.14) mg m−3 (Fig. 6e).

concentrations in the bathypelagic layer (> 1000 m) were much lower
and homogeneous. Most of the deep water masses of the EastMed and
WestMed present archetype concentrations of 39–41 and
42–43 μmol L−1, respectively (Table 3). It is remarkable the low archetype DOC of the EMDW formed during the EMT
(37 ± 1 μmol kg−1).
a254 values ranged between 0.56 to 1.34 m−1 and maximum values
were found in the epipelagic layer, particularly in the Ionian Sea
(Fig. 4b). As for the case of DOC, the LSW presented the maximum
archetype a254 value of 1.18 ± 0.06 m−1, followed by the MAW with
1.16 ± 0.05 m−1 (Table 3). The lowest values were found around
1500 m in the EastMed and the minimum archetype a254 was attributed
to the EMT (0.62 ± 0.01 m−1). Overall, the distribution of a254
(Fig. 4b) was parallel to the distribution of DOC (Fig. 4a); the direct
linear regression of both variables was highly signiﬁcant (DOC = 9
( ± 1) + 46 ( ± 1) · a254; R2 = 0.87, p < 0.001, n = 273; Fig. 5).
For a325, minimum values were also found in the deep waters of the
EastMed (Fig. 4c), and the lowest archetype a325 was attributed again to
the EMT with 8.6 ± 0.3 × 10−2 m−1 (Table 3). In the epipelagic layer,
a325 decreased from West to East, from archetype values of
19.3 ± 0.9 × 10−2 m−1 for the AW to 15.3 ± 0.8 × 10−2 m−1 for
the LSW (Table 3). Considering the S275–295 and the SR ratio, the largest
values were found in the EastMed at around 500 m depth (Fig. 4d and
e). The LSW features the highest archetype S275–295 of
37.3 ± 1.5 µm−1 and the CIW the highest SRi of 2.6 ± 0.1 (Table 3).
Whereas the lowest S275–295 values were found in the WestMed between
500 and 1500 m (Fig. 4d) with minimum archetype S275–295 for the ﬁve
WMDW varieties, the SR values were more spreaded over the WestMed
surface and the deep layer of the Ionian Sea (Fig. 4e). The lowest ratio
was found in the AW with a value of 2.1 ± 0.1.

3.5. Mixing and biogeochemical model results for the meso– and
bathypelagic waters of the Mediterranean Sea
The mixing model (Eq. (6)), which includes the eﬀect of water mass
mixing and basin–scale mineralization, explained 83% of the variability
of DOC in the meso– and bathypelagic MedSea (Table 4). The addition
of AOU produces a mixing–biogeochemical model (Eq. (7)) that increased the explained variability to 86%, accompanied by a SD res
reduction of 10.3% (Table 4). The water mass mixing independent
DOC/AOU slope for the entire MedSea was −0.22 ± 0.03 mol C mol
O2−1, which translates into a DOC/AOU–Ceq ratio of 31 ± 4% assuming a -O2/C mineralization ratio of 1.4 (Anderson and Sarmiento
1994, Anderson, 1995). In the EastMed, the mixing model explained
86% of the variability of DOC, which increased to 90% when AOU is
included in the mixing–biogeochemical model and SD res reduced by
15.2% (Table 4). For this basin, the slope DOC/AOU slope was
−0.47 ± 0.07 mol C mol O2−1, i.e. a DOC/AOU–Ceq ratio of
66 ± 10%. Conversely, in the WestMed, the mixing model explained
much less variability (only 74%), which increased to 80% when AOU is
included and the resultant DOC/AOU slope was −0.17 ± 0.03 mol C
mol O2−1, which translates into a DOC/AOU–Ceq ratio of 24 ± 4%.
For the case of a254, the mixing model explained 91% of its variance in
the entire MedSea. Inclusion of AOU derives in a mixing–biogeochemical model that increased the explained variance of a254
to 95% with a substantial SD res reduction by 26.3%. In the WestMed,
the SD res reduction was even higher (i.e. 38.4%, Table 4). The water
mass mixing independent a254/AOU ratio was signiﬁcantly higher in
–1
–1
the
EastMed
(−8
( ± 1) 10–3 m
kg–1 μmol O2
or
−8 ± 1 m2 mmol O2−1) than in the WestMed (−4.3 ( ± 0.4) 10–3 m
–1
kg–1 μmol O2 –1 or −4.3 ± 0.4 m2 mmol O2−1).
The mixing model explained 82% of the variability of a325, increasing to 88% when adding the AOU as explanatory variable in the
mixing–biogeochemical model. Furthermore, a SD res reduction of
17.8% was observed. In this case, a maximum SD res reduction of
25.5% was observed in the WestMed (Table 4). Unexpectedly, a325
decreased with basin scale mineralization (Fig. 7a); the water mass
mixing independent a325/AOU slope was negative, −1.0 ( ± 0.1)
10–3 m –1 kg μmol O2 –1 (or −1.0 ± 0.1 m2 mmol O2−1), for the entire

3.4. Results of GAM analysis in the epipelagic waters of the MedSea
We used GAMs for exploring non–linear relationships between
CDOM parameters and selected environmental factors (Fig. 6). The
variable that exhibited the largest eﬀect on DOC was AOU
(F–value = 85.73; Table S2) with a negative power–law relationship
(Fig. 6a) and a percentage of the variance explained of 51.1%. Likewise,
a254 had AOU as the most signiﬁcant explanatory variable
(F–value = 52.07; Table S3) with a negative linear relationship
(Fig. 6b). For a given AOU, any increase in θ has a negative eﬀect on
a254 (F–value = 10.68; Table S3; Fig. 6b). However, a254 responded
positively to PHA until reaching a concentration of approximately e13
(=4.4 · 105 cell mL−1; F–value = 4.94; Table S3). All these three variables together presented a deviance explained (DE) of 76.2% (Table
S3).
Contrary to a254, a325 was mainly controlled by θ (F–value = 56.79;
Table S3), decreasing its value linearly with increasing temperature
(Fig. 6c). For a given θ, a325 presented a negative power–law response
to AOU (F–value = 11.22) with a plateau at around 20 µmol kg−1
(Fig. 6c). Unlike a254, PHA presented a positive linear relationship with
a325 from values of e12.7 (=3.3 · 105) cell mL−1 onwards at a constant
AOU value (F–value = 11.86). In this case, Chl a contributed signiﬁcantly to explain a325 in contrast with a254 (F–value = 8.60), being
positive until becoming constant at a value of e–2 (=0.14) mg m–3.
These four variables contributed to explain 72.6% of the total variance
of a325. Similarly, S275–295 was explained by the same variables than
a325 at a DE = 83% (Table S3). In addition, it was mostly explained by θ
(F–value = 56.88), through a positive linear relationship (Fig. 6d).
Here, Chl a and bacterial abundance contributed more substantially to
explain the variability of this parameter than those of the absorption
coeﬃcients, with F–values of 20.11 and 19.32, respectively (Table S3).
At a given θ, bacterial abundance and AOU exert negatively at values
higher than approximately e12.7 (=3.3 · 105) cell mL−1 and
20 µmol kg−1, respectively. The explained variance for SR (43.5%) was
substantially lower than those of the absorption coeﬃcients and

Fig. 5. Relationship of DOC (µmol C L−1) with a254i (m−1).
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Fig. 6. Partial plots of the additive eﬀects of the physical, chemical and biological covariates on the DOC and CDOM parameters after ﬁtting Generalized Additive
Models. (a) DOC (µmol C L−1), (b) a254 (m−1), (c) a325 (m−1), (d) S275–295 (µm−1). (e) SR (unitless). Ticks on x-axis indicate the distribution of the data.

4. Discussion

MedSea, with no signiﬁcant diﬀerences among basins. Water mass
mixing explained much less variance of S275–295 (64%) and there was
not any improvement when considering the mixing–biogeochemical
model (Table 4).
Finally, SR was the CDOM parameter with less percentage of explained variance by the linear mixing model with 35% (Table 4).
Consideration of the mixing–biogeochemical model contributed scarcely to increase the explained variance, even for the two basins separately (Table 4). Interestingly, the water mass mixing independent SR/
AOU ratio was positive, 6 ( ± 2) 10–3 kg μmol O2 –1 (or 6 ± 2 m3 mmol
O2−1), being higher in the EastMed, 17 ( ± 6) 10–3 kg μmol O2 –1 (or 17
( ± 6) m3 mmol O2−1.
Only for a254 and a325, the simultaneous inclusion of AOU and PHA
in the mixing–biogeochemical model improved the explained variance
and reduced the SD res (not shown). In the entire MedSea, for a254, the
explained variance increased to 96% and the SD res reduced by 27.3%
compared with the mixing model. For a325, the explained variance and
SD res reduction were 89% and by 21.4%, respectively. In the
WestMed, the SD res reduction was even higher, reaching 41.2% and
29.1% for a254 and a325, respectively. In the EastMed, no improvement
with the addition of PHA was detected. It is northworthy to underscore
the positive relationship of PHA with both absorption coeﬃcients,
contrary to the negative relationship recorded with AOU.

4.1. DOM, a major player in the carbon cycle of the Mediterranean Sea
Despite the relatively small size of the MedSea and the short renewal times of the western (42 years) and eastern (150 years)
Mediterranean deep waters (Powley et al., 2016), DOC concentrations
in the deep MedSea expand over the range found in the deep waters of
the World Ocean, from 34 to 45 µmol L−1 (Table 3; Fig. 4a). Whereas
the average DOC concentration of the WMDW varieties is around
42–43 µmol L−1, it drops to 37–41 µmol L−1 in the less ventilated
EMDW varieties. Particularly, the archetype DOC concentration of the
EMT, 37 ± 1 µmol L−1, is similar to the concentration found in the
North Paciﬁc Intermediate Water (NPIW), which is among the less
ventilated water masses of the world ocean (Hansell et al., 2009; 2012).
Note that the EMT is an old water mass, but not the oldest of the
EastMed, which is the Pre–EMT with an archetype DOC of
39 ± 1 μmol L−1. Given that the archetype AOU of both water masses
is the same, 62 ± 1 μmol kg−1 (Table 3), the 2 μmol L−1 diﬀerence in
archetype DOC should be due to the diﬀerent initial DOC concentrations of these water masses at their respective formation site in the
Aegean Sea (during the EMT) or in the Ionian Sea (before the EMT).
The DOC distribution obtained in our study is consistent with previous ones in the MedSea (Santinelli et al., 2010; Santinelli, 2015). The
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Table 4
Parameters of the linear mixing (Eq. (6)) and mixing–biogeochemical (Eq. (7))
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 all samples (a) and for the
Eastern (b) and Western (c) basins.
N1

MedSea
AOU
HPA
DOC
a254
a325
S275–295
SR
DOC
a254
a325
S275–295
SR
EastMed
AOU
HPA
DOC
a254
a325
S275–295
SR
DOC
a254
a325
S275–295
SR
WestMed
AOU
HPA
DOC
a254
a325
S275–295
SR
DOC
a254
a325
S275–295
SR

N2

R2

SD res

AOU
AOU
AOU
AOU
AOU

0.88
0.78
0.83
0.91
0.82
0.64
0.35
0.86
0.95
0.88
0.64
0.37

7.8
88,518
3.8
0.06
0.02
0.002
0.2
3.4
0.05
0.01
0.002
0.2

AOU
AOU
AOU
AOU
AOU

0.96
0.85
0.86
0.92
0.84
0.46
0.34
0.90
0.95
0.85
0.43
0.36

4.4
51,696
3.9
0.06
0.01
0.002
0.2
3.3
0.05
0.01
0.002
0.2

AOU
AOU
AOU
AOU
AOU

0.72
0.73
0.74
0.90
0.80
0.31
0.35
0.80
0.96
0.89
0.31
0.41

10.6
119,600
3.6
0.06
0.02
0.001
0.2
3.2
0.04
0.01
0.001
0.2

%SD
reduction

10.3%
26.3%
17.8%
−0.5%
2.1%

15.2%
21.0%
7.4%
−1.3%
2.8%

10.9%
38.4%
25.5%
0.8%
3.6%

β

SE(β)

−0.22
−0.0048
−0.0010

0.03
0.0004
0.0001

0.006

0.002

−0.47
−0.008
−0.0007

0.07
0.001
0.0003

0.017

0.006

−0.17
−0.0043
−0.0010

0.03
0.0004
0.0001

0.005

0.002

p

n

0.0000
0.0000
0.0000
n.s.
0.0012

233
240
233
209
209
209
149
226
203
203
203
203

0.0000
0.0000
0.0270
n.s.
0.0056

130
134
131
105
105
105
105
126
101
101
101
101

0.0000
0.0000
0.0000
n.s.
0.00705

103
106
102
104
104
104
104
99
101
101
101
101

Fig. 7. Relationships of archetype (a) a325i (m−1), (b) S275–295i (μm−1) and (c)
SRi (unitless) with archetype apparent oxygen utilization (AOUi, μmol kg−1).
Error bars represent the standard deviation of the estimated archetypal values.
Red and white circles represent samples of the western and eastern basins,
respectively. The acronyms of the water masses are explained in Table 1. The
dashed grey lines represent the regression curves found by Catalá et al. (2015)
for the global ocean. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

novelty of this work has been the application of a water mass analysis
that allowed us to obtain water mass proportion weighted–average DOC
concentrations for each of the 19 water types identiﬁed during the
HOTMIX cruise.
An additional advantage of the water mass analysis is the possibility
of estimating the contribution of DOC to the dissolved oxygen demand
of the dark MedSea independent of water mass mixing. The values of
parameter β in the DOC–AOU mixing biogeochemical model (Table 4),
indicate that 66 ± 10% of the oxygen demand of the dark Eastern
basin and 24 ± 4% in the dark Western basin is due to DOC consumption. For the whole dark MedSea, the contribution of DOC is
31 ± 4%. Previous estimates by Santinelli et al. (2010, 2012) for the
core of the LIW indicated a contribution of around 49 ± 4% during its
route across the Ionian and Tyrrhenian Sea and 32 ± 4% when the
whole MedSea is considered. Therefore, when considering the whole
meso– and bathypelagic EastMed, the contribution of DOC to the
oxygen demand is much higher than when considering only the core of
the LIW. This excess consumption is likely due to the injection of
bioavailable DOC accumulated in the surface layer (< 50 m) into the
winter mixed layer (< 150 m) all along the EastMed, as described by

Carlson et al. (1994) for the Sargasso Sea.
As indicated above, our results also show an accumulation of DOC
in the surface layer of the EastMed in agreement with previous studies
(Pujo-Pay et al., 2011; Santinelli, 2015). The explanation behind this
accumulation is that ultraoligotrophy decreases heterotrophic growth,
resulting in a decoupling between DOC production and consumption
(Thingstad et al., 1997; Pujo-Pay and Conan, 2003; Luna et al., 2012).
DOC removal occurs after winter mixing through the winter mixed
layer (< 150 m) and as the recently formed LIW (> 200 m) moves
westwards, indicating DOC consumption as nutrients become more
available.
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et al, 2015), here a325 decreases with increasing AOU both in the epipelagic (Fig. 6) and in the dark MedSea (Fig. 7a; Table 4). A positive
relationship between a325 and AOU has been interpreted as a production of aromatic humic–like substances during microbial degradation of
organic matter in the dark ocean (Nelson et al., 2010; Jørgensen et al.,
2011; Catalá et al., 2015, 2016). Therefore, the negative a325/AOU
relationship obtained in the MedSea would suggest the prevalence of
the consumption of the bulk CDOM absorbing at this wavelength over
the microbial production of the ﬂuorescent fraction of this CDOM.
Accordingly, the positive SR/AOU slope observed in the deep waters of
the MedSea (particularly for AOUi > 30 μmol kg–1; Fig. 7c) is also
contrary to what was observed in the global tropical and subtropical
ocean (Catalá et al., 2015). Remarkably, SR values in the MedSea are
signiﬁcantly lower than in the global ocean for the AOU range found in
the MedSea (Fig. 7c), suggesting a larger inﬂuence of terrestrial CDOM
in the enclosed MedSea (Helms et al., 2008).
We hypothesize that the dominance of CDOM consumption in the
MedSea could be attributed to its oligotrophy, which would divert
microbial heterotrophs towards a specialization in the consumption of
colored compounds of more recalcitrant nature. However, as it will be
further discussed in the companion paper by Martínez-Pérez et al. (this
issue), the humic–like ﬂuorescent fraction of the materials absorbing at
325 nm shows the expected increase with AOU.

4.2. Biogeochemistry of CDOM in the MedSea
Although both a254 and a325 are used as proxies of the concentration
of CDOM in aquatic systems, they really represent diﬀerent CDOM
fractions. Whereas a254 is representative for the concentration of conjugated C double bonds (e.g. Lønborg and Álvarez-Salgado, 2014), a325
is representative for aromatic compounds (e.g. Jørgensen et al., 2014;
Catalá et al., 2016). Aromaticity makes the latter compounds capable of
absorbing UVB radiation, resulting in an increased susceptibility to
photodegradation (Nelson et al., 2004; Catalá et al., 2015). For this
reason, the GAMs analysis for the epipelagic layer, showed that a325
was basically controlled by temperature (Table S3, Fig. 6c). Water
temperature has a well–known positive eﬀect on microbial metabolic
rates and it is a proxy for stratiﬁcation and also for solar irradiation
and, thus, for photobleaching (Fig. 6c). Consequently, the gradual decrease of a325 from West to East in the epipelagic layer can be explained
by a combination of these factors. To a lesser extent, AOU, a proxy of
the cumulative net community respiration (i.e., the community respiration minus the autotrophic oxygen production), also contributed to
explain the decay of the aromatic substances represented by a325
(Fig. 6c). Conversely, the biological variables (Chl a and bacterial
abundance) explained the generation of a325 up to a certain level
(Fig. 6c). For a254, the cumulative community respiration mostly explained the decay of this parameter.
In the meso and bathypelagic waters, the mixing model contributed
to explain most of the variability of a254 and a325. But consideration of
the mixing–biogeochemical model for a254 and a325 reduced the SD res
more substantially than for DOC (i.e. 26.3% and 17.8%, respectively),
indicating that the local–mineralization processes play a larger inﬂuence on these CDOM parameters.
Spectral slopes have been commonly regarded as qualitative proxies
of CDOM, providing information about its molecular weight and the
content in aromatic substances (Helms et al., 2008). In the epipelagic
layer, S275–295 and SR were mostly explained by θ, meaning that molecular weight is more aﬀected by stratiﬁcation/mixing and/or photobleaching processes than by the biological processes traced by AOU and
Chl a (Table S3; Fig. 6d and e). Whereas photobleaching contribute to
decrease the average molecular weight and the content in aromatic
substances of CDOM, microbial activity counteracts increasing the
molecular weight and aromaticity (Helms et al., 2008; Catalá et al.,
2015; Maqbool et al., 2017). This would explain the higher absorption
coeﬃcient and average molecular weight of CDOM (i.e. lower S275–295
and SR) in parallel with the higher PHA in the WestMed than in the
EastMed. The negative relationship between AOU and S275–295 supports
previous studies that found a decrease of the Helms’s spectral slopes
with water mass ageing in the dark global ocean (Catalá et al., 2015)
(Fig. 7b).

5. Conclusions
In the epipelagic MedSea, AOU explained most of the variability of
DOC and a254, suggesting that the cumulative net community respiration is driving these two variables. However, the variability of a325,
S275–295 and SR was mostly explained by θ, a proxy to thermal stratiﬁcation and solar radiation, indicating that apart from microbial activity, water column stability and photobleaching also drive the variability of CDOM.
For the meso– and bathypelagic MedSea, water mass mixing and
basin–scale mineralization processes contributed more substantially to
explain the variability of DOC, a254 and a325 (82–91%) than the
variability of S275–295 and SR (35–64%). The addition of local mineralization processes only contributed to improve the explained variance
of the absorption coeﬃcients. Local mineralization processes also indicate that DOC and CDOM play a more relevant role in the carbon
cycle of the EastMed than the WestMed: whereas DOC contributed to
66 ± 10% of the oxygen demand of the EastMed, it represented only
24 ± 4% in the WestMed.
a254 has revealed as an excellent proxy to the concentration of DOC
in the MedSea and the overall negative relationship of a325 with AOU
indicates that, contrary to expected, the consumption of colored substances absorbing at 325 nm prevails over their production.
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