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Abstract

Fluorescent dissolved organic matter (FDOM) in open surface waters (< 200 m) of the Atlantic, Pacific,
and Indian oceans was analysed by excitation-emission matrix (EEM) spectroscopy and parallel factor analysis
(PARAFAC). A four-component PARAFAC model was fit to the EEMs, which included two humic- (C1 and
C2) and two amino acid-like (C3 and C4) components previously identified in ocean waters. Generalized-
additive models (GAMs) were used to explore the environmental factors that drive the global distribution of
these PARAFAC components. The explained variance for the humic-like components was substantially larger
(> 70%) than for the amino acid-like components (< 35%). The environmental variables exhibiting the larg-
est effect on the global distribution of C1 and C2 were apparent oxygen utilisation followed by chlorophyll
a. Positive non-linear relationships between both predictor variables and the two humic-like PARAFAC com-
ponents suggest that their distribution are biologically controlled. Compared with the dark ocean (> 200 m),
the relationships of C1 and C2 with AOU indicate a higher C1/AOU and C2/AOU ratios of the humic-like
substances in the dark ocean than in the surface ocean where a net effect of photobleaching is also detected.
C3 (tryptophan-like) and C4 (tyrosine-like) variability was mostly dictated by salinity (S), by means of posi-
tive non-linear relationships, suggesting a primary physical control of their distributions at the global surface
ocean scale that could be related to the changing evaporation-precipitation regime. Remarkably, bacterial
biomass (BB) only contributed to explain a minor part of the variability of C1 and C4.

Dissolved organic matter (DOM) is the largest pool of
reduced organic carbon in the marine environment and is
defined as the organic material that passes through a submi-
cron filter, usually of 0.2-0.7 ym equivalent pore size (Carl-
son and Hansell 2015). Within this pool, the fraction that is
able to absorb light over a broad range of ultraviolet (UV)
and visible wavelengths is named chromophoric dissolved
organic matter (CDOM). Especially in the UV and blue light
region, the non-water absorption in the ocean is dominated
by CDOM (Nelson and Siegel 2002), reaching more than
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90% of the total absorption in the clearest waters of the
South Pacific (Morel et al. 2007; Bricaud et al. 2010; Tedetti
et al. 2010), and thus playing a major role in determining
underwater light availability and spectral quality (Siegel
et al. 1995, 2002; Nelson and Siegel 2002; Morel and Gentili
2009). Furthermore, CDOM can influence the accuracy of
global satellite-based estimates of ocean chlorophyll and pri-
mary production because of its impact on the underwater
light field (Siegel et al. 2005; Ortega-Retuerta et al. 2010).

In surface ocean waters, phytoplankton is the major DOM
producer (Carlson 2002 and references therein). However,
processes other than extracellular release by phytoplankton
are also responsible for subsequent DOM production and
transformation, include protistan grazer and prokaryotes
release and excretion, viral cell lysis, and solubilisation of
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detrital and sinking particles (Steinberg et al. 2004; Suttle
2007; Ortega-Retuerta et al. 2009; Romera-Castillo et al.
2010; Carlson and Hansell 2015). The main abiotic DOM
removal process is the photochemical degradation (Mopper
et al. 1991; Miller and Zepp 1995; Moran and Zepp 1997),
which results in the partial or complete remineralisation of
the chromophoric fraction of DOM by the absorption of
light. Photodegradation plays an important role in the global
biogeochemical cycles of carbon, nitrogen, sulphur, and
phosphorus in the epipelagic layer (Mopper et al. 1991; Sted-
mon and Nelson 2015), as well as in ecological processes
through the production of bioavailable substrates for
microbes (Kieber et al. 1989) and in the light penetration in
surface waters. Conversely, DOM exudates from phytoplank-
ton have also been proposed as substrates for DOM photohu-
mification, 1i.e., sunlight-mediated condensation from
smaller molecules into polymers with higher absorption
properties (Kieber et al. 1997; Reche et al. 2001). Apart from
photochemical processes, heterotrophic microbes remove
DOM from the water column as they incorporate and miner-
alise it to meet their metabolic needs. However, this is not
an isolated process since they can also modify and release
DOM by-products, therefore altering its optical properties
(Nelson et al. 1998; Ortega-Retuerta et al. 2009).

A portion of CDOM is also able to emit fluorescence
when excited by light and it was termed fluorescent dis-
solved organic matter (FDOM) (Kalle 1949). Recently, the
spectroscopic properties of DOM have allowed tracing long-
term biogeochemical processes in the global ocean (e.g.,
Jorgensen et al. 2011; Nelson and Siegel 2013; Catala et al.
2015a,b; Stedmon and Nelson 2015). Excitation emission
matrices (EEMs) consisting of a series of fluorescence emis-
sion spectra collected across a range of excitation wave-
lengths is the most common tool used to characterise FDOM
in aquatic environments. Six general types of fluorescence
peaks, which are usually split into two groups, have been
identified in ocean waters from the EEMs (Coble 1996, 2007;
Hudson et al. 2007). The amino acids tryptophan (peak T,
Coble 1996), tyrosine (peak B, Coble 1996) and phenylala-
nine (Jorgensen et al. 2011) are included in the amino acid-
like group, with Ex/Em fluorescence maxima at wavelengths
of 280/350 nm, 275/305 nm, and 260/282 nm, respectively.
Peak A, M, and C belong to the humic-like group and fluo-
resce at higher wavelengths than the amino acid-like group,
with Ex/Em wavelengths of 250/435 nm, 320/410 nm, and
340/440 nm, respectively. Parallel factor analysis (PARAFAC)
allows discriminating these independent fluorescent groups
(or fluorophores) matching the above-mentioned peaks and
tracing their distributions and changes in the environment
(Stedmon and Markager 2005a). This technique disentangles
the combined signal to resolve the production and degrada-
tion of FDOM in aquatic systems (Stedmon and Markager
2005b; Maie et al. 2012; Murphy et al. 2013; Jorgensen et al.
2014).

Drivers of FDOM in the epipelagic ocean

Several studies on FDOM distribution in open ocean
waters have been recently published. Jorgensen et al. (2011)
presented a unique global dataset of the main FDOM compo-
nents, whereas other studies covered partial oceanic regions
of the Atlantic (Heller et al. 2013; Kowalczuk et al. 2013; De
La Fuente et al. 2014; Lonborg et al. 2015), Pacific (Kaiser
and Benner 2009; Yamashita et al. 2010; Omori et al. 2011;
Dainard and Guéguen 2013; Tanaka et al. 2014; Kim and
Kim 2015), Indian (Coble et al. 1998), Arctic (Guéguen et al.
2007, 2014; D’Sa et al. 2014; Jorgensen et al. 2014) and
Southern oceans (Yamashita et al. 2007). This study comple-
ments previous work focused on the distribution of PAR-
AFAC components in the main water masses of the dark
global ocean during the Spanish Circumnavigation Malas-
pina 2010 (Catald et al. 2015a). Here, we describe the global
distribution of the PARAFAC components in the illuminated
global ocean by parcelling it in Longhurst’s biogeographic
provinces, analysing the variability of the fluorescence com-
ponents among and within provinces and determining the
environmental drivers controlling their distribution.

Materials and methods

Division of the epipelagic layer into Longhurst’s
biogeographic provinces

The Malaspina 2010 circumnavigation was conducted
from December 2010 to July 2011 on board R/V Hespérides
along the Atlantic, Indian, and Pacific oceans, spanning lati-
tudes from 34°N to 40°S (Fig. 1). To expedite the study of
the FDOM distribution in the surface ocean, the Malaspina
cruise track was parcelled according to Longhurst’s biogeo-
graphic provinces. This partition is based on physical forces
in ocean and atmosphere (i.e., turbulence, temperature, irra-
diance, and nutrients) that affect phytoplankton distribution
(Longhurst 1995, 1998). According to this division, four
domains can be recognised in every ocean basin: Polar,
Westerlies, Trade-Winds, and Coastal Boundary Zone. At the
second level of resolution, the ocean basins are partitioned
into 56 biogeographic provinces (Ducklow 2003).

A total of 147 stations were assigned to 15 Longhurst’s
biogeographic provinces (distinguished by green colour in
Fig. 1) according to their geographical coordinates, covering
all the domains except the Polar (Fig. 1). Six provinces were in
the Atlantic Ocean, four in the Indian Ocean; and five provin-
ces in the Pacific Ocean (acronyms described in Table 1;
Fig. 1). The provinces NASE and NATR were sampled in winter
(NASE_W, NATR_W) and summer (NASE_S and NATR_S). An
exhaustive analysis of the vertical profiles of salinity, potential
temperature, dissolved oxygen and fluorescence of chlorophyll
a (Chl a) was performed in the stations closer to the boundary
between two provinces to place them in the appropriate
province.
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Fig. 1. Map of the biogeographic provinces crossed during the Malaspina 2010 circumnavigation. NASE, North Atlantic Subtropical Gyral; NATR,
North Atlantic Tropical Gyral; WTRA, Western Tropical Atlantic; SATL, South Atlantic Gyral; BENG, Benguela Current Coastal Province; EARF, East Africa
Coastal; I1SSG, Indian South Subtropical Gyre; SSTC, South Subtropical Convergence; AUSE, East Australian Coastal Province; SPSG, South Pacific Sub-
tropical Gyre; PEQD, Pacific Equatorial Divergence; NPTG, North Pacific Tropical Gyre; PNEC, North Pacific Equatorial Countercurrent; CARB, Carib-

bean Province. Circles indicate the position of the 147 stations sampled during the circumnavigation. The colour of the circles account for the season:

blue (winter), orange (summer), red (autumn), green (spring).

Data acquisition

On each of the 147 sampling days of the circumnaviga-
tion a rosette sampler equipped with 24 Niskin bottles of
10 L was dipped at about 10:00 a.m. (local time) to collect
water samples in the epipelagic layer (< 200 m). Seven nomi-
nal levels were sampled coinciding with the 70%, 20%, and
7% of photosynthetically active radiation (PAR), deep chlo-
rophyll maximum (DCM), DCM plus 20 m (DCM+20), DCM
plus 50 m (DCM+50), and 200 m. For Chl a, only samples at
70%, 20%, and 7% of PAR, DCM, and DCM+20 were col-
lected. For bacterial biomass, only samples at 20% and 7% of
PAR, DCM, and DCM+20 were collected. Vertical profiles of
salinity (S), potential temperature (0), dissolved oxygen (O,),
in vivo fluorescence of Chl a (FISP) and PAR were recorded
continuously with a conductivity-temperature-depth (CTD)
probe Seabird 911+, a polarographic membrane oxygen sen-
sor Seabird SBE-43, a fluorometer Seapoint and a radiometer
Biospherical/Licor installed in the rosette sampler. The CTD
was equipped with redundant temperature and salinity sen-
sors for intercomparison during the cruise. Temperature and
pressure sensors were calibrated at the SeaBird laboratory
before the cruise. On board salinity calibration was carried
out with a Guildline AUTOSAL model 8410B salinometer
(Pérez-Hernandez et al. 2012), the potentiometric end-point
Winkler method for the calibration of the oxygen sensor
(Alvarez et al. 2012) and the fluorimetric method for the cal-
ibration of the fluorescence of Chl a profiles (Estrada 2012).
The squared Brunt-Viisild frequency (N?), commonly used
to quantify the stratification of the water column, was calcu-
lated following Millard et al. (1990):
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where g is the gravity acceleration constant (9.8 m s™?), z is
the water depth, and p is the water potential density at
depth z. Integration of Eq. 1 between two depth levels (1
and 2): Nz=fg~ln (p2/p1)/(z2—21), provides a measure of
the average stability of the water column between z; and z,
(Lenborg et al. 2015). Here, we have calculated N? between
the 70% PAR (3 m) and 150 m. Furthermore, we have also
calculated the gradients of potential temperature and salinity
(DO and DS) over the upper 150 m, which were obtained as
the difference between the potential temperature or salinity
at 70% PAR (about 3 m) and 150 m divided by the difference
in depth (147 m). The mixed layer depth (MLD) was calcu-
lated as the depth where potential density exceeded the
value at 3 m by 0.1 kg m ™3 (Fernandez-Castro et al. 2014).
Daily, weekly and monthly short wave (wavelength range,
175-3850 nm) solar radiation data (SWR, in MJ m 2 d 1)
were obtained from the National Centres for Environmental
Predictions NCEP/DOE 2 reanalysis database provided by the
NOAA/OAR/ESRL PSD, Boulder, Colorado, U.S.A., (http://
www.esrl.noaa.gov/psd/) and interpolated for each station.
Apparent Oxygen Utilization (AOU) was calculated as the
difference between the saturation and measured dissolved
oxygen concentrations. Dissolved oxygen saturation was cal-
culated from practical salinity and potential temperature
with the equation of Benson and Krause (1984). Inorganic
nutrients (nitrate, phosphate and silicate) were collected
from the Niskin bottles in 20-mL acid-washed polyethylene
flasks and determined on board using standard segmented
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flow analysis methods with colorimetric detection (Blasco
et al. 2012).

Bacterial biomass (BB) was determined by flow cytometry
using standard protocols after fixation with 1% paraformal-
dehyde and 0.05% glutaraldehyde and staining with Sybr-
Green [ (Molecular Probes, Invitrogen) at a 1/10,000 dilution
(Gasol and del Giorgio 2000). A previously published calibra-
tion curve relating relative side scatter to cell size (Calvo-
Diaz and Moran 2006) was used to transform the cytometric
signal. Cell size was converted to biomass using the
Gundersen et al. (2002) relationship.

Collection and spectral acquisition of fluorescent
DOM samples

We collected 835 water samples for FDOM measurements.
They were transferred from the Niskin bottles into 250 mL
acid-washed glass flasks and stored in dark conditions until
measurement before 6 h from collection. Once in the on
board laboratory, aliquots were immediately filtered through
precombusted (450°C, 4 h) glass fibre filters (GF/F) in an
acid-cleaned all-glass filtration system, under positive pres-
sure with low N, flow.

Fluorescence 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 spec-
tral 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 nor-
malized to the Raman area (RA). In our case, RA normaliza-
tion 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 trapezoidal rule of integra-
tion (Murphy et al. 2010).

Furthermore, to verify that the variability of the instru-
ment during the 147 working days of the expedition affected
similarly to the Raman, amino acid and humic-like regions
of the spectrum, the following three standards were run
daily: (1) a sealed Milli-Q cuvette (Perkin Elmer) scanned
between 365 nm and 450 nm exciting at 350 nm; (2) a P-
terphenyl block (Stranna) that fluoresces in the amino acid
region, between 310 nm and 600 nm exciting at 295 nm;
and (3) a Tetraphenyl butadiene block (Stranna) that fluores-
ces in the humic region, between 365 nm and 600 nm excit-
ing at 348 nm. Successful Raman normalization in both the
amino acid- and humic-like regions of the EEMs, a good
quality of the Milli-Q water produced on board and a slight
shift of fluorescence intensities on daily working routine
were observed (see Supporting Information in Catald et al.
2015a).

Drivers of FDOM in the epipelagic ocean

Inner-filter correction was not applied due to the low
absorption coefficient of CDOM of the epipelagic water sam-
ples collected during the circumnavigation: 1.31 +0.23 m™*
(average = standard deviation) at 250 nm, i.e., much lower
than the threshold of 10 m ™' above which this correction is
required (Stedmon and Bro 2008). Raman-normalized Milli-
Q blanks were subtracted to remove the Raman scattering
signal (Stedmon and Markager 2003; Murphy et al. 2010).
Raman Area (RA) normalization, blank subtraction, and gen-
eration of EEMs were performed using MATLAB (version
R2008a).

Global PARAFAC modelling

Parallel factor analysis (PARAFAC) was used to identify
the different fluorescent components that comprise the
EEMs in the epipelagic waters of the global ocean. PARAFAC
was performed using the DOMFluor 1_7 Toolbox (Stedmon
and Bro 2008). Prior to the analysis, Rayleigh scatter
bands (first order at each wavelength pair where Em=
Ex *bandwidth; second order at each wavelength pair where
Em=2+«Ex *(2«bandwidth)) were trimmed. This PARAFAC
model was derived from the global PARAFAC model based
on the 1574 corrected EEMs collected during the circumnavi-
gation from the surface to 4000 m depth and was validated
using split-half validation and random initialization
(Stedmon and Bro 2008). Likewise, we also tested the PAR-
AFAC model using the subset of 835 epipelagic water
samples (surface to 200 m) and it turned out in a similar
components model. Here we report the fluorescence inten-
sities in Raman units (RU) (Stedmon et al. 2003; Murphy
et al. 2010).

Statistical analysis

Intra-province variability: ANOVA

To determine the relevance of intra-province variability
for each environmental variable and fluorescent component
among PAR levels we performed an analysis of variance
(ANOVA). The provinces CARB, NASE_W, BENG, EARF and
AUSE were excluded because they comprised less than 4
stations.

Drivers of fluorescence components: generalised additive
models (GAMs)

To test for the effect of the environment on the variability
of the fluorescence PARAFAC components we used general-
ized additive models (GAMs, Wood 2006). We examined the
influence of 11 environmental predictors on each fluores-
cence component: SWR (i.e., daily, weekly and monthly), S,
0, N?, DS, DO, O,, AOU, Chl a, NO; and BB. Before model
fitting, covariability among predictors was examined using
variance inflation factors (VIFs, Supporting Information
Table S1); and the selection among daily, weekly and
monthly SWR was on basis of minimizing the AIC (Akaike
Information Criterion) and the GCV (Generalized Cross Vali-
dation). GAMs were formulated as follows:
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Yij=o+ Zgj (Xi1) + €y 2
j

where Y is a fluorescence PARAFAC component measured at
a station i and depth level /, « is an intercept, X is a vector
of predictor variables where the superscript j identifies each
covariate, g is a non-parametric smoothing function specify-
ing the effect of each covariates on the fluorescent compo-
nent and ¢;; 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 minimiz-
ing the generalized cross validation criterion. Given that BB
was measured in 473 of the 835 samples, two models were
run for each fluorescence component: first, models were
obtained with all predictor variables but BB; and second
models were obtained with all predictor variables including
BB. In the second case, to test for the effect of reducing the
dataset by about a half, the models were run for all predictor
variables but BB considering only the samples where BB was
measured.

Chl a and BB were In-transformed, and depth was included
in all models as a “catch-all” variable to account for potential

unmeasured effects on fluorescence. All models were fitted in
R 3.1.1 software (R Development Core Team 2014) and using
the ‘'mgcv ‘'mgcv 1.8-0” package (Wood 2006).

Regression analysis: parametric relationships

Non-linear power-law regression equations between AOU
and each fluorescent component (C1, 2, 3, and 4) were fitted
in R 3.1.1 software.

Results

PARAFAC components

A four-component model was obtained (Supporting Infor-
mation Fig. S1), two of them of humic-like nature—C1 and
C2—since they display a broad emission spectra around
400 nm, at Ex/Em <270-370/470 nm and Ex/Em 320/
400 nm, respectively, and two of amino acid-like nature—C3
and C4—as the emission spectra is narrower with maxima
below 400 nm at 290/340 nm and 270/310 nm, respectively.
In the literature, the humic-like C1 and C2 have been
defined as Peak A/C and peak M, respectively (Coble 1996).
C1 is proposed to be ubiquitous in DOM but enriched in ter-
restrial/allochthous sources (Stedmon and Markager 2005a).
C2 has previously been reported as marine humic-like
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Fig. 4. Box and Whisker plots and p-value of the F-statistic test resulting from the use of ANOVA applied to the five physical, chemical and biological
variables at each biogeographic province. Horizontal line, median; white dots, mean; gray-box, 25-75% percentiles; and whiskers extend from the
upper (lower) to the highest (lowest) value that is within 1.5 X inter-quartile range of the hinge. n.s.: non significant, indicative of homogeneity in
average differences in environmental variables among PAR depth levels within a specific province; ns=p>0.05, p<0.05, *»<0.01, **p<0.001,

**%p < 0.0001.

substances (Coble 1996). Both humic-like components
appear to be photodegradable but biorefractory (Maie et al.
2012). The amino acid-like C3 and C4 have been attributed
to tryptophan and tyrosine, which have been shown to rep-
resent more biodegradable and fresher microbially produced
DOM (Yamashita and Tanoue 2003a; Fellman et al. 2008)
and have been commonly termed as peaks T and B (Coble
1996), respectively. These four peaks are recurrently observed
in diverse aquatic environments (e.g., Stedmon and Mark-

ager 2005a; Yamashita et al. 2008; Jorgensen et al. 2011;
Maie et al. 2012; Catala et al. 2015a).

The global average vertical profiles (Figs. 2, 3) reveal dis-
tinct patterns with depth for the PARAFAC components.
Whereas C1 (Figs. 2b, 3a) and C2 (Figs. 2c, 3b) increased
with depth, C4 (Fig. 3d) exhibited the opposite trend. C3
(Fig. 3c) showed an intermediate behaviour, with maximum
values at the depth of the DCM (average=SD depth,
95 + 36 m) and minimum either at the surface or 200 m.
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Fig. 5. Box and Whisker plots and p-value of the F-statistic test resulting from the use of ANOVA applied to the four fluorescent components at each
biogeographic province. Horizontal line, median; white dots, mean; gray-box, 25-75% percentiles; and whiskers extend from the upper (lower) to the
highest (lowest) value that is within 1.5 X inter-quartile range of the hinge. n.s.: non significant, indicative of homogeneity in average differences in
fluorescent components among PAR depth levels within a specific province; ns=p>0.05, p<0.05, *p<0.01, **p <0.001, ***p < 0.0001.

Differences among biogeographic provinces

The mean and standard deviation of all study variables was
calculated for each biogeographic province and nominal depth
level (70%, 20%, 7% PAR, DCM, DCM+20, and DCM+50).
Salinity profiles were very homogeneous in all the study provin-
ces with maximum values about 37 in NASE and NATR during
summer and minimum values of about 34 in PNEC (Fig. 4a,
Supporting Information Figs. S2a, S3a). Potential temperature,
which ranged from 11°C to 29°C, showed very homogeneous
profiles in some provinces such as NASE and NATR S or
strongly stratified profiles in other provinces such as PNEC,
WTRA, or NATR_W (Fig. 4b, Supporting Information Figs. S2b,
S3b). DS ranged between —0.005 and —0.012 m ™! (Supporting
Information Fig. S4a) and the maximum was found in NASE_S
whereas the minimum in PNEC. D ranged between —0.115°C
m ™! and —0.010°C m~' (Supporting Information Fig. S4b) and
the highest values were found in PNEC and the minimum in
NASE. MLD ranged from 8 m to 100 m, with an average = SD of
48 = 21 m (Fig. 2a). The maximum values were found in NPTG
whereas the minimum was found in EARF and PNEC. The
weekly SWR ranged from 11 M m 2 d™ ! to 31 M m % d !

(Supporting Information Fig. S4c). SATL (occupied in summer)
underwent the maximum average weekly SWR with 25 =3 MJ
m~2d7}, followed by EAFR (occupied in summer) with 25 =1
MJ m~2d~'. NASE (occupied in winter) showed the lowest aver-
age weekly SWR with 11 MJ m~%d . N? ranged from 0.1 to 1.2
min~? (Supporting Information Fig. S4d), with PEQD showing
the maximum and NASE_S the minimum values. AOU ranged
from —26 ymol kg~ ' to 266 ymol kg~ ' (Figs. 2a, 4c, Supporting
Information Fig. S2c¢). The maximum values were found in
PNEC between 100 m and 200 m depth, whereas the minimum
values were located between 50 m and 75 m depth in the South
Atlantic and South Indian oceanic gyres, corresponding to the
provinces SATL and ISSG (Figs. 2a, 4c, Supporting Information
Fig. S2¢). AOU increased with depth in all provinces; the AOU
in the mixed layer showed negative values for all stations,
except in PNEC (Figs. 2a, 4c), highlighting the predominance of
primary production against respiration.

Chl a ranged from 0.01 g L™* to 1.93 ug L™' and the
deep DCM was located between 37 m and 161 m (Fig. 4d,
Supporting Information S2d, S3c¢). Maximum Chl a values
were found in NATR and PNEC whereas the minima were in
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Fig. 6. Partial plots of two models showing the additive effects of the physical, chemical and biological covariates on the four fluorescent compo-
nents (a) by excluding the bacterial biomass (n=835) and (b) by including the bacterial biomass (n=473). The orange lines are the smoothing func-
tions and the blue shaded areas represent 95% point-wise confidence intervals. Rugs on x-axis indicate the distribution of the data.

the centre of the oceanic gyres. The maximum depths of the
DCM were coincident with the centre of the oceanic gyres
and were located in the SATL, ISSG, and NPTG. BB ranged
from 0.1 ug C L' to 16.7 ug C L' and the maxima were
found in SSTC and PNEC (Fig. 4e, Supporting Information
Fig. S3d). The minimum values were not found in a specific
geographic area, although a noticeable group of samples
with values near 0 was found around 150 m in the SATL
(Fig. 4e, Supporting Information Fig. S3d).

The humic-like components C1 and C2 presented fluores-
cent values ranging from 0.6 to 17.2 X 10~* RU and from
below detection limit to 17.7 X 10~* RU, respectively, and
their distributions concurred with the AOU distribution (Fig.
2a,b,c, Supporting Information Fig. S2c¢,e,f). The maximum
averages of C1 and C2 were 11.5+ 1.8 and 11.6 + 1.8 X 10*
RU, respectively and were found at the PNEC province (Fig.
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5a,b). The ISSG and SPSG provinces showed the minimum
means of C1, with values of 3.7 +0.6 and 4.0+0.5 x 1073
RU (Fig. 5a). The lowest C2 means were found in ISSG and
NASE_S with 3.8 + 0.6 X 10~ RU (Fig. 5b).

The amino acid-like components C3 and C4 were generally
twice more intense than the humic-like components (Fig. 3); C3
ranged from below detection limit to 36.0 X 10~® RU and C4
from below detection limit to 37.2 X 103 RU, respectively
(Fig. 3). C3 was nearly absent in some oceanic areas such as the
South Atlantic, the South Indian Ocean or the South Pacific,
corresponding to the provinces AUSW, SSTC, ISSG, and SPSG
(Figs. 2¢, 5S¢, Supporting Information Fig. S2g); C4 was the most
homogeneously distributed component with a C4 difference of
around 10 X 10~ RU throughout the water column (Figs. 2e, 5d,
Supporting Information Fig. S2h). The NATR_W province pre-
sented the maximum average for C3 and C4, 11.5*6.0 and
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17.2+0.7 X 10~ 3 RU (Fig. 5¢,d), respectively, whereas the lowest
means were 3.5+1.1 X 1073 RU at ISSG for C3 (Fig. 5¢) and
8.5+ 2.3 X 1073 RU at PNEC for C4 (Fig. 5d).

Differences within biogeographic provinces

ANOVAs among the different depth levels were used to
explore the variability of the environmental parameters (Fig.
4) and the four PARAFAC components in each province (Fig.
5). 0, AOU and Chl a had significant intra-province differen-
ces (Fig. 4b,c,d, Supporting Information Fig. S2b,c,d). Salinity
was not as variable as the previous parameters and the provin-
ces NATR_S, NATR_W, AUSW, SSTC and PEQD were homoge-
neous with depth (Fig. 4a, Supporting Information Fig. S2a).
BB was vertically homogeneous in most provinces such as
NATR_S, NASE_S, ISSG, AUSW, SPSG and PEQD (blue squares,
Fig. 4e, Supporting Information Fig. S3d).

The humic-like components C1 and C2 showed a well-
defined vertical variability within all provinces, except in
NATR_W (Fig. 5a,b, Supporting Information Fig. S2e,f). A sig-
nificant difference in C1 and C2 above and below the mixed
layer was found. The values were lower above the MLD except
for PNEC, and very uniform below the mixed layer except in
PEQD, NPTG and PNEC (Supporting Information Fig. S2e,f).
On the contrary, the amino acid-like components were more
homogeneous, showing no variability in most of the provin-
ces situated in the intertropical convergence zone (ITCZ) (e.g.,
NATR, SPSG, and PEQD). The amino acid-like C3 did not
present a defined depth profile in most of the provinces (Fig.
5S¢, Supporting Information Fig. S2g). Contrary to the humic-
like substances, the depth profiles of C4 tended to display
higher values at surface than at depth in some provinces (e.g.,
PNEC in C4, Supporting Information Fig. S2h).

Drivers of FDOM variability

To explore the environmental factors that drive the global
distribution of fluorescence PARAFAC components in epipe-
lagic waters of the world ocean we used GAMs to allow test-
ing for the occurrence of non-linear relationships (Fig. 6).
Initial examination of the covariability among predictors
allowed us to reject N?, O, and NOj3 out of the analysis (Sup-
porting Information Table S1), thus finally testing a total of
eight predictor variables: SWR (daily, weekly and monthly),
S, 0, DS, DO, AOU, Chl a and BB. The variable that exhibited
the largest effect on C1 was AOU followed by Chl a (Sup-
porting Information Table S2) with a positive power-law
function (Fig. 6a). Inclusion of bacterial abundance (BB) in
the model, thus reducing the number of cases from 835 to
473 samples, resulted in a positive linear dependence that
increased the variance explained slightly from 72.1% to
73.3%, although the relationships kept the same trends (Fig.
6b), and the variables AOU and Chl a still explained most of
the variability (Supporting Information Table S2).

Likewise, C2 variability was controlled by the same
parameters, with AOU also having the largest influence on
this component (Supporting Information Table S2). In this
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case, the AOU-C2 relationship reached a plateau approxi-
mately at 170 ymol kg~ ' (Fig. 6a). It is remarkable that SWR
and BB did not contribute significantly to explain C2 in con-
trast with C1.

The explained variance for the fluororophores C3 and C4
(ca. 30%) was substantially lower than for the fluorophores
C1 and C2 (ca. 75%) (Supporting Information Table S2). C3
variability was mostly controlled by S and AOU (Supporting
Information Table S2), with 0, DS and Chl a contributing to
explain 33% of the total C3 variability. In this case, the rela-
tionship $-C3 was linear and positive from § ~ 35 and the
relationship AOU-C3 shifted from positive to negative at
around 170 pmol kg~' (Supporting Information Table S2;
Fig. 6a).

C4 variability was mainly explained by S and depth (Sup-
porting Information Table S2), and along with temperature,
Chl a, AOU, 0, D0, weekly SWR and DS the explained var-
iance was only 27%. In the S-C4 relationship, C4 started to
increase linearly with S for values over ~ 35. The relation-
ship between AOU and C4 was linear and negative all over
the AOU range, and contrasts with the relationships of AOU
with the other components. Considering BB, we observed a
positive relationship with C4 and the explained variance
increased up to 28% (Supporting Information Table S2), with
S and depth remaining as the dominant explanatory varia-
bles (Supporting Information Table S2). Noticeably, BB did
not contribute significantly to explain the distribution of
C3, as was also apparent for C2.

In summary, whereas the environmental factors AOU and
Chl a explained most of the variability of C1 and C2, the
variability of C3 and C4 was mostly explained by S and AOU
and by S and depth, respectively. Whereas the dependence
with AOU varied with the components, Chl a showed a posi-
tive the relationship for all of them. BB only contributed to
explain significantly the variability of two (C1 and C4) out
of the four PARAFAC components.

Discussion

Comparison of the Malaspina PARAFAC fluorescent
components with other studies

All the fluorescence PARAFAC fluorescent components
identified in this study have been reported earlier in the
oceans and in freshwater environments and compared with
a range of directly measured spectra derived from known
pure substances submitted to OpenFluor by diverse research
groups (Murphy et al. 2014). The statistical similarity
between fluorescence spectra was quantified using Tucker’s
congruence coefficient (TCC) (Tucker 1951), which provides
a standardized measure of proportionality of elements in
two vectors. Fluorescence spectra, consisting of independent
excitation and emission spectra, were considered similar
when Tucker congruence exceeded 0.95 on the excitation
and emission spectra simultaneously. The results of the
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global fluorescence inventory carried out by Jorgensen et al.
(2011) revealed for the first time in the oceans the ubiqui-
tous signal of the two humic-like fractions that we found in
our study, C1 and C2. As in other marine FDOM studies
(e.g., Yamashita et al. 2010, 2015; Jorgensen et al. 2011;
Timko et al. 2015), our C1 appeared to be a mixture of the
classical humic-like peaks A and C defined by Coble (1996).
This component has also been frequently detected in terres-
trial and low salinity coastal environments (e.g., identified as
C3 in Stedmon et al. 2003 (TCC =0.98); C4 in Conmy et al.
2004; Stedmon and Markager 2005a; C2 in C3/P3 in Murphy
et al. 2008; C3 in Catala et al. 2013; C2 in Kowalczuk et al.
2013 (TCC =0.99); Yamashita et al. 2013; C1 in Tanaka
et al. 2014 (TCC=0.99); Wang et al. 2014), as well as in riv-
ers (e.g., C3 in Hong et al. 2005; Chen et al. 2013) or in
tropical lakes (C3 in Bittar et al. 2015), boreal aquatic net-
works (C2 in Lapierre et al. 2014 (TCC=0.95)) or in a
vegetation-free Antarctic lake (Cory and McKnight 2005). C1
is related to the prokaryotic microbial processing of organic
matter in both terrestrial and oceanic regions (Romera-Cas-
tillo et al. 2010). Our C2 was similar to the marine humic-
like components found in other PARAFAC models performed
in the ocean (C4 in Stedmon et al. 2003 (TCC =0.97); C3 in
Walker et al. 2009 (TCC = 0.98); C2 in Yamashita et al. 2010;
C4 in Jorgensen et al. 2011; C2 in Tanaka et al. 2014
(TCC =0.96)), as well as others from coastal environments
(Murphy et al. 2008; C6 in Yamashita et al. 2008; C1 in
Yamashita et al. 2011; Catald et al. 2013). Similarly, it was
also found in rivers and lakes (Cory and McKnight 2005). C2
also represents a group of fluorescent substances associated
with microbial activity, but probably more related to eukar-
yota (Romera-Castillo et al. 2010).

Unlike other studies that found up to four amino acid-
like components (e.g., Yamashita et al. 2008; Jorgensen et al.
2011), we only found two amino acid-like C3 and C4, with
fluorescence characteristics almost identical to those of free
tryptophan and tyrosine (Yamashita and Tanoue 2003b),
and also similar to those of tryptophan- (C4 in Stedmon
et al. 2007 (TCC=0.97); Cl in Stedmon et al. 2011
(TCC=0.97)) and tyrosine-like components found in previ-
ous PARAFAC studies either in the ocean (Murphy et al.
2006, 2008; Yamashita et al. 2008) and in coastal or inland
waters (Cory and McKnight 2005; Stedmon and Markager
2005a; CS in Walker et al. 2009 (TCC = 0.97)).

Comparing our four-component PARAFAC model with
the first global inventory of seven-component PARAFAC
model carried out by Jorgensen et al. (2011), we presume
that the exclusive coverage of remote oceanic areas during
the Malaspina 2010 expedition resulted in the absence of
more fluorescent components characterizing coastal and/or
more productive sites. Likely, sampling closer to coastal areas
in Jorgensen et al. (2011) allowed them to find two other
amino acid-like peaks that were attributed to phenylalanine
and to a tyrosine remnant, and a peak with intermediate flu-
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orescence spectrum of the humic- and amino acid-like
materials.

Our selection of the four-component PARAFAC model
does not mean that the FDOM exclusively contained these
four fluorophores, but it is an indicator of the most represen-
tative ones in the EEM database. Regarding fluorescence
intensities, Jorgensen et al. (2011) and our global FDOM
inventories are directly comparable since they are standar-
dized in Raman units (RU). For the case of the four PARAFAC
components that we have in common, the intensity ranges
are very similar, except for the tryptophan peak that is
slightly higher in Jorgensen’s et al. study, ranging approxi-
mately between below detection limit and 20 X 10> RU for
the humic-like substances, below detection limit and 40 (up
to 60 in Jeorgensen’s study) X 1073 RU for the tryptophan
peak, and below detection limit and 40 X 1073 RU for the
tyrosine peak.

Humic-like components and their major drivers

The increase with depth of the humic-like FDOM compo-
nents in the upper 200 m followed the regular pattern previ-
ously reported for open ocean waters (Fig. 3) of the Atlantic
(Mopper et al. 1991; Chen and Bada 1992; Determann et al.
1996; Kowalczuk et al. 2013; Lenborg et al. 2015; Timko
et al. 2015), the Southern ocean (Wedborg et al. 1998; Yama-
shita et al. 2007), the equatorial Pacific (Chen and Bada
1992; Hayase and Shinozuoka 1995), the Okhotsk Sea and
the northwestern North Pacific (Tani et al. 2003; Omori
et al. 2010; Yamashita et al. 2010, 2015), the Arabian Sea
(Coble et al. 1998) or the global cruise of Jorgensen et al.
(2011) that covered the Atlantic, Pacific, Indian, and South-
ern Oceans. Generally, the humic-like FDOM intensity is
lower in surface waters where sunlight penetrates and pho-
tolyses the involved compounds, which have been shown to
be very vulnerable to natural solar radiation (Omori et al.
2010, 2011). Photobleaching has a significant influence on
the optical properties of DOM in the open ocean (Helms
et al. 2013) and its vertical effect is limited to the penetra-
tion of the ultraviolet radiation in the ocean (Kowalczuk
et al. 2013). However, in our study, the weekly SWR does
not contribute substantially to explain the fluorescence com-
ponent profiles and using daily or monthly SWR instead of
weekly does not affect the final selection of explanatory vari-
ables. We only found a slight negative relationship of weekly
SWR with C1 and C4 and monthly SWR with C3 (Fig. 6,
Supporting Information Table S2), but not with C2. We pre-
sume that the prolonged exposure of surface water bodies to
sunlight results in a photobleaching saturation in the oce-
anic (mostly equatorial and subtropical) regions covered by
the Malaspina circumnavigation, thus leading to significant
but minor effects with weekly and monthly SWR. Conse-
quently, the photochemical degradation will affect equally
in all biogeographic provinces studied regardless of the solar
radiation received. In fact, previous irradiation experiments
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Fig. 7. Relationships between the humic-like fluorescence PARAFAC components and AOU. Measured values (grey dots) and average values (green
dots) for each nominal depth level of each province for the components C1 (a) and C2 (b). The power-law regression curves for the surface (in
orange) and for the dark ocean (in dashed blue after Catala et al. 2015a). AOU-C1: R?=0.73, p<0.0001, n=45, AOU-C2: R?=10.80, p<0.0001,
n=45. Note: the values with AOU < 0 were not considered in the AOU-components relationships.

with natural waters showed the highest humic-like substan-
ces depletion rates during the first hours (Del Vecchio and
Blough 2002; Nieto-Cid et al. 2006; Timko et al. 2015), then
a slowing down after 20 d (Helms et al. 2013). Likewise, the
humic-like peak A/C experienced the lowest losses after 24-h
irradiation in the surface samples compared with greater
depths (Timko et al. 2015), which is likely a result of the
highly photodegraded material that was already present.
Remarkably, distinct changes in FDOM composition
occurred within and below the upper mixed layer, which
limits vertical mixing and thus exposure of DOM to solar
radiation to depths shallower than MLD. The DOM below
the MLD is characterized by low amino acid-like to humic-
like fluorescence intensity ratios. Indeed, we found different
responses above and below the MLD for the four fluorescent
components (Fig. 3, Supporting Information Fig. S2e-h).
This suggests that DOM may consist of more aromatic
humic-like compounds produced mostly by bacterial process-
ing of organic matter in the deep ocean (Yamashita and
Tanoue 2008; Yamashita et al. 2010). In this regard, the fluo-
rescence intensities of the humic-like components differed
between the surface and deep waters during the Malaspina
2010 expedition. The values of the humic-like components
C1 and C2 in the surface ocean (< 200 m) were lower than
those from the dark ocean. In addition, the large-scale
downwelling circulation of the gyres limiting the input of
humic-like DOM from deep waters and the solar exposure
photobleaching the humic-like fluorescent components
jointly create the scenario observed in the subtropical oligo-
trophic gyres of the South Atlantic, South and North Pacific
and South Indian (i.e., SATL, ISSG, SPSG, and NPTG), where
the strongest depletion of the humic-like components was
found. In our circumnavigation, the minimum values of C1
and C2 at both surface and deep ocean were found in the
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South Indian Ocean. Regarding the depletion of the humic-
like components in surface waters and the increase with
depth, Timko et al. (2015) found that in the eastern North
Atlantic Ocean and the northern Sargasso Sea, the humic-
like C1 and C2 were on average 5.9 and 3.4 times higher
below 1000 m than at the surface.

Comparing the geographical distribution of FDOM in this
article with that from the dark ocean (> 200 m) during the
same circumnavigation (Catala et al. 2015a), we found that
the maximum fluorescence intensities were located in the
Equatorial North Pacific. At the surface, the highest values
for both C1 and C2 were found in the PNEC province, and
in the deep waters in the North Pacific Intermediate Water
(NPIW) and in the North Pacific Central Mode Water
(CMWyp) (Catala et al. 2015a). This unique oddity had
escaped detection because this region was covered for the
first time during the Malaspina cruise (Morel et al. 2010;
Yamashita et al. 2010; Jorgensen et al. 2011). The North
Atlantic and the Equatorial upwelling regions deviated from
the aforementioned increasing depth profile for the humic-
like substances and showed the maximum values in the sur-
face (e.g., Jorgensen et al. 2011; Kowalczuk et al. 2013). The
reasons behind the high abundance of humic-like materials
in upwelling regions are (1) the high microbial productivity
in response to nutrient fertilization by deep waters and (2)
the net upward advection flux of deep water enriched in
humic-like materials (Siegel et al. 2002).

The GAM analysis of the humic-like C1 and C2 indicate
that microbial heterotrophic metabolism (AOU as an indica-
tor) and primary production (Chl a as an indicator) are the
factors that mostly affect the generation of these fluoro-
phores. BB slightly improved the explanatory power of the
GAM for C1, whereas its contribution was negligible for C2.
It is well known that microbes are directly releasing humic-
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like compounds during its metabolism (Romera-Castillo
et al. 2010, 2011; Fukuzaki et al. 2014), but also primary pro-
duction is likely indirectly boosting the C1 humic-like syn-
thesis by generating labile substrates that enhance bacterial
growth, thus contributing to the microbial carbon pump
(MCP) (Ogawa et al. 2001; Jiao et al. 2010).

Since AOU was the most significant variable explaining C1
and C2, we further explored their relationships to compare
them with previous studies (Fig. 7a,b). As in the dark ocean,
the AOU-C1 and AOU-C2 relationships were power law, posi-
tive and highly significant (Fig. 7). As we were interested in
the effect of microbial metabolism on C1 and C2 production,
the values in which primary production rates prevails over
respiration rates (i.e., AOU<O0 umol kg’l) were excluded
from this comparison. In this way, the effect of primary pro-
duction and exchange with the atmosphere on the AOU dis-
tribution is minimized. Note that the average values per
province and depth levels are used to perform these correla-
tions. However, unlike the dark ocean, where the C1 conver-
sion efficiency exceeded that of C2, in the illuminated ocean
the conversion efficiencies of both humic-like components
were similar. By comparing these regressions with those from
the dark ocean (Catala et al. 2015a), we found that in both
cases the exponents were higher in the dark ocean (i.e.,
0.51 =0.04 for C1 and 0.31 = 0.04 for C2, respectively), indi-
cating a higher conversion efficiency of the humic-like sub-
stances in the dark ocean than in surface waters, where a net
effect of photobleaching was also detected.

Amino acid-like components and its major drivers

The decrease of the amino acid-like components with
depth suggests that those substances were autochthonously
produced and likely more resistant to photobleaching (Deter-
mann et al. 1996; Yamashita and Tanoue 2003b; Jorgensen
et al. 2011; Guéguen et al. 2012; Helms et al. 2013; Kowalc-
zuk et al. 2013) (Fig. 3c,d). In fact, there appears to be con-
sistent dominance of amino acid-like fluorescence intensity
dominance in the surface waters of the Atlantic Meridional
Transect (Kowalczuk et al. 2013), the eastern Atlantic Ocean
and in the northern Sargasso Sea (Timko et al. 2015) or in
the southern Canada Basin and in the East Siberia Sea
(Guéguen et al. 2012). Here, we find larger values of the
tyrosine-like C4 at the surface than in the dark ocean, with
half of the data exceeding 10.2 X 10~3 RU, whereas for the
dark ocean half of the data exceeded 4.9 x 10~* RU. The
vertical patterns of both C3 and C4 are similar to those
obtained by Jorgensen et al. (2011) and Timko et al. (2015),
as they found that tyrosine-like C4 was approximately 1.5
times higher at the surface than in waters> 1000 m depth
and that tryptophan-like C3 did not show a clear depth-
dependence.

The amino acid-like components showed a positive rela-
tionship with Chl a for both C3 and C4, and only with BB
for C4, which implies a more relevant role of bacteria on the
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distribution of C4 (Supporting Information Table S2; Fig. 6).
The relationship C4-AOU was negative and less significant
than for the humic-like components (Supporting Informa-
tion Table S2; Fig. 6). In the dark ocean, Catala et al. (2015a)
obtained the same result, and explained the negative rela-
tionship by the microbial consumption of the more recalci-
trant fraction of the amino acid materials represented by this
fluorescence signature with a timescale of centuries. In the
surface ocean, we are likely observing the bulk of the
recently produced tyrosine-like materials that escape rapid
microbial utilisation and the negative relationship with AOU
would also be a consequence of the microbial utilization of a
less recalcitrant fraction of the amino acid-like substances.
Similarly, the adverse conditions of the environment might
be contributing to the inhibition of the exometabolites (e.g.,
peptides) released by bacteria typical of quorum sensing
(Pereira and Giani 2014). This assumption, as well as the one
that involves microbially produced humic-like substances, is
supported by a 72 h incubation experiment in the darkness
where the amino acid-like fluorescence decayed by 29% + 9%
and the marine humic-like fluorescence increased by
20% * 9% (Lonborg et al. 2015). C3 did not show any trend
with AOU throughout the whole water column although we
saw a shift in the trend from positive to negative at around
170 umol kg~ ! due to the subsurface waters of PNEC (Figs.
2a, 6a). However, unlike the dark ocean, we found a positive
and significant relationship of the amino acid-like compo-
nents with salinity (Fs.c3 = 67 and Fs.c4 = 39, p <0.0001, Sup-
porting Information Table S2), that could be related to the
atmospheric influence within the surface layer. The areas
exposed to more intense solar radiation result in both higher
water evaporation (i.e., higher salinity) and photobleaching
rates of the most sensitive (i.e., humic like components)
chromophoric material (Omori et al. 2010, 2011) and likely
an accumulation of the less photoreactive (i.e., amino acid-
like) components. In addition, as it has been reported that
photodegradation shifts the higher molecular weight (MW)
materials to lower MW (MW) fractions (Omori et al. 2011,
2015), we could expect that the LMW DOM become more
available to microbes that, in turn, could synthesize fresh
tryptophan- and tyrosine-like materials.

Conclusions

The relationships between environmental factors and flu-
orescence PARAFAC components in the epipelagic global
ocean are mostly non-linear, which encourages the use of
GAMs for describing the large-scale variability of FDOM.
GAMs results showed that the environmental drivers of the
humic-like and amino acid-like fluorescent components, as
well as the robustness of the relationships are not the same,
with the humic-like components being primarily affected by
microbial activity (AOU and Chl a), and the amino acid-like
components by physical processes (S). Whereas AOU varied



Catala et al.

among the four fluorescent components, being positive for
the case of the humic-like materials and negative for the
tyrosine-like C4, Chl a always showed a positive pattern
with all the components. Consideration of BB resulted in a
minor influence of this variable in C1 and C4.
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