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Abstract

Absorption spectra and induced fluorescence excitation emission matrices of colored
dissolved organic matter were measured in water samples collected along the Atlantic
Meridional Transect in different bio-geographic provinces of the Atlantic Ocean from
October-November 2010. The highest values of CDOM absorption coefficient at 305 nm

(acpom(305)), were recorded at the continental margins of the English Channel and

Patagonian Shelf. The lowest values of acpom(305) were observed in the mixed layer of both
North and South Atlantic subtropical oligotrophic gyres. The DOM composition was assessed
using fluorescence spectroscopy, Excitation Emission Matrix spectra (EEMs) and the Parallel
Factor Analysis (PARAFAC) model in addition to spectral indices calculated from CDOM
absorption spectrum and EEMSs spectra. Six different components were identified in the
EEMs by PARAFAC: Two components were similar to the humic-like fraction of DOM,
associated with basin scale microbial mineralization processes. These components represent
allochthonous DOM in the biogeographic provinces studied. One component of marine
humic-like material of autochthonous origin, associated with DOM production from marine
phytoplankton. Three components were associated with protein-like DOM. Two protein-like
components had the spectral characteristics of pure tryptophan and tyrosine. There was a
significant difference in DOM composition both between bio-geographical provinces and
above and below the mixed layer. In the mixed layer in all provinces, except the waters of the
Western European Shelf, the DOM was dominated by protein—like components. At the
Western European Shelf, it was dominated by humic-like components. Fluorescence
intensities of humic-like components were high at the Patagonian Shelf, but were up to 40%
lower compared to Northern Hemisphere shelf waters. Humic-like components made a
significant contribution to the DOM composition of the upper mesopelagic layer in all
provinces, with the highest values at the Equatorial Upwelling zone. There was a significant
inverse relationship between humic-like components and salinity and temperature and a
positive relationship with Apparent Oxygen Utilization. The humification index (HIX) was
linearly correlated with the intensity of the humic-like DOM components. These trends
suggest that the humic-like components are in dynamic equilibrium between likely microbial

production in the deep ocean and photochemical degradation in the mixed layer.
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1. Introduction

Dissolved organic matter (DOM), is by far the largest pool of organic matter in the
sea. About 97% of all organic carbon in the marine environment is incorporated into DOM
with an estimated 665 Pg C as dissolved organic carbon (DOC) (Hansell, 2013). The mass of
DOC in the sea is comparable with the mass of carbon in the Earth's atmosphere, as CO,, and
the amount of carbon stored in terrestrial ecosystems (Hedges, 2002). The dominant source of
organic matter in the world's ocean is autochthonous production, which accounts for more
than 95% of the total organic matter. DOM is regarded as a large inert reservoir of carbon in
the ocean, which below the mixed layer is isolated from the present carbon cycle. Results of
recent studies have changed this paradigm and revealed that DOM is an active and dynamic
component in carbon biogeochemical cycles and plays an important role in marine
ecosystems (e.g. Jiao et al., 2011). DOM consists of a complex mixture of organic compounds
resulting from the breakdown of bacteria, algae and/or higher plants and their continuous
transformation through photochemical and microbial processes. Due to their complexity, most
DOM in the ocean (>85%) have not been characterized (Benner, 2002). The compounds that
have been identified are mainly low or medium molecular weight organic molecules:
hydrocarbons, carbohydrates, fatty acids, and amino acids (Benner 2002). There is
insufficient knowledge about the remaining fractions of organic matter, which consist mainly
of medium and high molecular weight compounds (e.g. proteins, lipids and their polymers
and complexes with phenols and metals). There are two major fractions of humic substances
present in aquatic environments: humic and fulvic acids, that differ from each other by
molecular weight, chemical composition, chemical properties, aromaticity and optical
properties (Harvey et al., 1983; Carder et al., 1989).

The optically active fraction of DOM, especially humic substances, called
chromophoric dissolved organic matter (CDOM), is one of the major determinants of the
optical properties of natural waters, directly affecting both availability and spectral quality of
light in the water column (Jerlov, 1976; Blough and Del Vecchio, 2002). In the pelagic ocean
absolute concentrations of CDOM, expressed as the magnitude of the CDOM absorption
coefficient acpom(), are extremely low (Nelson and Siegel, 2002). In relative terms,
however, the contribution of CDOM to the total absorption of oceanic waters is very high and
may reach, in the clearest oceanic waters, more than 90% in the ultraviolet range of
electromagnetic spectrum (Morel et al., 2007; Bricaud et al., 2010; Tedetti et al., 2010).

CDOM also causes significant attenuation of ultraviolet light in the ocean (Smyth, 2011).
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Through this process, CDOM is transformed photochemically into inorganic carbon, low-
molecular-weight organic compounds, trace gases, phosphorus- and nitrogen-rich compounds
(e.g. Vahitalo and Zepp, 2005; Stedmon et al., 2007). CDOM has the ability to become
complexed with trace metals, which can be released through the remineralization of DOM. It
is therefore fundamental for better understanding of biogeochemical cycles in the oceans, to
differentiate and quantify sources of CDOM and analyze the underlying factors that lead to its
variability.

A proportion of the CDOM has an inherent ability to fluoresce. This characteristic is
well known (Duursma, 1974) and has been used to estimate CDOM in a range of natural
waters (Hoge et al., 1993; Vodacek et al., 1997; Ferrari and Dowell, 1998; Ferrari, 2000). One
application of the fluorescence spectroscopy technique is to measure the Excitation Emission
Matrix (EEM) (Coble, 1996) through detecting the emission spectra at a series of successively
increasing excitation wavelengths. Multivariate statistics can then be used to interpret the
resulting EEM spectra (Stedmon et al., 2003), which enables discrimination of different
classes of fluorophores based on their excitation/emission maxima. This approach is
advantageous when used to interpret the multidimensional nature of EEMs data sets, to study
variability of DOM in coastal areas (Stedmon and Markager, 2005a). The technique has
undoubtedly, improved our understanding of production and degradation processes of DOM
fluorescence in the marine environment (Stedmon and Markager, 2005b), and has become a
useful tool for tracing anthropogenic pollutants or terrestrial inputs to the oceanic DOM pool
(Murphy et al., 2006; Murphy et al., 2008).

The distribution of CDOM optical properties along the Atlantic Meridional Transect
and its role in photochemical production of carbon monoxide has been studied during
previous AMT cruises (Kitidis el al., 2006; Stubbins et al., 2006). The detailed compositional
structure of the DOM remains to be quantified. The main objectives of this study were to: i)
use the fluorescence spectroscopy technique and PARAFAC, optical properties of CDOM
absorption and their spectral indices to assess the composition of the DOM and their spatial
variability in both the epipelagic and top of the mesopelagic layers in a range of Atlantic
Ocean provinces, ii) from these, to identify regions of enhanced degradation and localized
production of fluorescent DOM fractions, iii) to discriminate allochtonous fractions of DOM
produced outside of the Atlantic biogeographic provinces by different bacterial, viral or
phytoplankton communities over different spatial and temporal scales, iv) and to discriminate
the autochthonous fraction of DOM produced within the biogeographic provinces by

bacterial, viral or phytoplankton communities over much shorter time scale.
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2. Materials and Methods
2.1 The study area.

The Atlantic Meridional Transect (AMT) program is a long time data series that
started in 1995. The research is conducted on Natural Environment Research Council-UK
(NERC) ships between the UK and the Southern Ocean and has currently been under taken on
23 cruises. AMT20 was aboard the RRS “James Cook” between 13 October and 21
November 2010 from Southampton, UK, to Punta Arenas, Chile. Sampling was conducted in
six biogeochemical provinces: North Atlantic Drift (NADR), North Atlantic Subtropical Gyre
(NAST), North Atlantic Tropical Gyre (NATR), Western Tropical Atlantic (WTRA), South
Atlantic Subtropical Gyre (SATL), South Subtropical Convergence (SSTC) (Longhurst,
1995), to characterize the variability in CDOM over a range of oligotrophic, eutrophic and
mesotrophic environments in the Atlantic Ocean. The stations sampled during AMT20 were
principally in the North and South Atlantic Gyres, but the productive waters of the Celtic Sea,
Patagonia shelf and the Equatorial upwelling zone were also sampled. Data collected in the
tropical zone in the NATR and WTRA were pooled together to achieve a larger sample size
for statistical analyses (see Table 1). The data from the subtropical Southern Atlantic zone
were also pooled for the same reason, except for the three last sampling stations which were
located close to the Patagonian Shelf. These latter stations bordered the subtropical front
where there was an austral spring Coccolithophore bloom. The following regions were
therefore defined to analyze salient trends in DOM: European Continental Shelf Waters
(WES), North Atlantic Subtropical Gyre (NAST-E), Equatorial Upwelling (EQU), South
Atlantic Subtropical Gyre (SATL), and Patagonian Shelf (PAS).

2.2. Samples collection and processing and spectroscopic measurements

Water samples were collected from mid-morning (1100-1200 h local time)
deployments of a Sea-Bird water sampling rosette equipped with a Sea-Bird SBE 911 plus
CTD unit, fitted with a Chlorophyll-a fluorometer (Chelsea Technologies Group Aquatracka
MKIII) and a dissolved oxygen concentration sensor (Sea-Bird SBE43). CTD conductivity
data were converted to absolute salinity [g kg'l] using the algorithm developed by McDougall

et al., (2012). The following depths were sampled at all stations: 300, 200, 100 and 0 m. In
addition, if not co-incident with these depths, samples from the Deep Chlorophyll Maximum
(DCM), bottom of the mixed layer and middle of the mixed layer were also taken. A total

number of 214 water samples were collected from 35 stations (Figure 1). The samples were
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measured immediately onboard the ship for determination of CDOM absorption and
fluorescence EEM, and processed using a two-step filtration: firstly through acid-washed
Whatman glass fiber filters (GF/F, nominal pore size 0.7 um), secondly through acid-washed
Sartorius 0.2 um pore size cellulose membrane filters to remove finer particles. The samples
were allowed to warm to room temperature prior to spectroscopic and spectrofluorometric

scans.

The CDOM absorption coefficient was measured using a liquid wave guide capillary
cell system (LWCC-2100, WPI Inc, USA) with a nominal optical pathlength of 1.094 m,
according to the methods described by D’Sa et al., (1999) and Miller et al., (2002). Light is
axially introduced into the waveguide via an optical fiber and is transmitted and constrained
within the capillary cell by total internal reflection. The light source was a UV/VIS lamp
(DH-2000-S, Ocean Optics, USA) equipped with an electronic shutter. At the opposite end of
the waveguide, a detection fiber conducts the light that is not absorbed by the aqueous
medium to a fiber-optics-based spectrometer that uses a diffraction grating to disperse the
transmitted light into a CCD detector array (USB-4000, Ocean Optics, USA). There is an inlet
or outlet connection at each end of the waveguide for injecting filtered seawater samples or
any other aqueous solution. The injected volume of sample was usually less than 4-5 ml.
Before and after injection of the sample volume the capillary waveguide cells were flushed
and filled with purified water for blanking. Measurements of absorbance (250 — 800 nm) were
performed using the SpectraSuite software (Ocean Optics, USA). Each sample has been
measured with the LWCC system in triplicate to ensure repeatability, after the dark current of
the detector was set with the help of the shutter and the reference blank was set with MilliQ

water. Raw recorded absorbance A()) spectra were processed and the true CDOM absorption

coefficients acpom(A) in [m‘l] were calculated by:
acoom(r) = 2.303-A(L)/L, Q)

where L is the optical path length and the factor 2.303 is the natural logarithm of 10. The
spectral data were then corrected for the influence of salinity on pure water absorption and
refractive index. A salinity correction spectrum was recorded by measuring a 100g/l NaCl
solution (assumed to be ~100 PSU) made from combusted 99.99 % pure NaCl salt. The
corrected spectra of the true CDOM absorption coefficient were used to calculate the CDOM

absorption spectrum spectral slope coefficient with use of a non-linear regression technique at

spectral range 250 - 600 nm, Sysg.600, Which provides accurate coefficients for modeling
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(Stedmon et al., 2000). This spectral slope coefficient can be used to model the entire CDOM
absorption spectrum, (Stedmon and Markager, 2003; Kowalczuk et al., 2006), and is directly
comparable with methods used for remote sensing (Swan et al., 2013). The recent review by
Nelson and Siegel (2013) highlighted the importance of the accurate calculation of the
CDOM spectral slope coefficient in the global ocean to improve ocean color remote sensing
products, which is why we used this spectral range to calculate the slope coefficient. The

linear regression model was used to calculate spectral slope coefficient at two different

spectral ranges: 275 - 295 nm, Sy75.295, and 350 — 400 nm, Sssg.400- The spectral slope

coefficients Sy75.095 and Szsp.400 Were then used to calculate the slope ratio, Sg, following

Helms et al., (2008).

Samples for fluorescence analysis were treated in the same way as the absorption
measurements. DOM fluorescence measurements were made on a Varian Cary Eclipse
scanning spectrofluorometer in a 1 cm pathlength quartz cuvette using a 4 ml sample volume.
A series of emission scans (280-600 nm at 2 nm resolution) were taken over an excitation
wavelength range from 240 to 500 nm at 5 nm increments. The instrument was configured to
collect the signal using maximum lamp energy and 5 nm band pass on both the excitation and
emission monochromators. The excitation and emission matrix spectra were processed
according to procedures described by Stedmon and Bro, (2008) and Murphy et al., (2010).
Samples were spectrally corrected with a set of instrument dependent correction coefficients
and calibrated against the Raman scatter emission peak of a MilliQ water sample, run on the
same day, excited at the wavelength of 350 nm and integrated in the spectral range
374 — 424 nm. The Raman normalization and correction procedures resulted in spectra that
are in Raman units (R.U., nm '1) and are directly comparable to corrected spectra measured on
other instruments. Samples were not corrected for inner filter effects, as the CDOM
absorption coefficients for all samples in the whole excitation and emission spectral ranges
were 10 times smaller than a threshold value above which this correction is necessary
(Stedmon and Bro 2008). Following this, a Raman normalized EEM of MilliQ water was

subtracted from the data to remove the Raman signal.

2.3. PARAFAC model.

The corrected and calibrated EEM spectra were statistically analyzed using the
methods described by Stedmon et al., (2003), and the PARAFC model was run using the
““N-way toolbox for MATLAB ver. 2.0’(Andersson and Bro, 2002). With this technique,

signals from a complex mixture of compounds (in this case, fluorescent DOM) can be
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separated, with no assumptions on their spectral shape. The only assumption in the
PARAFAC algorithm is that the components differ from each other spectrally. The
PARAFAC model was run with a non-negativity constraint; the final dimensions of the data
array were: 209 samples x 53 excitations x 151 emissions. The combined data set was split
into two halves randomly called “calibration” (CAL) and “validation” (VAL) to perform a
split-half validation procedure. PARAFAC was run on each CAL and VAL data group. The
six component model was successfully validated in three independent data sets to ensure high

accuracy of the modeled CDOM components.

The intensity of the nth component in a given sample, I, and the total fluorescence

intensity, lyt, were calculated using the equations given in Kowalczuk et al., (2009). The
intensities of modeled EEM spectra and individual components were used to calculate
spectral indices as indicators of the origin of the DOM, precursory material, degree of
aromaticity and humification. The fluorescence index (FI) was calculated according to
McKbnight et al., (2001) as the ratio of the emission intensity at 450 nm to that at 500 nm,
obtained with an excitation at 370 nm. The humification index, HIX, was calculated
according to Zsolnay et al., (1999) as the ratio of the emission spectrum (excited at 255 nm)
integral over the spectral range 434 — 480 nm, to the integral of emission spectrum over the
spectral range 330 — 346 nm (excited at the same wavelengths). We also calculated the ratio
of the sum of intensities of the protein—like components to the sum of intensities of the humic-
like components as follows:

_lea+lea+ g

Humic —

I /1

: )

Protein
I C1 + I Cc2

where ¢ is the intensity of respective component from C1 to C6 identified by the PARAFAC
model. The spectral characteristics and origins of these are explained in the Results section
and given in Table 2. The component C5 was not included in the denominator of Equation 2.
This component represents low molecular weight autochthonous marine humic-like material
(Coble, 1996) produced within the biogeographic provinces during localized-scale
mineralization processes. Although the spectral characterization of C5 is significantly
different from protein-like DOM, the meridional distribution of C5 is close to protein-like

fraction of DOM that is also autochthonous (data not shown).

2.4. Statistical analysis.
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One-way analysis of variance (ANOVA) was used to test for significant differences
between provinces and below or in the mixed layer. Kolomogrov—Smirnov with Lilliefors
tests were used to check whether the distribution of each parameter was normal which was
log-transformed for SR and square root transformed for the other variables, until no
significant difference was found between the expected and the observed distributions. The
ANOVA results are given as F1, 204 = x, P = y where F is the mean square to mean square
error ratio, the subscript numbers denote the degrees of freedom and P is the ANOVA critical

significance value.
3. Results
3.1 Hydrography

The distributions of temperature, salinity and density over the Atlantic Ocean during
previous AMT cruises has been described by Aiken et al. (2000) and Robinson et al. (2006).
The hydrography during AMT20 (Figure 2), did not deviate from the typical climatology of
the salinity and temperature distribution during October-November in the North and South
Atlantic. The Atlantic biogeographic provinces were clearly delineated by hydrographic
fronts: Sampling started in the North Atlantic Drift (NADR) province at the eastern edge of
the European Continental Shelf Waters and Celtic Sea (Figures 1 and 2). The subtropical

front, that separated water masses with a surface temperature <16°C and salinity of 36 g kg'l,
from warmer subtropical waters, with salinity >37 g kg'l, marks the boundary between

NADR and the North Atlantic Subtropical Gyre (East) (NAST-E) province. Further south, the
decrease in salinity to <36 g kg™ and increase in sea surface temperature >28°C, indicated the

boundary between NAST-E and two tropical provinces: the North Atlantic Tropical Gyre
waters (NATL) and the Western Tropical Atlantic (WTRA). The salinity below <35 g kg'l,
indicated the trajectory of the North Equatorial Current. In the southern hemisphere, a
decrease in sea surface temperature <25°C and an increase in salinity >37 g kg-1 in the surface
water, separated the tropical provinces from the South Atlantic Gyre (SATL) province. The
sea surface temperature between 15-16°C and salinity 36 ¢ kg'1 characterized the South

Subtropical Convergence (SSTC) province. The last 3 stations sampled during AMT20 passed

through the southern sub-polar front in waters characterized by the sea surface temperature of
~11°C and salinity <35 g kg_l.

The location of the thermocline illustrated that the mixed layer was relatively shallow
in the NADR (~50 m) and was around 70 m in the centre of the NATL. The mixed layer
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shoaled in the northern hemisphere tropical waters to 40 m south of Equator, due to the
influence of Equatorial upwelling. The thermocline again deepened in the SATL reaching ca.
70 m. The water column in the SSTC and south of the sub-polar front on the Patagonian Shelf
was vertically mixed. The extent of the mixed layer controlled the distribution of the deep
Chlorophyll-a maximum (DCM) in temperate waters in the North and South Atlantic (Figure
2). The DCM in subtropical and tropical waters was found below MLD and reached 120 m in
the NAST-E and 180 m in the SATL. The Apparent Oxygen Utilization (AOU) was low in
the mixed layer in both northern and southern hemispheres. AOU minima were recorded in
the NAST(E), NAST(W) and SSTC which were associated with an increase in Chlorophyll-a
concentrations. Maximum AOU values were observed at 10°S at the southern edge of

Equatorial Upwelling at 200 m.

3.2 Distribution of CDOM optical properties in different water masses along AMT20 transect

The CDOM, absorption coefficient acpom(?), can be regarded as an optical proxy for
DOM concentration that represents the combination of remnants of biological productivity in
the marine environment and input of terrestrial organic material to the ocean (Siegel et al.,
2002). The spectral slope of the absorption spectrum can be used as a proxy of DOM
composition (Carder et al., 1989). The slope, however is the result of CDOM formation,
through the mixing of water bodies that have different CDOM optical properties (two or
multiple end members; e.g. Stedmon at al., 2010), paralleled autochthonous production
(Astoreca et al., 2009) and decomposition of CDOM by UV radiation and microbial uptake
(Twardowski and Donaghay, 2002; Sulzberger and Durisch-Kaiser, 2009). The spectral slope
ratio, Sg, is linearly correlated with the molecular weight measured by size exclusion
chromatography (Helms et al., 2008) and flow field fractionation (Guéguen and Cuss, 2011).
Low values of Sg indicate high MW DOM of terrestrial origin or DOM, presumably

transformed in dark microbial transformation. High values of Sg indicate low MW DOM. The
humification index, HIX, is the fluorescence spectroscopy index that describes the diagenetic
state of the DOM. High HIX values are characterized by high molecular weight, aromatic

humic acids (Zsolnay et al., 1999).

The variability in CDOM absorption coefficient at 305 nm (acpom(305)), the
absorption spectrum slope coefficient S;so-600, the Helms spectral slope ratio, Sg, and the
humification index, HIX, along the AMT20 track are given in Figure 3. The Table 1 gives

mean + standard deviation of CDOM optical properties and spectral indices for five

10
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biogeographic Atlantic Ocean provinces. The acpom(305) in the mixed layer were higher in
temperate and subpolar regions of the WES and PAS (0.39+0.12 m'l, and 0.28+0.055 m'l,
respectively). There was a significant difference in acpom(305) between provinces (Table 3)
with highest values in WES and lowest values in the SATL. In addition in the SATL, there
was no significant difference in the vertical variability in acpom(305) between the MLD and
below the MLD. The average values of the acpom(305) observed below the mixed layer were
however, 44 % lower in the European Continental Shelf Waters (0.27+0.087 m'l) compared
to the mixed layer. On the Patagonian Shelf, the difference between average acpom(305) in
the mixed layer was 27 % lower than below the mixed layer. Extremely low acpom(305) was
observed in the mixed layer of both the NATL and SATL from the surface to 60 m. There
was a slight increase in acpom(305) close to the equator corresponding with the equatorial
upwelling between 15° N and 3° S. There were also notable increases in acpom(305) from the
bottom of the mixed layer in the northern hemisphere from 45° to 25° N between 80 — 100 m,
and in the southern edge of the Equatorial Upwelling Zone from 7 N° and 7° S, which
corresponded to the location of the Chlorophyll-a maxima (Figure 2).

The distribution of the spectral slope coefficient Sysp.600, Showed the reverse trend.

Low values of S»s0.600 Were observed on both, northern and southern ends of the transect, and
below the mixed layer. The highest Sjso.s00 Values of 0.038 nm* and 0.039 nm™* were
observed at the center of northern and southern Atlantic Subtropical Gyres. The lowest values
of Szs0-600 (0.021 — 0.022 nm'l) were in the Equatorial Upwelling Zone below 200 m, in low
temperature, salinity and oxygen. Szso-600 Was significantly higher in the NAST and SATL and

in the MLD (Table 3). Sg had a similar distribution. The lowest Sg values were observed at
northern and southern ends of the transect (Sg ~ 2), on the WES and PAS, probably due to the
influence of higher terrestrial DOM being transported across the shelf in both regions. Low Sg

values were also observed in the uppermost mesopelagic layer at the Equator (Sg ~ 2.5),
probably due to the upwelling of Eastern North Atlantic Central Water (ENACW). The
highest values of Sg were observed in the NATL (Sg > 4). There was a significant difference
in HIX between the mixed layer and below it and between biogeographic provinces
(Figure 3). Elevated HIX values occurred in the mixed layer of the WES and PAS. On
average, HIX values in the southern hemisphere were smaller (1.37+0.38) than in the northern
hemisphere (1.80+0.15). The lowest values of the HIX in the mixed layer were observed in

the oligotrophic gyres in the northern and southern hemispheres (0.88+0.39 and 0.66+0.31,

11
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respectively). There was a 4 fold increase in HIX below the MLD in the SATL. Vertical
changes in HIX were smallest in the PAS. The horizontal and vertical distribution of the
fluorescence index (FI), were the same as the HIX, but the overall variability of this index
was smaller, ranging from 1.00 to 1.29. There was a significant difference in HIX both

vertically in the water column and between provinces.
3.3 PARAFAC model output.

Contour plots of individual PARAFAC components are given in Figure 4. Table 2
provides excitation and emission characteristics of the CDOM components with comparative
references for other components identified globally from oceanic and estuarine environments.
The PARAFAC model identified three humic-like substances: presumed substances of
terrestrial origin that occurred at the continental margins, substances produced in pelagic
ocean from microbial (prokaryotic) remineralization of DOM or produced directly by
phytoplankton (eukaryotic). Two major components were characterized: component 1 (C1),
and component 2 (C2) which are commonly found in a range of estuarine and oceanic
environments, and one secondary humic-like component — component 5 (C5). C1 explained
the highest proportion of variability in the composition of the EEMs library; with a primary
excitation band centered at 240 nm and the secondary excitation peak at 320 nm. The single
emission band of C1 has a maximum at 396 nm. This component represents humic material,
presumably of terrestrial origin or in situ bacterial transformation of DOM, characterized by
lower molecular weight and less aromatic compared to humic C2. The primary excitation
band of component C2 has a peak at 240 nm and the secondary excitation peak at 370 nm.
This component represents fluorophores that have the broadest excitation band as well as the
longest emission wavelength (max 480 nm) associated with a broad emission band. Such
excitation and emission characteristics are associated with terrestrial organic matter that is
composed of high molecular weight and aromatic organic compounds (McKnight et al., 2001,
Stedmon et al., 2003). The most recent experimental studies based on production of
fluorescence fraction of DOM, have provided evidence that C2 (peak C, Coble, 1996) could
be a product of microbial (prokaryotic) remineralization of marine phytoplankton exudates
(Romera-Castillo et al., 2011). Component 5 (C5) (ex. 300 nm/em. 408 nm) represents marine
humic substances and dissolved organic matter that has been altered by microbial recycling
(Stedmon and Markager, 2005b). Recent results from mesocosm experiments have shown that
axenic cultures of common phytoplankton groups can release DOM exudates that have optical
characteristics similar to C5 (Romera-Castillo et al., 2010; 2011). There were three
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components, C3, C4, and C6 that have excitation/emission characteristics with narrow
excitation bands, and emission maxima below 400 nm, that are similar to fluorescent protein-
like compounds. These are presumably a combination of fluorophores containing the
fluorescent amino acids; phenylalanine, tryptophan and tyrosine and / or free amino acids or
amino acids bound in protein molecular structures. These components contain fractions of
autochthonous DOM. Component 3 (C3) has narrow excitation band, is similar to tyrosine
component 4 (C4), but it also has a broad emission band that is similar to a tryptophan —like
component C6 (C6). This may reflect protein-like fluorescence components that exhibit
spectral properties of tyrosine and tryptophan bound into larger structures of organic
molecules rather than pure compounds diluted in seawater. The excitation/emission maxima
of the C3 component are very close to unclassified component C6 found by Jergensen et al.
(2011) in the open ocean, world-wide. Tryptophan and tyrosine bound together in the same
protein can also undergo energy transfer which can have has complex effects on the
fluorescence (Moens et al., 2004).

3.4 Distribution of DOM components along the AMT20 transect

Differences in the composition of DOM from the PARAFAC model in the different
biogeographic provinces and within and below the mixed layer are quantified in Table 3. To
summarize these, Figure 5 presents the average composition of DOM fluorescence EEMs
components in and below the mixed layer in five sampled biogeographic provinces. There
was a consistent pattern of DOM composition in the surface layer and DOM components in
the NAST-E, EQU and SATL were ranked with the same order of abundance:
C4>C3>C6>C5>C1>C2. This compositional pattern was also found in all samples collected
above the pycnocline. The protein—like component C3 and marine humic-like component C5
were significantly different between provinces and in and below the mixed layer, with higher
values for C3 in the MLD and higher values for C5 below the MLD. C3 was higher in the
WES, whereas C5 was highest in the EQU (Table 3). There was a significant difference
between C4 and C6 between provinces, with significantly higher values in the NAST and
EQU, but there was no difference in and below the mixed layer (Table 3).

In addition, the intensity of humic like components C1 and C2 were significantly
higher in the WES and EQU and below the mixed layer (Table 3), and on average
C3>C1>C4>C5>C2>C6. The high intensity of C1 indicates the impact of terrestrial organic
matter on this province. The other terrestrial DOM component C2 was ranked fifth, but its
intensity was similar to C4 and C5. The composition of the humic-like components C1 and

13



418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437

438

439
440
441
442
443
444
445
446
447
448
449
450

C2 were on average 30 % and 20% lower in the PAS, which was different from that in the
shelf waters of the WES. The intensity of DOM components in the surface waters of the PAS
were C4>C3>C5>C1>C6>C2, which suggest a relatively low contribution of humic-like
material and a relatively higher contribution of marine humic-like C5, possibly due to the
release of freshly produced DOM by phytoplankton from a Coccolithophorid bloom that
occurred in the area (data not shown).

C1, C2, C4 and C5 were significantly higher below the mixed layer than above it
(Table 3), whereas there was no difference in C3 and C6 above and below the MLD. The two
fold increase in C5 below the mixed layer corresponds to an increase in marine humic-like
substance at depth in all provinces. There were also notable differences in composition
between biogeographic provinces. In the WES mesopelagic waters, for the DOM components
C1>C3>C2>C5>C6>C4 and the intensity of the tyrosine component C4 was the lowest. By
contrast, in the NAST-E the component ranking: C1>C4>C5>C3>C2>C6 indicated an
increase in the tyrosine like component C4. The composition of DOM in the EQU and in the
SATL were similar with C1>C4>C5>C2>C6>C3 in the EQU and C4>C1>C5>C6>C2>C3 in
the SATL. The intensity of C4 was slightly higher than intensity of the C1 in the SATL
compared to EQU. In addition, C6 was higher than C2 in the other provinces. The
composition of DOM above and below the MLD in the PAS was similar, with a slight change
in the ranking of C3 and C5 between them. In the PAS, the intensity of C3 was higher in the

mixed layer than below it and whereas that of C5 was lower in the mixed than below it.

The meridional section of total DOM fluorescence intensity It the intensities of the

humic-like and protein-like fractions of the DOM fluorescence and the ratio: Iprotein/lHumic 1S
given in Figure 6. There were significant differences in both the vertical and zonal
distribution in Iy, humic-like, protein-like and lpygtein/lHumic (Table 3), especially at 10° N in
the subsurface waters between 100 — 200 m of the EQU, and in the SATL to the PAS at
shallower depths, (Figure 6). This belt of high fluorescent water corresponds with the
meridional section of the Ipywin. The uncharacterized protein-like C3 was abundant in the
surface layer, euphotic layer, between 0 and 200 m, and was evenly distributed over depth,
and its intensity was negligible below 200 m. The intensity of C3 was greater in the southern
hemisphere than in the northern hemisphere, and was significantly lower in the NAST-E
(Table 4). The tyrosine-like component C4 contributed most to the DOM fluorescence and
was highest at 10° N at a depth of between 100 and 200 m. The intensity of the tryptophan-
like C6 was highest in the NAST-E in the mixed layer and became sub-ducted southward with

14



451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478

479
480

481
482

a maximum at 100 m in the SATL parallel to 25° S. Its intensity in the northern hemisphere,
both in the coastal margin of the WES and in the oligotrophic gyre was very low. The C6
signal in the continental margin of the PAS was also low.

The distribution of the cumulative fluorescence intensity of humic-like components
IHumic in the meridional section followed the distribution of the acpom(305), with elevated
values in the surface at northern and southern continental margins of the transect, strong
depletion of lyymic in the mixed layer in the northern and southern subtropical oligotrophic
gyres and maximum values in the subsurface waters in the Equatorial Upwelling Zone
(between 7 to 5° N at 50 m depth). There was evidence of advection of humic-like material
between 20° N to 20° S associated with the equatorial upwelling. This was in contrast to the
distribution of marine humic-like C5 that was strongly depleted in the surface layer (0 — 50 m
depth) across all provinces except the PAS, where it reached a maximum.

The Iprotein/lHumic ratio is indicative of the contribution of the dominant fraction of
DOM fluorescence: high values denote the dominance of protein-like components in the EEM
array and low values indicate the dominance of the humic-like fraction. The highest values of
Iprotein/ IHumic Were observed in the surface waters of the SATL; elevated values were also

found in the mixed layer in the centre of the northern oligothrophic gyre. In the northern
hemisphere, low values were found in the MLD and just below it with the lowest values at

depths between 50 and 120 m in the EQU. In the southern hemisphere low values of
Iprotein/ IHumic Were found below 200 m and in the mixed layer of the PAS. The Iprotein/|Humic

indicated a shift in the DOM composition between northern and southern hemisphere waters.
The relatively low fluorescence of the protein-like component in most of the samples (except
the NAST-E) resulted in low ratios in these waters. The situation was reversed south of the
7°S where freshly produced DOM was dominated by the protein-like component and there

was a lower fluorescence intensity of humic-like components. This resulted in maximum
Iprotein/ IHumic ratio in the SATL and protein-like components 15 times higher than humic-like

components. Elevated values were also found at depths between 100 — 200 m between 10° S
and 45° S.

3.5 Relationships between DOM components and spectral indices of CDOM absorption and

fluorescence and ocean water properties.
The absorption spectrum slope coefficient, Sys0.600, and spectral slope ratio, Sg, were

linearly correlated with salinity. The fluorescence intensity of components C1 and C2, I¢; and
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Ico, were inversely correlated with salinity, (Figure 7). The percentage variability explained
was highest between Ic, and salinity (R2:0.38). The other parameters were weakly
correlated with salinity, and the lowest percentage variability explained was between salinity
and acpom(305); R%=0.14 (data not shown). The intensity of individual protein-like

components and cumulative intensity of the protein-like fraction of the EEMs were not
correlated with salinity. Significant correlations at the p<0.001 confidence level for each

relationship are given in the Table 5.

There were no significant trends between acpom(305), Itot, Iprotein, Ice and temperature
(data not shown). There was a weak positive relationship between the fluorescence intensity
of protein-like components Ic3 and Ic4 and temperature, and an inverse relationship with low
molecular weight autochthonous component Ics (data not shown). Figure 8 gives the
cumulative fluorescence intensity of humic-like components (Ihymic) and other indices against
temperature in the upper 300 m. The negative linear trends between lyymic and HIX and
temperature and the positive linear trends between S;so.600, and Sg and temperature (Table 5),

suggest that high molecular weight humic-like material is produced below the thermocline.

Figure 9 presents the distribution of the spectral slope coefficient, Sjso.s00, @S @
function of cumulative fluorescence of the humic fraction lyymic. The highly significant
inverse linear relationship between these parameters, (R = 0.89, R® = 0.80), suggests that the

decomposition of the humic-like fraction in the mixed layer by photo-bleaching is mostly
responsible for the loss of absorption in the visible part of the spectrum, which causes an

increase in the steepness of Sysp-s00. The Humification Index is linearly related with
fluorescence intensity humic-like fraction Ipymic. The inverse hyperbolic function was used to
approximate empirical relationships between the HIX and Spsp.600, and Sg. The coefficients

calculated for those two relationships were low, but statistically significant.
4. Discussion.

The global distribution of the optical properties of CDOM based on in situ surveys is
given in Nelson and Siegel, (2002), and Siegel et al., (2002, 2005a, 2005b). High acpom(A)
values were observed on the continental shelves and the upwelling areas of Mauritania and
Chile. Very high values of acpom(1) were reported by many authors close to the outlets of the

major rivers e.g. Amazon River (Del Vecchio and Subramaniam, 2004), Congo River
(Andrew et al., 2013) in the Atlantic Ocean, and Yangtze River in the Pacific Ocean
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(Shanmugam, 2011). The central oligotrophic gyres of the Atlantic, Indian and Pacific oceans
are extremely low in CDOM absorption. The zonal distribution of the Coloured
Dissolved+Detrital Material, acpm(440), at the surface presented by Siegel et al., (2002)
indicated that highest values were observed in the polar waters of the Atlantic and Pacific
Oceans in northern hemisphere and that acpwm(440) decreased significantly towards the
subtropical gyres, with local maxima in the equatorial upwelling zone of all three oceans. The
acpm(440) dropped to a minimum in the subtropical gyres of the Global Ocean and then
increased toward the Southern Ocean with clear demarcation of the subtropical and sub-polar
frontal systems. This pattern has been confirmed by field surveys of acpom(2)in the Atlantic
and Pacific Oceans (Nelson et al., 2007, Morel et al., 2007, Swan et al., 2009, Yamashita and
Tanoue 2009, Bricaud et al., 2010). Kitidis et al. (2006) observed that subsurface acpom(300)
maxima during AMT9-10 in 1999-2000, had the lowest spectral slopes and was associated
with the DCM, suggesting a contribution of phytoplankton activity to CDOM production
(Kitidis et al. 2006), though the samples were not filtered, so the signal may also be from
particles. The strong depletion of CDOM in the surface waters, from 0-50 m, of the central
oligotrophic gyres in the southern and northern hemispheres is the effect of the decomposition
of CDOM due to photo-oxidation. In these waters exposure of CDOM trapped in the mixed
layer to solar radiation and the high penetration of UV radiation due to the optical clarity of
these waters can have a pronounced effect on the resulting acpom(300) values (Kitidis et al.
2006). The meridional distribution of the optical properties of CDOM in this study follows
the global and regional patterns of acpom(1) and S, also observed by Kitidis et al., (2006). The
latitudinal and depth distribution of acpom(305) is determined by the salient oceanic
circulation, the location of the subtropical, tropical and sub-polar fronts and the depth of the
mixed layer.

The Sg, HIX, and FI have not been reported so far for the Atlantic Basin. The spectral
indices that are quantitatively related to the composition, molecular weight, and state of the
degradation of DOM provide a geographic signature for areas where transformation of DOM
is high. These were mainly in the NAST-E and SATL, where Sg reached maxima and HIX
index was at a minimum. These areas usually also had the highest spectral slope coefficients.

The upper range in Sg was high (4.5), which have not been reported before. Originally Helm

et al., (2008) reported that Sg values >2, in off shore regions of the Middle Atlantic Bight
indicate that DOM has been transformed by both photo-degradation and bacterial uptake
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processes. In the mixed layer of the NAST-E, we observed that Sg was >4, which suggests

high degradation of DOM. Sg values were lower in the mixed layer of the SATL compared to
the NAST-E, indicating differences in the molecular weight of DOM between the

oligotrophic gyres. The lower limit of the Sg was ca. 2, suggesting a low terrestrially derived

DOM input, which is characterized by Sg <1 (Helms et al. 2008; Yamashita et al. 2010Db).

Coincidentally HIX values were also very low in the mixed layer of oligotrophic
subtropical gyres, suggesting that DOM is mostly composed of low molecular weight
aliphatic dissolved organic compounds. The absolute variability in HIX was 0.28-5.15, and
the FI range was very small, from 1.01-1.29. Low values of HIX in open ocean samples
indicated low concentrations of terrestrial humic substances, which are characterized by
values from 10-16 (Zsolnay, at al., 1999). The maximum value of HIX corresponded to the
lowest dissolved oxygen values (Figure 2). This could indicate that microbial transformation
of DOM is a potential mechanism of humification in the open ocean. McKnight et al. (2001)
proposed that high values of FI (ca. 1.9) could be attributed to organic fluorophores produced
by bacteria, and that low values of FI (ca. 1.4) could be attributed to terrestrially derived
DOM fluorophores. We found that FI values were always <1.4, and never reached values
similar to those found in terrestrial systems, even for samples on the shelf margins. Similarly
low FI values (<1.4), have been reported for DOM/DOC rich tropical rivers of Venezuela
(Yamashita et al., 2010b) and a range of terrestrial aquatic ecosystems in the USA (Jaffé et
al., 2008). The FI values at coastal and estuarine sites in the US were usually >1.4 (Jaffé et al.,
2008). In contrast to these studies, the values we observed indicate that the spectral index is of
limited value for the determination of the source of DOM in pelagic ocean provinces.

The protein-like components are usually regarded as autochthonous and represent the
magnitude of the biological and microbial activity of the aquatic ecosystem. High abundance
of the protein-like fluorophores in oceanic waters may be expected based on previous studies
in diverse estuarine, marine and oceanic waters. Kowalczuk et al., (2003, 2009) for example
found a non-conservative mixing pattern of protein-like fluorophores in the salinity gradient
from the Cape Fear River outlet in Onslow Bay to the coastal zone. These were influenced by
optically clear Gulf Stream waters, which led to significant enrichment of DOM in coastal
waters with high protein-like substances relative to the humic-like fraction. Similar patterns
have also been observed by Kowalczuk et al., (2005) and Stedmon et al., (2007) in the Baltic

Sea. The non-conservative mixing of some protein-like and humic-like components has also
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been observed in Japanese coastal waters (Yamashita at al., 2008) and Hudson Bay (Guéguen
etal., 2011).

Humic-like components are usually highly correlated with salinity and their intensity
decreases linearly with increasing salinity (see references cited above), indicating a
predominant terrestrial source. Terrestrial humic-like components are diluted in oceanic water
to 1.5% of the initial concentration compared to terrestrial aquatic environments (Murphy et
al., 2008, Kowalczuk et al., 2009). Components C1 and C2 were also inversely related with
temperature which suggests a basin-scale DOM re-mineralization as the source of the humic-
like material found in the deep waters of the Atlantic Ocean, which can then be advected to
the epipelagic layer, by upwelling. Humic-like components are also susceptible to photo-
bleaching (Omori et al., 2011), which can cause a major reduction in them in the surface layer
of the ocean. The vertical extent of the photo-degradation processes is limited to the
penetration of the ultraviolet radiation in the ocean. In the tropical and subtropical zone the
solar irradiance at the ultraviolet range (320 - 380 nm) may penetrate as deep as 80 m in the
optically clearest waters of subtropical gyres (Morel et al., 2007; Smyth, 2011). The photo-
degraded dissolved organic matter is trapped in the mixed layer and then re-circulated, which
leads to the accumulation of degraded products (mainly low molecular weight DOM). The
surface layer therefore becomes depleted of humic-like DOM components which may become
mixed down to 200 m in the centre of subtropical gyres (Figure 6). The intensity of humic-
like components in this study had a significant negative correlation with salinity (Figure 7,
Table 5), that could reflect the mixing of terrestrially derived humic fraction of the DOM with
oceanic water. This process is highly relevant at the continental margins of the transect, but in
the pelagic open ocean, this may also be produced through the photodegradation of humic-
like components in surface waters of the subtropical and tropical zone. Coincidently, the
salinity in the subtropical gyres is highest due to high evaporation, and the optical signature of
CDOM was extremely depleted at these locations. The production of humic-like compounds
by microbial activity in the bathypelagic layer of the ocean has been observed in a number of
studies (Yamashita and Tanoue 2004; Yamashita et al., 2010a; Jorgensen et al., 2011). These
studies also report a significant positive correlation between humic-like components and

AOU, a measure of microbial activity. AOU has also been found to be positively correlated
with acpom(325), in intermediate and deep water masses of Atlantic, Pacific and Indian

Oceans, (Nelson et al., 2007; Swan et al., 2009; Nelson et al., 2010). The vertical advection to

mixed layer and latter degradation by photolysis may be indicative of the inverse relationship
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between the fluorescence intensity of humic-like components and salinity. Jergensen et al.,
(2011) proposed that the distribution of humic-like components in the ocean are in the steady
state between supply from continental run off, local microbial production and photochemical
removal in the surface layer. Our data support this mechanism of cycling of humic substances
in the pelagic ocean. These findings are additionally supported by Opsahl and Benner, (1997)
who used lignin biomarkers to estimate terrestrial DOM to be 0.7 — 2.4% of the bulk DOM
found in the pelagic Atlantic and Pacific Oceans. The contribution of terrigenous DOM to
bulk DOM is 3.6 times higher in the Atlantic compared to the Pacific Ocean, due to higher
riverine discharge in the Atlantic Ocean. Opsahl and Benner, (1997) also found that
terrigenous DOM is rapidly removed from the water column as a result of photochemical and
microbial oxidation processes.

The maximum values of HIX, coincide with the maximum of the AOU, which was

observed at depths >200 m from the Equator to 5°S. The regression of AOU against the

fluorescence intensities of humic-like components Ic; and g, and cumulative fluorescence
intensity of humic-like components lymic, were statistically significant positive relationships

(Figure 10). Data were restricted to samples collected at depths greater than 80-160 m
(depending on the mixed layer depth at given location). The percentage variance explained
was 0.66 for Icq, 0.56 for Icy, and 0.77 for lnymic. The vertical distribution of DOM
fluorescence components follow the general pattern in pelagic ocean presented by Stedmon
and Alvarez-Salgado, (2011). There was an increase in the fluorescence intensity of protein-
like components, mostly amino-acids, in the surface layer of oceanic waters, which then
decreased sharply in the mesopelagic layer. There was a reversal in the pattern of the vertical
distribution of fluorescence intensity humic-like substances, which was low in the surface
layer and increased significantly in mesopelagic and bathypelagic layer of the open ocean.
Regional and global studies have also confirmed these salient trends; for example Yamashita
et al., (2007) reported low FDOM intensities in the surface waters, which in the Southern
Ocean south off Tasmania and New Zealand, increased with depth. Similarly, Yamashita et
al., (2010a) observed this pattern at four stations in the Okhotsk Sea and the northwestern
North Pacific. Jergensen et al., (2011) also observed these patterns in Atlantic, Pacific, Indian
and Southern Oceans. The dominance of the protein-like components in the surface waters of
the southern Canada Basin and in the East Siberia Sea was observed by Guéguen et al.,
(2012). The compositional differences in DOM fluorescence and the molecular weight

distribution were observed in the Northern Pacific subtropical gyre by Omori et al., (2011),
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who found low intensity of hydrophobic and bulk DOM fluorescence in the surface layer of
the gyre and increased fluorescence of both fractions in deeper layers. They also reported a
modification in the vertical distribution of DOM molecular weights, with lower molecular
weight substances in the surface and higher molecular weight substance in at deeper layers
(500 and 1000 m depth). Our data confirmed the overall dominance of protein-like
components in the composition of DOM in the mixed layer of the subtropical and tropical
zones of the Atlantic Ocean. The protein-like components form the largest proportion of the
total fluorescence intensity, which varied by depth along the transect. The maximum
fluorescence intensity of DOM was observed as a belt located between 100 and 200 m from
20°N to 40°S. The relative contribution of the protein-like components to the EEM array,
however, decreased sharply with depth and was not significant below the mixed layer. That
was also confirmed by the depth distribution of the HIX and Ipyotein/ IHumic (Figure 3, 6). There
was significant input of the humic-like components, presumably of terrestrial origin, from the
continental margin especially in the North Atlantic on the WES.

At the PAS, the contribution from humic-like components was lower, and there was a
higher contribution of protein-like components. In this area, the distribution of all components
and their mutual contribution to the bulk EEM intensity exhibited much less variability with
depth compared to other provinces of the Atlantic Ocean. The low levels of humic-like
components in the PAS and their relatively low humification (indicated by the low HIX
index), could be explained by a much lower discharge of fresh water into this region,
compared to the North Atlantic. The vertical distribution of almost all optical signature of
CDOM and DOM in the PAS was less variable, compared to the WES. This could be due to
differences in sampling between the northern and southern hemispheres during contrasting
seasons, especially with the onset of relatively weak thermal stratification at the beginning of
the austral spring in the PAS. Seasonal differences have previously been reported in the
optical properties of CDOM by Nelson et al., (1998) for the North Atlantic subtropical water
at the Bermuda Time Series site and by Omori et al., (2010) in the North Pacific subtropical
waters. The weakest vertical gradients in CDOM were found in the winter during deep mixing
events, and the largest were at the end of the summer, when there was a high degree of
thermal stratification and CDOM in the surface layer was degraded by photo-bleaching.

Differences in the phase of the seasonal cycle, succession of the phytoplankton

biomass and the exposure time to UV radiation in the mixed layer may also explain the higher

Iprotein/ IHumic  ratio, and lower SR and HIX values in the SATL compared to the
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NAST-E. DOM trapped in the mixed layer in the NAST-E will have been exposed to sunlight
for a longer duration than the DOM in the SATL, and DOM in the SATL will be of higher
molecular weight due to deep water advection during winter mixing events. It could also be
less degraded by photo bleaching due to a shorter exposure time to high doses of solar
radiation. The freshly produced DOM by phytoplankton blooms in the SATL and PAS during
austral spring, could contribute to a higher proportion of protein-like components in the
surface waters. The smaller quantities of humic material, and lower intensities of humic-like

components south of the Equator, would influence of Ipyotein/IHumic ratio, also leading to an

increase in the SATL.
5. Conclusions

Fluorescence Excitation Emission spectroscopy coupled with PARAFAC modeling
was used to study the composition of the DOM in the Atlantic Ocean along a meridional
transect. The analyses identified six DOM components: two humic-like components resulting
from terrestrial run-off and microbial activity, one marine humic-like component and three
protein-like components. Two of the protein-like components had spectral excitation and
emission characteristics close to fluorescence properties of pure or bound amino acids,
tyrosine and tryptophan. One of the protein—like components had an excitation and emission
spectral characteristic that does not fit the spectral properties of known fluorescent amino
acids which may arise from a combination of complex organic molecules of unknown origin.
In our data set, the marine humic-like and protein-like components represent the
autochthonous fraction of DOM, possibly released as phytoplankton exudates in all
biogeographic provinces sampled during the cruise.

The DOM composition varied according to the dominant water masses in the
biogeographic provinces. In all provinces except the North Atlantic Drift, protein-like
compounds dominated the fluorescent DOM fraction in the mixed layer. The intensity of the
humic-like components was depleted in the mixed layer especially in subtropical and tropical
provinces. At the continental margins, humic-like components were only important at the
Western European Shelf, probably due to significant run-off of humic-like material from
terrestrial origin. Along the Patagonian Shelf, the humic-like components in the mixed layer
were not significant, probably due to the smaller input of fresh water run-off into the South
Atlantic compared to the North Atlantic. In all biogeographic provinces, there was a large
shift in the DOM composition between waters below and in the mixed layer, with more humic

and aromatic compounds characterized by a higher molecular weight in the mixed layer.
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The humic-like fraction of DOM exhibited a significant negative correlation with
salinity, and temperature and a positive correlation with Apparent Oxygen Utilization. These
relationships indicated a net equilibrium between the supply of humic-like substances from
the continental margins, in situ production by the microbial activity and photodegradation in
the surface waters, especially in the subtropical and tropical regions. In this dataset,
components C1 and C2 represent the allochtonous fraction of DOM, which presumably
originate from different bacterial, viral and phytoplankton communities present in the
biogeographic provinces sampled during the cruise. HIX was linearly correlated with the
intensity of the humic-like DOM components and was non-linearly correlated with the
qualitative indices of the CDOM absorption spectra and DOM fluorescence EEMs. HIX was
also found to be an effective tool for delineating water masses of different DOM composition,
areas of high microbial production of humic-like components and DOM degraded by solar
UV radiation.
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Figures captions

Figure 1. Location of sampling stations along the AMT 20 cruise track overlain on boundaries
of bio-geographic provinces according to Longhurst (1995).

Figure 2. Meridional sections of Absolute Salinity (Sa), temperature, chlorophyll-a
fluorescence and Apparent Oxygen Utilization. The solid line overlaid on the section
plots represents the depth of the thermocline. The vertical line delineates boundaries of
Longhurst (1995) biogeographic provinces.

Figure 3. Meridional sections of the distribution of CDOM absorption coefficient,
acpom(305), spectral slope coefficient, Sos0.600, and spectral slope ratio, Sg and
Humification Index — HIX. The solid line overlaid on the section plots represents the
depth of the thermocline. The vertical line delineates boundaries of Longhurst (1995)
biogeographic provinces.

Figure 4. The PARAFAC model output showing fluorescence signatures of six components
identified in the AMT20 data set. Contour plots present spectral shapes of excitation
and emission of derived components. Components C1-C6 are ordered by decreasing
percent of explained variation. Line plots at right side of each contour plot present split-
half validation results for each identified component. Excitation (left) and emission
(right) spectra were estimated from three independent 6-component PARAFAC models
run on two random halves of the data set (CAL — blue lines, VAL — green lines) and
the complete data set (red lines).

Figure 5. Composition of CDOM fluorescence excitation and emission matrix spectra in the
mixed (upper graph) and below mixed layer (lower graph) in major biogeographic
provinces of the Atlantic Ocean: WES - Western European Shelf, NAST(E) - North
Atlantic Subtropical Gyre, EQU - Equatorial Upwelling, SATL - South Atlantic
Subtropical Gyre, PAS - Patagonian Shelf. Bar plots represent average intensity of 6
components calculated for samples collected at a particular province and the depth
range, the whisker represents the standard deviation.

Figure 6. Meridional sections of the distribution of total DOM fluorescence intensity, Itqt,
intensity of the humic fraction of the DOM fluorescence, lyymic, intensity of the protein-
like fraction of the DOM fluorescence, lproein and the ratio of respective DOM

fluorescence fractions, Iprotein/lHumic- The solid line overlaid on the section plots
represents the depth of the thermocline. The vertical line delineates boundaries of
Longhurst (1995) biogeographic provinces.

Figure 7. Relationships of the salinity and spectral slope coefficient, Sy50.600, Spectral slope

ratio Sgr, and fluorescence intensity of components C1 and C2, Icy, lcp, during the
AMT20 cruise.

Figure 8. Distribution of the fluorescence intensity of humic like components lyymic,
humification index, HIX, spectral slope coefficient, Sy50.600, and the spectral slope ratio
SR, in the function of water temperature during the AMT20 cruise.
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Figure 9. Relationships between fluorescence intensity of humic-like components, lyymic, and
spectral slope coefficient, Sjso.g00 (upper left panel). Relationships between
Humification Index, HIX, and fluorescence intensity of humic-like components, Iyumic,
spectral slope coefficient, Sy50.600, and spectral slope ratio Sg.

Figure 10. Relationship between Apparent Oxygen Utilization and the cumulative

fluorescence intensity of humic-like components Iyymic in the Atlantic Ocean over the
depth range of 140-300 m.
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1021 Table 1 Average and standard error acpom(305), Szs0.600, Sr, and fluorescence spectral
1022 indexes, FI and HIX values in significant biogeographic provinces sampled during
1023 AMT20 cruise (October — November 2010).
acpom(309) S250-600
Province . . Sr Fl HIX
[m~] [nm ]
European Mixed layer 0.39+0.033 0.026+0.0006 2.39+0.07  1.14+0.005 1.80+0.043
Continental Shelf
Waters Below Mixed layer 0.27+0.028  0.028+0.0006 2.69+0.10  1.17+0.01 2.78+0.220
North Atlantic Mixed layer 0.19+0.009  0.034+0.0006 3.42+0.10  1.16+0.006  0.88+0.069
Subtropical Gyre g0y mixed layer 0.24:0.007  0.028+0.0002 2.86-0.04  119+0.022  2.45+0.010
Equatorial Mixed layer 0.20+0.009  0.034+0.0005 2.99+0.10  1.14+0.021  0.92+0.123
Upwelling Below mixed layer 0.31£0.015 0.023+0.0005 2.40+£0.04 1.20+0.035  2.77+0.298
South Atlantic ~ Mixed layer 0.17+0.005  0.034+0.0004 3.26+0.06  1.17+0.007  0.66:+0.052
Subtropical Gyre  Below mixed layer 0.23£0.009  0.027+0.0007 2.70£0.07  1.22+0.038  2.60+0.256
Mixed layer 0.28+0.016 0.027+0.0008 2.58+0.09  1.12+0.006 1.37+0.111
Patagonian Shelf
Below mixed layer 0.22+0.004  0.028+0.001  2.93+0.04  1.17+0.021 1.57+0.143
Mixed layer 0.22+0.009 0.032+0.0004 3.09+0.05  1.15+0.004 0.97+0.050
All data
Below mixed layer 0.25+0.005  0.027+0.0003 2.75+0.03  1.19+0.032 2.40+0.094
1024
1025
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1026  Table 2. Spectral characteristics of excitation and emission maxima of six components
1027 identified by PARAFAC modeling for the whole EEMs data set collected in the Atlantic
1028 Ocean during AMT20 cruise compared to previously identified sources. Secondary
1029 excitation bands are given in brackets.
Component  Excitation Emission  Coble (1996)  Description and probable source
no. maximum maximum
A eak Terrestrial humic-like substances
1 240/(320) nm 396 nm pea Component 1: 240/436 (Ref. 1)
(320) 260/380-460  Component 1: 250/448 (Ref. 3)
Component 1: 250/458 (Ref. 6)
Terrestrial  humic-  like  substances.
A peak id q
260/380-460 . CcoPreac
2 240(370) nm 480 nm C peak Component 3: 270 (360)/478 (Ref. 1)
35% 1420-480 Component 2: 250 (385)/504 (Ref. 3)
Component 3: 260(370)/490 (Ref. 5)
Presumably combined fluorescence of the
free amino acids: phenylalanine, tryptophan
3 270 nm 348 nm and tyrosine, or bound in proteins.
Component 6, (Ref. 7)
Amino acids. free or bound in proteins
Tyrosine: 275/310 (Ref. 6)
B peak Component 8: 275/304 (Ref. 3)
4 275 nm 3000m 5757305 Component 4: 275/306 (Ref. 4)
Component 1: 275/300 (Ref. 5)
Component 7: 270/299 (Ref. 6)
Marine and terrestrial humic materials.
possible microbial reprocessing.
M peak Terrestrial component 4: (250) 325/416
5 300 nm 408 nm 315/380_ oo (Ref.1)
Microbial component 3: 295/398 (Ref. 4)
Component 2: 315/418 (Ref. 5)
Component 6: 325/385 (Ref. 6)
Amino acids, free or bound in proteins
Tryptophan: 278/340 (Ref. 2)
6 295 nm 334(360) T peak Component 6: 280/338 (Ref. 4)
nm 275/340 Component 7: 280/344 (Ref. 3)
Component 6: 280/328 (Ref. 5)
Component 4: 280/318 (Ref. 6)
1030 Ref. 1 — Stedmon et al., (2003), Ref. 2 — Kowalczuk et al., (2003), Ref. 3 — Stedmon and
1031  Markager (2005a), Ref. 4 — Stedmon and Makager (2005b), Ref. 5 — Murphy et al., (2008),
1032  Ref. 6 — Yamashita et al., (2008), Ref. 7 — Jargensen et al., (2011).
1033
1034
1035
1036
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Table 3. One Way Analysis of variance for acpom(305), S»s50-600 Sr, FI, HIX, fluorescence
intensity of all components identified by PARAFAC model, and cumulative

fluorescence of protein-like components, Iproein, Cumulative fluorescence of humic-
like components, lyym, and their mutual ratio, Iprotein/lHum, by depth and by province

during AMT20 cruise.

Parameter N F P Highest Lowest
Mixed layer 204 0.14 0.706 NS NS
acoom(305)
Province 204 17.63  <0.0001 WES SATL
Mixed layer 204 58.76  <0.0001 MLD Below MLD
S250-600
Province 204 8.0 <0.0001  NAST, SATL PAS
Mixed layer 203 24.70  <0.0001 MLD Below MLD
SR
Province 203 1452  <0.0001 NAST, SATL WES
Mixed layer 201 56.63  <0.0001 Below MLD MLD
Fl
Province 201 6.88 <0.0001 SATL WES, PAS
Mixed layer 201  198.92 <0.0001 Below MLD MLD
HIX
Province 201 4.19 0.003 WES SATL
Mixed layer 201  271.40 <0.0001 Below MLD MLD
lc1
Province 201 5.29 <0.0001 EQU, WES SATL
Mixed layer 201  137.12 <0.0001 Below MLD MLD
Ic2
Province 201 10.76  <0.0001 WES, EQU SATL
Mixed layer 201 41.16  <0.0001 MLD Below MLD
lcs
Province 201 3.19 0.014 WES NAST
Mixed layer 201 2.78 0.097 NS NS
lca _ SATL, EQU,
Province 201 6.02 <0.0001 WES
PAS
Ics Mixed layer 201 7215 <0.0001  Below MLD MLD
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ltot

IHum

IProtein

|Protein/I Hum

Province
Mixed layer
Province
Mixed layer
Province
Mixed layer
Province

Mixed layer

Province

Mixed layer

Province

201

201

201

201

201

201

201

201

201

201

201

4.79

1.86

22.67

15.58

8.38

220.14

7.11

8.15

8.10

134.24

9.14
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0.001

0.174

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

0.005

<0.0001

<0.0001

<0.0001

EQU
NS
SATL, EQU
Below MLD
EQU
Below MLD
WES, EQU
MLD

EQU, SATL,
PAS

MLD

SATL

NAST
NS
NAST
MLD
NAST
MLD
SATL

Below MLD

WES, NAST
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Table 4. Average and standard deviation of fluorescence intensity of respective components in major biogeographic provinces of Atlantic Ocean,
in the mixed layer and below it, identified by PARAFAC model in samples collected during AMT 20 cruise.

Province e [R.U] Iz [R.U] I3 [R.U] lca [4R.U] lcs [R.U.] lcs [R.U.]
European Mixed layer  0.0115£0.0055 0.0087£0.0034 0.0131=0.0045 0.0099+0.0090  0.0095£0.0070 _ 0.0071=0.0019
continental Shelf Eg;oe‘;VMixed 0.0134+0.0005 0.0089+0.0005 0.0107+0.0064 0.0031:0.0023  0.0085:0.0010 ~ 0.0067+0.0017
North Atlantic Mixed layer  0.0046:0.0020 0.0032:0.0014 0.0098:0.0027 0.0136+0.013  0.0048:0.0024  0.0058+0.0014
Subtropical Gyre Eg)'/z‘;VM'XEd 0.0131+0.0024 0.0079+0.0017 0.0081£0.0024  0.01110.0117  0.0092+0.00235 0.0060-0.0022
e quatoria Mixed layer  0.0056+0.0019 0.0044:0.0011 0.0122:0.0043 0.0194+0.0198  0.0076:0.0052 0.01102+0.0063
Upwelling Egg‘:v'v“xed 0.0193+0.0021 0.0110+0.0018 0.0088+0.0041 0.0187+0.0206  0.0128+£0.0024  0.0097+0.0041
South Atlantic Mixed layer  0.00430.0020 0.0028:0.0012 0.0115:0.0032 0.0196+0.0152 0.0062:0.0028 0.01098+0.0050
Subtropical Gyre E;'Z‘;VM'XE" 0.0149+0.0035 0.0082+0.0029 0.0067+0.0025  0.0154+0.01215 0.0117+£0.0027  0.0104:0.0048
Mixed layer  0.0080£0.0027 0.0069+0.0023 0.0116£0.0026  0.0160+0.0172  0.0092+0.0040  0.0075+0.0015
Patagonian Shelf E;'/‘;‘;VMiXEd 0.0098+0.0016 0.00630.0005 0.0099+0.0043 0.02010.0207 0.01040.0040  0.0070-:0.0024
Mixed layer  0.0058+0.0036 0.0043£0.0027 0.01121:0.0034 0.0160+0.0148 0.0066:0.0041  0.0084::0.0043
All data Eg/‘;‘:v'v”xed 0.0138+0.0037 0.0082+0.0023 0.0084+0.0036 0.01410.0153  0.0104£0.0030  0.0078+0.0037
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Table 5. Results of regression analysis among salinity, spectral slope coefficient S;s0.600,

spectral slope ratio Sg, and fluorescence intensity of components C1 and C2, I,

Ico. Results of regression analysis among temperature and fluorescence intensity of

humic like pigments, Iym, humification index, HIX, spectral slope, S»50-600, and

spectral slope ratio, Sg. Results of regression analysis between spectral slope,

S»50-600, and fluorescence intensity of humic like pigments, Igym, and among

humification index HIX and fluorescence intensity of humic like pigments, lyym,

spectral slope, Sys50.600, and spectral slope ratio, Sg.

Parameters Equation type Regression coefficients R R? Szzrizgle
- Linear a=0.004 + 0.0003
Salinity vs. S»50-600 y = a%x + b b=-0.101+0.010 0.66 0.44 204
- Linear a=0.367 £ 0.032
Salinity vs. Sg y = a*x +b b=-10.287 + 1.155 0.63 0.39 204
- Linear a=-0.003 +0.0004
Salinity vs. Icy y = a*x +b b=0123 = 0.015 047 0.22 202
- Linear a=-0.002 +0.0002
Salinity vs. I y = a%x + b b=0094 = 0.008 0.61 0.38 202
Temperature vs. Linear =-0.0010 + 0.0001
lumic y = a*x + b b=00342+00015 006 043 202
Temperature vs. Linear a=-0.1203 + 0.0095
HIX y = a*x +b b=39386+01855 007 044 202
Temperature vs. Linear a=0.0006 = 0.0001
S950.600 y = a*x + b b=00187+00007 78 06l 202
Linear a=0.0473 + 0.0047
Temperature vs. Sg y=a*x +b b=20423 + 0.0911 058 0.34 202
Linear a=-0.462 + 0.0166
Humic V5. S250-600 = gy + 1y b=00373+00003 089 080 202
Linear a=0.0065 + 0.0003
HIX vs. Iqum y=a*x+b b = 0.0052 + 0.0007 0.79 0.63 202
Exoonential a=0.175+0.001
HIX VS. So50.600 fipele (o) + ¢ D= 1.032+0.146 0.83 069 202
y=amexp ¢ =0.025+0.001
Exoonential a=1.530+0.199
HIX vs. Sg P b=1.242+0.293 0.64 041 202

y = a*exp(-b*x) + ¢

¢ =2.602+0.066

All variables were fitted to the equation type in the second column. All regression
coefficients and coefficients of determination are significant at a confidence level of

p<0.01.
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1067  Figure 1. Location of sampling stations along the AMT 20 cruise track overlain on boundaries
1068 of bio-geographic provinces according to Longhurst (1995).
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1073  Figure 2. Meridional sections of Absolute Salinity (Sa), temperature, chlorophyll-a fluorescence and Apparent Oxygen Utilization. The solid line
1074 overlaid on the section plots represents the depth of the thermocline. The vertical line delineates boundaries of Longhurst (1995)
1075 biogeographic provinces.
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1084  Figure 3. Meridional sections of the distribution of CDOM absorption coefficient, acpom(305), spectral slope coefficient, Sys0.600, and spectral
1085 slope ratio, Sg and Humification Index — HIX. The solid line overlaid on the section plots represents the depth of the thermocline. The
1086 vertical line delineates boundaries of Longhurst (1995) biogeographic provinces.
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Figure 4. The PARAFAC model output showing fluorescence signatures of six components identified in the AMT20 data
set. Contour plots present spectral shapes of excitation and emission of derived components. Components C1—
C6 are ordered by decreasing percent of explained variation. Line plots at right side of each contour plot present
split-half validation results for each identified component. Excitation (left) and emission (right) spectra were
estimated from three independent 6-component PARAFAC models run on two random halves of the data set
(CAL — blue lines, VAL — green lines) and the complete data set (red lines).
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Figure 8. Distribution of the fluorescence intensity of humic like components Iyymic,
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