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Álvarez-Salgado. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

TYPE Original Research

PUBLISHED 17 April 2023

DOI 10.3389/fmars.2023.1159762
Solid phase extraction of ocean
dissolved organic matter with
PPL cartridges: efficiency
and selectivity

E. Jerusalén-Lleó1,2*, M. Nieto-Cid1,3, I. Fuentes-Santos1,
Thorsten Dittmar4,5 and X. A. Álvarez-Salgado1
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Our current knowledge of the chemical composition of ocean dissolved organic

matter (DOM) is limited, mainly because of its extreme molecular diversity, low

concentration of individual compounds and the elevated ionic strength of ocean

waters. As a result, many analytical methods require a previous extraction step. The

efficiency and selectivity of the extraction method defines the representativeness of

the extracted DOM fraction. Nowadays, the most widespread procedure for

concentrating DOM is solid phase extraction (SPE) using styrene divinyl benzene

polymer cartridges (PPL). Here, we investigate the effect of SPE-PPL on DOM

elemental and optical properties to assess the efficiency and selectivity of this

extraction method on water samples from the main intermediate and deep water

masses of Arctic, Mediterranean and Antarctic origin present in the Cape Vert Frontal

Zone (CVFZ, NW Africa). Furthermore, North and South Atlantic Central waters

converge in this area and coastal DOM is injected by the giant upwelling filament of

Cape Blanc. On one side, the colored fraction of DOM (CDOM) presented extraction

efficiencies comparable to that of the bulk dissolved organic carbon (DOC), but

decreased significantly with increasing wavelength, suggesting an affinity of PPL

cartridges for low molecular weight organic compounds. While the protein-like

fluorescent fraction of DOM (FDOM) was also extracted with the same efficiency

than DOC, the extraction efficiency of the humic-like fraction was comparatively

much higher. On the other side, dissolved organic nitrogen (DON) extraction

efficiencies were about half that of DOC. These contrasting extraction efficiencies

of the different DOM pools indicated that the extracts were enriched in N-poor, low

molecular weight and recalcitrant DOM, therefore showing less variability than the

corresponding bulk DOM. Furthermore, DOC, DON, CDOM and FDOM extracted

were not homogeneous through the water column but displayed certain significant

differences among water masses in both efficiency and selectivity.

KEYWORDS

dissolved organic carbon (DOC), dissolved organic nitrogen (DON), colored dissolved
organic matter (CDOM), fluorescent dissolved organic matter (FDOM), solid phase
extraction, PPL, extraction recovery, cape vert frontal zone
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1 Introduction

Dissolved organic matter (DOM) is a key component of

biogeochemical cycles in marine ecosystems (Carlson and

Hansell, 2015). DOM constitutes one of the largest organic

carbon pool on Earth with 662 Pg C (Hansell et al., 2009a),

comparable to the CO2 atmospheric pool (828 Pg C) (Joos et al.,

2013). Despite its size and importance, little is still known about its

chemical composition and structure (Dittmar, 2015; Repeta, 2015).

To characterize DOM, an assortment of analytical techniques are

currently used. The bulk elemental, optical and isotopic

characterization of DOM can be applied directly to natural

seawater samples (Mopper et al., 2007; Hansell et al., 2009b;

Stedmon and Nelson, 2015; Álvarez-Salgado et al., 2022).

Conversely, other approaches, such as the molecular

characterization of DOM by nuclear magnetic resonance

spectroscopy, ultrahigh resolution mass spectrometry or

pyrolysis-gas chromatography-mass spectrometry, require

concentration and desalinization of the sample before analysis

(Mopper et al., 2007; Raeke et al., 2016; Amaral et al., 2020;

Álvarez-Salgado et al., 2022). Each DOM characterization analysis

provides information on different analytical windows, which

partially overlap. This hinders the direct comparison of results

obtained with different techniques (Mopper et al., 2007). Analytical

schemes usually involve comparisons between bulk and extracted

DOM, but the effects of the extraction process are not adequately

quantified yet (Wünsch et al., 2018).

The most popular marine DOM isolation techniques at present

are: i) solid phase extraction (SPE); ii) ultrafiltration (UF) and iii)

reverse osmosis coupled with electrodialysis (RO/ED). The latter is

able to isolate more than 64% of DOC, but it is an expensive and

time-consuming method (Koprivnjak et al., 2009; Helms et al.,

2015) that has been used only by few research groups. UF is based

on the separation of DOM in two size fractions, high and low

molecular weight (HMW and LMW, respectively), commonly using

a 1 kDa cutoff membrane. There are different UF approaches,

mainly based on the concentration factor (CF), depending on the

objective of the study: DOM isolation or HMW quantification. For

the first objective, cross-flow ultrafiltration systems equipped with

membrane coils (Guo et al., 2000) are used to process large-volume

samples (hundreds of liters of seawater), with recoveries of 10-30%

in marine samples. Regarding the second objective, high-

performance stirred UF cells are used, operated with membrane

filters to process samples of lower volume (2-5 L), where the

extraction efficiency is 35-55% (Simjouw et al., 2005; Martıńez-

Pérez et al., 2017a). UF and RO/ED procedures do not completely

desalt the sample (Dittmar et al., 2008). On the other hand, SPE

methodology implies using a solid phase (sorbent/resin) to adsorb

the DOM of the liquid phase (sample), as most of the organic

compounds (analyte) present a greater affinity for this solid phase.

A solvent is then used to elute the analyte from the sorbent. Initially,

this technique used silica chemically bonded with various groups

(like C18 and C8), based on hydrophobic interactions between the

analyte and the resin, but these first studies yielded low extraction

recoveries of polar compounds (Fontanals et al., 2005). Other

sorbents tested in marine samples were existing forms of carbon,
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like carbon blacks (GCBs) and porous graphitic carbon (PGC). The

disadvantage of these resins is that DOM retention was excessive

and sometimes irreversible (Masqué et al., 1998). Later on, XAD

resins were also used for marine DOM extraction, reaching a 65%

retention efficiency of phytoplankton-derived DOM (Lara and

Thomas, 1994), but nowadays they are no longer manufactured.

Currently, the most widely used resins are PPLs (styrene divinyl

benzene polymer cartridges) due to their practicality, convenience

and extraction efficiency, which are characterized by presenting a

highly polar sorbent. PPLs are capable of extracting more than 60%

of DOC in coastal and open deep and surface ocean waters (Green

et al., 2014; Osterholz et al., 2014; Medeiros et al., 2015).

The isolation of dissolved organic nitrogen (DON) is still a

difficult task. Since currently there are no specific efficient methods,

the same extraction procedures as for DOC are used, resulting in

low extraction efficiencies (Sipler and Bronk, 2015). Only a few

studies discussing marine DOM extraction have provided

information on nitrogen recovery. Hertkorn et al. (2013)

employing PPL-resins in the South Atlantic obtained 24.8%,

28.3%, 11.3% and 10.2% of nitrogen recoveries for samples from

depths of 5, 48, 200 and 5446 m, indicating that the extraction

efficiency of deep-ocean samples was lower than surface. By

contrast, the DOC extraction efficiency of the same samples were

37%, 44%, 40% and 43%, indicating that N extraction was much less

efficient than C. DON discrimination by PPL is therefore denoted

by high C:N molar ratios (Sipler and Bronk, 2015), which can

increase up to 25 after extraction (Hertkorn et al., 2013). This trend

was also observed in Osterholz et al. (2021) in South Pacific ocean

samples, where C:N ranged from 19 to 27 for extracted DOM.

Besides C and N elemental analysis, absorption and

fluorescence measurements are widely used to characterize the

colored DOM fraction (CDOM) (Green and Blough, 1994) as

these simple, unexpensive and quick methods can be used as

indicators of the DOM structure (Helms et al., 2008; Boyle et al.,

2009; Martıńez-Pérez et al., 2017b). The absorption coefficients at

certain wavelengths, the ratios of the absorption coefficients and the

spectral slopes are used to provide information about the origin,

molecular weight and aromaticity of DOM (Coble, 2007; Helms

et al., 2008). For instance, the absorption coefficient at 254 nm (a254)

is a proxy to the concentration of conjugated C double bonds and

revealed as a good tracer for DOC (Lønborg and Álvarez-Salgado,

2014) and the absorption coefficients at 325 nm and 365 nm (a325
and a365) are proxies to aromatic compounds (Helms et al., 2008;

Nelson and Siegel, 2013). Fluorescent DOM (FDOM) is the fraction

of CDOM that is capable of emitting part of the absorbed light at

longer wavelengths (Coble, 1996; Coble, 2007). FDOM intensity

maxima are observed at excitation wavelengths < 400 nm,

characteristic of protein-like substances and > 400 nm,

characteristic of humic-like substances (Coble, 2007; Stedmon

and Nelson, 2015; Álvarez-Salgado et al., 2022).

A small number of previous studies have attempted to assess the

representativeness of the extracted materials by comparing the

optical properties of the bulk and extracted samples. Green and

Blough (1994) studied the impact of SPE extraction with C18

sorbents on the optical properties of fresh water DOM samples.

They observed that extracted DOM showed lower CDOM spectral
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slopes than the bulk DOM, which means that the long wavelength

absorbing material was extracted more efficiently. FDOM was

consistent with CDOM results. Later, Boyle et al. (2009) using the

same sorbent confirmed this trend for CDOM and FDOM in both

fresh and marine water samples. More recently, Andrew et al.

(2016) in riverine, estuarine and marine samples using C18

sorbents supported the preferential extraction of longer

wavelength CDOM, associated with the HMW-DOM pool.

Despite this result, a parallel molecular structure between natural

and extracted samples was suggested as they exhibited comparable

optical properties and also similar optical changes after NaBH4

reduction. In the same period, Chen et al. (2016) using PPL-resins

in DOM samples from various sources (algae, leaf litter and marine

surface samples) observed a decrease of UV absorbance after

extraction, implying the preferential loss of more aromatic

components. FDOM components recoveries were extracted

unequally, with relatively higher humic-like extraction efficiency

than the protein-like. In addition, marine samples exhibited a

decrease in average molecular weight after extraction, suggesting

that the biopolymer fraction of DOM might be the most affected by

fractionation after extraction. Wünsch et al. (2018) quantified the

impact of SPE-PPL in the optical properties of samples from

contrasting Arctic fjords, obtaining that long-wavelength

absorbing CDOM was extracted poorly. FDOM extraction

efficiency from different fluorescence components was also

unequal and some optical indices, as the slope of the short

wavelength range 275-295 nm decreased while others, as the

slope of the large wavelength range 350-400 nm, increased with

extraction. This fact indicated a qualitative selection of SPE-PPL,

that results in the homogenization of the extracted DOM. In

addition to these works, focused on the optical properties of

DOM, recent studies have examined the constraints of SPE-PPL

using others methodologies. For instance, Dulaquais et al. (2023)

used size exclusion chromatography and stable carbon isotopes in

estuarine samples and found that PPL strongly size fractionates

DOM. Hydrophobic compounds (included in the LMW pool)

showed a high DOC extraction recovery and a successful recovery

of the stable isotopic carbon composition. However, the extraction

efficiency of hydrophilic compounds (contained within the HMW

fraction) was poorer and the stable isotopic carbon composition was

underestimated. In addition, N-rich compounds were also poorly

extracted and the extraction efficiency was significantly affected by

the quality of the DOM, rather than the salinity of the sample. In the

same line Volikov et al. (2023) observed the same trends on a

commercial fulvic acid (dissolved in ultrapure water), using size

exclusion chromatography and optical properties.

Therefore, there are very few studies investigating how SPE

using PPL resins affects DOM beyond DOC extraction and, to the

best of our knowledge, the studies that examined the effects of

optical properties (Chen et al., 2016; Wünsch et al., 2018; Volikov

et al., 2023) did not relate these effects to DOC and DON extraction

and did not study open ocean waters. Furthermore, these papers did

not compare different water types and water masses, which contain

distinct DOM fractions (hydrophilic vs hydrophobic, HMW vs

LMW, and labile vs refractory compounds). To address this lack

of knowledge, here we study the efficiency and selectivity of SPE-
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PPL in extracting various colored and fluorescence fractions of

marine DOM isolated from the Cape Verde Frontal Zone (CVFZ,

NW Africa) and we relate the results to the DOC and DON yields.

Furthermore, we test whether the observed differences in the

extraction efficiencies of DOC, DON, CDOM and FDOM among

samples are related to the variety of surface, central, intermediate

and deep water bodies of contrasting origin that meet in the CVFZ.
2 Material and methods

2.1 Study area

The CVFZ (Figure 1), a term proposed by Zenk et al. (1991) to

define the southeastern boundary of the subtropical gyre in the

North Atlantic Ocean, is located at about 20° N, off the Mauritanian

upwelling. It is a very dynamic area as a result of the interaction of

the Mauritanian upwelling with the Cape Verde front (CVF) (Zenk

et al., 1991; Pastor et al., 2015). While the Mauritanian Current

(MC) transports tropical waters northwards, the Canary (CC) and

Canary Upwelling Current (CUC) transport subtropical waters

southwards (Figure 1), converging at the CVF. In addition, the

Poleward Undercurrent (PUC) flows northwards along the

continental slope towards the Gulf of Cadiz (Pelegrı ́ and
Benazzouz, 2015). Convergence at the front together with the

offshore export of coastal upwelled waters, generate the Cape

Blanc giant filament (CBGF; Van Camp et al., 1991; Zenk

et al., 1991).

Water masses from different origins meet in the study area

(Figure 2). Surface waters, above 100 dbar, are characterized by low

nutrient concentrations and high temperature, salinity and

dissolved oxygen. During winter, subduction of these surface

waters leads to the formation of mode waters, which are

considered as precursors of central waters (Pastor et al., 2008;

Álvarez et al., 2014; Pastor et al., 2015). Central waters are located

between 100 and 700 dbar, and are differentiated according to their

origin into East North Atlantic Central Water (ENACW, formed in

the North Atlantic Ocean), and South Atlantic Central Water

(SACW, formed in the South Atlantic Ocean) (Pérez-Rodrıǵuez

et al., 2001; Álvarez and Álvarez-Salgado, 2009; Locarnini et al.,

2013; Pastor et al., 2015; Figure 2). These two water masses occupy

the same density range, allowing the warm, salty and oxygen-rich

ENACW to meet, interleave and mix with the colder, less salty and

oxygen-poor SACW (Meunier et al., 2012). The encounter of these

two water masses generates strong mesoscale activity in the form of

intrusions, meanders, and eddies (Zenk et al., 1991; Pastor

et al., 2015).

Intermediate waters occupy the water column between 700 and

1500 dbar. The shallowest intermediate water mass is the Subpolar

Mode Water (SPMW), which is formed by the mixing of near-

surface waters in the eastern Subpolar gyre of the North Atlantic

(Pérez-Rodrıǵuez et al., 2001; Álvarez and Álvarez-Salgado, 2009;

de Boisséson et al., 2012). Below SPMW, the Antarctic Intermediate

(AA) and Mediterranean (MW) waters are found (Figure 2). AA

originates in the sub-Antarctic region, expanding from there to the

Atlantic, Pacific and Indian oceans. In the Atlantic Ocean it reaches
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higher latitudes following the South Atlantic subtropical gyre, and is

mainly characterized by low salinities (Suga and Talley, 1995;

Locarnini et al., 2013). MW originates from the mixing of the

Mediterranean Overflow Water (MOW) that spill at the Strait of

Gibraltar and the ENACW in the Gulf of Cadiz, and it is
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characterized by being very salty, warm and dense (Pérez-

Rodrı ́guez et al., 2001; Álvarez and Álvarez-Salgado, 2009;

Sánchez-Leal et al., 2017).

Beneath the intermediate waters, the deep layer is occupied by

North East Atlantic Deep Water (NEADW), which extends from
A B

FIGURE 2

(A) Main water masses present in the CVFZ and (B) Potential temperature (q°C) versus salinity (PSU) plot for the identification of the water masses
intercepted during the FLUXES I cruise. In (A) arrows indicate the direction from its formation areas, corresponding to: Labrador Sea Water (LSW),
Iceland Scotland Overflow Water (ISOW), Subpolar Mode Water (SPMW), Eastern North Atlantic Central Water (ENACW), Mediterranean Water (MW),
Madeira Mode Water (MMW), Southern Atlantic Central Water (SACW), Antarctic Intermediate Water (AA) and Lower North East Atlantic Deep Water
(LNEADW). The thickness and the color of the arrows indicates the bathymetric layer of each water mass. MMW: light green thin lines. Central
waters: dark green thin lines. Intermediate waters: light blue thick lines. Deep waters: thicker dark blue lines. The yellow square represents the study
area and the orange zigzag line is the position of the CVF at the time of sampling (taken from Burgoa et al., 2020). In (B) data was obtained from the
continuous CTD profiles (1 salinity-temperature pair per meter). Contour isolines are sigma-theta values and the color indicates depth (dbar). Black
dots represent the salinity and temperature of the pure water masses at their respective formation sites: Madeira Mode Water (MMW), Eastern North
Atlantic Central Water of 15°C (ENACW_15) and 12°C (ENACW_12), Southern Atlantic Central Water of 18°C (SACW_18) and 12°C (SACW_12),
Subpolar Mode Water (SPMW), Antarctic Intermediate Water (AA), Mediterranean Water (MW), Labrador Sea Water (LSW) and the Upper and Lower
North East Atlantic Deep Water (UNEADW and LNEADW).
FIGURE 1

Map of the study area and the hydrographic stations sampled during the FLUXES I cruise (modified from Valiente et al., 2022). Numbers indicate
station number; black circles represent the stations where SPE samples were collected and white circles represent stations where SPE samples
where not collected. The main currents are represented with arrows: The Canary Current (CC), the Canary Upwelling Current (CUC), the North
Equatorial Current (NEC), the Mauritania Current (MC) and the Poleward Undercurrent (PUC). The concentration of chlorophyll a, related to the Cape
Blanc giant filament (CBGF), is illustrated with color contours near the coast.
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1500 dbar to the bottom. NEADW results from the mixing of

different waters, including the Iceland Scotland Overflow Water

(ISOW), the Labrador Sea Water (LSW), the MW and the Antarctic

Bottom Water (AABW) (Dickson and Brown, 1994; Pérez-

Rodrıǵuez et al., 2001; Lønborg and Álvarez-Salgado, 2014).

ISOW is formed in the Nordic Seas due to winter convection in

the Greenland Sea. From its formation area it expands to the eastern

North Atlantic mainly through the Faroe-Shetland Channel and in

a lower proportion by the Iceland-Faroe Ridge (Zou et al., 2017) and

it is distinguished by being relatively salty and oxygen-rich (Swift,

1984). LSW is formed in the Labrador Sea, from where it expands

southward in large tongues and it is characterized by low salinity

and high oxygen concentrations (Talley and McCartney, 1982;

Pérez-Rodrıǵuez et al., 2001; Álvarez and Álvarez-Salgado, 2009).

AABW is the name given to the mixture of water masses formed

around Antarctica, mainly Weddell Sea Deep Water and Lower

Circumpolar Deep Water (Álvarez et al., 2014; Ferreira et al., 2017),

from where they expand to the rest of the oceans, reaching the

North Atlantic Ocean through the Vema fracture after mixing with

the NEADW (Dickson and Brown, 1994). Thus, NEADW is

classified into Upper and Lower North East Atlantic Deep Water

(UNEADW and LNEADW). UNEADW results from the mixing of

ISOW with LSW and MW (Pérez-Rodrıǵuez et al., 2001; Johnson,

2008; Lønborg and Álvarez-Salgado, 2014) and is characterized by

its high salinity. LNEADW is composed mainly of ISOW and

AABW, being characterized by its high oxygen concentration

(Dickson and Brown, 1994; Pérez-Rodrıǵuez et al., 2001; Lønborg

and Álvarez-Salgado, 2014).

The CBGF transports large amounts of coastal dissolved

(DOM) and suspended organic matter (POM) originated in the

Mauritanian coast to the adjacent oligotrophic open ocean (Gabric

et al., 1993; Ohde et al., 2015). In surface and central waters, the

distribution of DOM and POM is dictated by the position of the

CVF and associated meanders and eddies (Álvarez-Salgado and

Arıśtegui, 2015; Campanero et al., 2022; Valiente et al., 2022). In

intermediate and deep waters, POM and DOM distribute according

to water mass mixing and large-scale remineralization of these

materials from the water mass formation areas to the CVFZ

(Campanero et al., 2022; Valiente et al., 2022). The organic

matter that is mineralized in the intermediate and deep layers of

the CVFZ is primarily sinking POM, which is less susceptible to

lateral transport in the surface layer, so it sinks fast into the deeper

layer (Fischer et al., 2009; Álvarez-Salgado and Arıśtegui, 2015;

Campanero et al., 2022; Valiente et al., 2022).
2.2 Sampling strategy

Water samples were collected during the FLUXES I cruise on

board R/V Sarmiento de Gamboa in July-August 2017. The cruise

consisted on a hydrographic box embracing the CVFZ with 35

stations, 50 nautical miles apart, distributed around 4 transects:

North and South of CVF, East (continental slope) and West (open

ocean). Figure 1 shows the stations (black dots) sampled for DOM

characterization during the cruise in each transect. A total of 133

samples were collected from 25 stations. A SBE 38 rosette sampler
Frontiers in Marine Science 05
with 24 Niskin bottles of 12 L was used to collect the water samples.

A SBE 911 plus CTD probe, an SBE-43 oxygen sensor and a

Seapoint fluorometer were attached to the rosette to obtain

continuous vertical profiles of conductivity, temperature, pressure,

dissolved oxygen (DO) and Chl-fluorescence. The calibration of the

sensors was carried out as detailed in Valiente et al. (2022).

For DOM characterization, 5 L of water was collected per

sample in acid-cleaned polycarbonate carboys and refrigerated at

4°C until filtration. To remove the POM, the water sample was

filtered under positive N2 pressure through a combusted (450°C,

4 h) Whatman GF/F filter. Thirty mL of the filtrate was transferred

to combusted (450°C, 12 hours) amber glass vials for DOC and total

dissolved nitrogen (TDN), 20 mL was transferred to polyethylene

vials for nutrients analysis and 50 mL to determine the optical

properties of DOM. While DOC/TDN and nutrient vials were

stored frozen at -20°C until analysis, absorbance and fluorescence

of DOM were measured immediately on board.
2.3 PPL extraction and sample preparation

Isolation of the DOM in 4-4.5 L of the filtrate was performed on

board by solid phase extraction (SPE) using styrene divinyl benzene

polymer cartridges (PPL) following the procedure of Dittmar et al.

(2008). Prior to SPE, the filtered samples were acidified with HCl

(37%, p.a., Merck), adding 1 mL per liter of sample. After extraction,

PPL cartridges were desalinated with Milli-Q water at pH 2 (HCl

37%, p.a., Merck), dried with pure N2 and then stored at -20°C until

elution in the base laboratory. Once in the laboratory, the cartridges

were defrosted and DOM from the resin was eluted with 9 mL of

methanol. These extracts were stored in combusted (450°C, 12 h) 10

mL amber glass vials and refrigerated at -20°C. In order to analyze

the DOC/TDN and the optical properties of the extracts (SPE-

DOM), 500 mL of each extract was evaporated at 40°C to eliminate

the methanol, and then redissolved in Milli-Q water.

Differences in CDOM absorption and fluorescence intensities

due to the inorganic matrix effect caused by redissolving the

extracted DOM in milli-Q rather than in seawater were tested in

a selected group of samples covering the water column from the

surface to 4000 m. Samples were dissolved in low molecular weight

seawater from the study area (with low absorbance and fluorescence

intensities) and in Milli-Q water. The inter-matrix variation of the

tested samples was lower than ±10%. Therefore, no matrix

correction was applied when comparing bulk and extracted

DOM samples.
2.4 Analytical methods

2.4.1 Dissolved organic carbon and total
dissolved nitrogen

Determinations of DOC and TDN in the DOM and SPE-DOM

samples were performed by high temperature oxidation. Samples

were acidified to pH <2 with H3PO4 (85%, p.a., Merck), sparged

with high-purity N2 gas to remove CO2 and analyzed in a Shimadzu

TOC-V organic carbon analyzer in-line with a TNM-1 unit for
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nitrogen determination by chemiluminescence. The instruments

were calibrated daily with potassium hydrogen phthalate (99.95–

100.05%, p.a., Merck) and glycine (99.7%, p.a., Merck). The

accuracy of the analyzer was ±1 mmol L−1 of carbon and ±0.2

mmol L−1 of nitrogen. The performance of the instrument was

verified daily with the Carbon Reference Materials provided by D.

A. Hansell lab (University of Miami, USA).
2.4.2 Inorganic nutrients and dissolved
organic nitrogen

The dissolved inorganic nutrients (NO3
-, NO2

-, NH4
+, PO4 and

SiO4H4) were determined by segmented flow analysis following the

colorimetric methods proposed by Grasshoff et al. (1999), except for

NH4
+ which was determined fluorometrically (Kérouel and

Aminot, 1997). DON was calculated as the difference between

TDN and NO3
- + NO2

- + NH4
+.
2.4.3 Absorption of dissolved organic matter
Absorption measurements of bulk CDOM were performed on

board while those of SPE-CDOM were performed at the base

laboratory after elution. A Jasco V-750 spectrophotometer was

used in both instances. DOM samples, with low absorption, were

determined using 10-cm length quartz cuvettes, while SPE-DOM

samples, hundreds of times more concentrated, were measured in 1-

cm length quartz cuvettes. Measurements were performed at

constant room temperature and the absorption spectra were

recorded from 700 to 250 nm. To obtain the Naperian absorption

coefficient (m-1) the absorbance was multiplied by 2.303 and

divided by the length of the quartz cuvettes (Braslavsky, 2007;

Stedmon and Nelson, 2015). CDOM recoveries were obtained from

measurements of the absorption coefficients at 254 nm (a254), 325

nm (a325), and 365 nm (a365) of the DOM and SPE-DOM samples.

2.4.4 Fluorescence of dissolved organic matter
FDOM was measured on board while SPE-FDOM was

measured in the base laboratory after elution. Both series of

measurements were performed with a Perkin Elmer LS55

luminescence spectrometer operated at a constant room

temperature. Excitation/Emission wavelengths of the fluorescence

humic-like peak M (320 nm/410 nm) and the protein-like peak T

(280 nm/350 nm) (Coble, 2007; Stedmon and Nelson, 2015) were

obtained from the DOM and SPE-DOM samples. The

measurements were performed using slit widths of 10 nm in a

1 cm quartz cuvette. Inner filter correction was avoided as

absorbance values of the samples (using 1-cm cuvettes) did not

exceed the limit value of 0.042 absorbance units (Kothawala et al.,

2013). Milli-Q water was used as the reference blank. The

instrument was calibrated daily in Raman units using a Milli-Q

water sealed cell (Perkin Elmer). Performance of the instrument in

the protein-like region was tested using a Strana p-terphenyl

methacrylate block and in the humic-like region with a Strana

tetraphenyl butadiene methacrylate block. Fluorescence values were

first corrected by subtracting the values obtained with the Milli-Q

water blank from the raw analytical values. In a second step, the
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corrected fluorescence intensities were normalized and expressed in

Normalized Fluorescence Intensity Units (NFIU) using a solution

of quinine sulphate dihydrate (≥99.0%, purity valid for fluorescence,

Fluka) and tryptophan (≥99.0%, Fluka) standards in H2SO4 0.05 M

(95-97%, p.a., Merck) following Nieto-Cid et al. (2005).

Fluorescence recoveries of all the peaks were calculated.
2.4.5 Water bodies in the study area
We extracted the DOM of 133 samples, 50 of them

corresponded to the surface layer and included surface and deep

chlorophyl maximum (DCM) samples. The other 83 samples

corresponded to the central, intermediate and deep waters present

in the CVFZ. The 50 samples of the surface layer were classified into

five water bodies based on three conditions. First, their location

relative to the CVF (as defined by Burgoa et al., 2020): samples were

classified as waters north or south of the CVF (Figure 1). Second,

samples affected by the presence of the Cape Blanc Giant Filament,

as detected from the distribution of satellite-derived surface

chlorophyll a concentration (Valiente et al., 2022; Figure 1). Last,

samples were classified according to their depth into surface and

DCM. In summary, the identified water bodies were: Surface North

(SUP_N), DCM North (DCM_N), Surface South (SUP_S), DCM

South (DCM_S) and The Cape Blanc Giant Filament (CBGF).

To classify the 83 samples from the ocean interior, we applied a

multiparameter water type analysis. A water type (WT) is a body of

water with characteristic thermohaline and chemical properties

originated in a particular ocean area (Tomczak, 1999). The WTs

sampled in the present study have been identified using the analysis

conducted by Valiente et al. (2022), where the variables potential

temperature (q), salinity (S), silicate (SiO4H4) and NO (conservative

chemical parameter; NO = O2 + 9.3·NO3
-; Broecker, 1974); were

used to determine the WT contributions. The thermohaline and

chemical characteristics of each WT are summarized in Table S1.

Eleven WTs were identified by (Valiente et al., 2022): Madeira

Mode Water (MMW), Eastern North Atlantic Central Water of 12°

C (ENACW_12) and 15°C (ENACW_15), South Atlantic Central

Water of 12°C (SACW_12) and 18°C (SACW_18), Subpolar Mode

Water (SPMW), Antarct ic Intermediate Water (AA),

Mediterranean Water (MW), Labrador Sea Water (LSW) and the

Upper (UNEADW) and Lower North East Atlantic Deep Water

(LNEADW). In order to represent better each water body

distribution, we defined the dominant WT on each sample as that

with the largest contribution. Table S2 summarizes the contribution

of each WT to the samples where they were present and to those

where they were the dominant WT. In order to show the results,

WTs were organized into 4 layers: colder central waters

(ENACW_15, SACW_12 and ENACW_12), intermediate waters

(SPMW, AA and MW) and deep waters (LSW, UNEADW and

LNEADW). As SACW_18 and MW did not have samples where

they dominate, their DOM concentrations were not calculated.

Furthermore, as MMW and SACW_12 contribution was minimal

in all samples, we did not consider them for the analysis of the

results. The WT analysis was not applied to the surface layer

because of the nonconservative behavior of chemical variables in

the surface ocean.
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2.4.6 Statistical analysis
We used Kruskal-Wallis tests followed by post-hoc Wilcoxon

tests with Bonferroni correction to test for differences between

layers and within the different water bodies of each layer. Linear

orthogonal distance regression (ODR) was applied to analyze the

relationship between elemental and optical DOM and SPE-DOM

properties. The Shapiro-Wilk normality test was applied to the

residuals of the fitted models. The statistical T-test was used to

compare the DOC and DON concentrations found in our study

with those from Valiente et al. (2022), and also to compare the

intercept and the slope between the ODR equations. The Statistical

Software R.4.1.3 (R Core Team, 2022) was used to conduct

these analyses.
3 Results

3.1 DOC/DON and SPE-DOC/DON

The mean (SD) DOC and SPE-DOC of all samples collected in

the CVFZ were 59.2 (14.7) µM-C and 29.9 (6.1) µM-C, respectively,

with a mean extraction efficiency of 52 (8)%. In contrast, for DON

and SPE-DON they were 5.1 (1.5) µM-N and 1.4 (0.3) µM-N

respectively, resulting in a mean extraction efficiency of only 28

(7)%. Consequently, the mean (SD) C:N molar ratio of DOM and

SPE-DOM were 12.2 (2.9) and 22.4 (2.1), respectively. The specific

values of DOC, SPE-DOC, DON, SPE-DON and the corresponding

ratios and extraction efficiencies for each layer (surface, warm and

cold central, intermediate and deep) and water body (surface water

bodies and water types) are summarized in Table S3 and illustrated

in Figure 3. Examination of these box-whisker plots reveals that

concentration and extraction efficiency values varied between layers

and within the different water bodies of each layer.

Figures 3A, B and Table S3 show that DOC and DON decreased

with depth. The highest DOC values were found in the surface layer

(p < 0.03), followed by the cold central waters, with higher DOC

values than the intermediate and deep waters (p < 0.0004), whereas

significant differences between the latter were not found. The same

pattern was found for SPE-DOC. The highest DON and SPE-DON

values were found in the surface layer (p < 0.001). The cold central

(p < 0.05) and intermediate (p < 0.0003) waters had higher DON

values than deep waters, but significant differences between them

were not found. After extraction, only cold central waters showed

higher values of SPE-DON compared to deep waters (p < 0.01).

Although SPE-DOC and SPE-DON represented quite well the

variability of bulk DOC and DON between layers, within the

layers, they were unable to capture all the variability. Pairwise

comparisons within the surface waters (Figure 3A) revealed that

bulk DOC values were higher in the surface than at the DCM, and

also higher south than north of the CVF. This variability was not

captured by SPE-DOC, where only DCM_S was lower than SUP_S

and SUP_N (p < 0.03). In contrast, DON and SPE-DON values

(Figure 3B) were homogeneous through the water bodies of the

surface layer. Below the surface waters, cold central, intermediate

and deep waters showed no significant differences within each layer
Frontiers in Marine Science 07
in DOC and DON concentrations, but for SPE-DOC and SPE-

DON, SPMW was higher than AA (p < 0.01) and only for SPE-

DON ENACW_15 was higher than ENACW_12 (p < 0.01).

How representative SPE-DOM was of bulk DOM can also be

studied by observing variations in the extraction efficiency through

the water column (Table S3; Figure 3C). If adequately represented,

the extraction efficiency should be nearly constant. Within the

layers, differences occurred only in the surface waters, as SUP_S,

CBGF and DCM_S presented lower values than DCM_N (p < 0.01),

and also SUP_S lower than SUP_N (p < 0.01), while in the water

column only SUP_S presented lower extraction efficiency than the

intermediate waters (p < 0.02). Thus, the DOC extraction efficiency

in the surface waters fluctuated with the water bodies, but below the

surface waters it did not vary significantly. With respect to DON

extraction efficiency between and within the layers, there were no

significant difference. Consequently, the C:N molar ratio was quite

homogeneous through the layers (Figure 3D), and only the

intermediate waters presented lower values than cold central

waters and UNEADW (p < 0.03). After extraction, only AA

presented larger values than SPMW (p < 0.02) and an increase in

the C:N ratio from the original to the extracted one was observed.
3.2 CDOM and SPE-CDOM

The mean (SD) a254 and SPE-a254 of all samples were 1.18 (0.33)

m–1 and 0.57 (0.15) m–1, respectively, with an extraction efficiency

of 49 (8)%. For a325 and SPE-a325 the mean values were 0.24 (0.09)

m–1 and 0.10 (0.04) m–1, respectively, with an extraction efficiency

of 44 (17)%. Moreover, a365 and SPE-a365 mean values were 0.13

(0.06) m–1 and 0.05 (0.03) m–1, respectively, with 42 (21)% of

extraction efficiency (Figure 4). Thus, the CDOM extraction

efficiency of a254 was comparable with the extraction efficiency of

DOC, but for a325 and a365 were significantly lower (Figures 4D–F).

The specific values of a254, a325 and a365 and the corresponding a254/

a365 ratio and the extraction efficiency for each layer and water body

are summarized in Table S4.

For a254 and SPE-a254 (Table S4; Figure 4A), all the surface

water bodies showed the highest values (p < 0.05). The surface

waters south of the CVF presented higher values than to the north

of the CVF. The CBGF presented significantly higher values (p <

0.004) than all the surface waters north of the CVF and also SUP_S

larger than DCM_N (p < 0.05). SPE-a254 presented the same

distribution pattern as a254, but in this case all the surface waters

south of the CVF were higher than those to the north (p < 0.05).

Below the surface waters, there were no significant differences for

a254, except for LNEADW, which had the lowest values of all layers

(p < 0.04). This difference was lost with the extraction, where cold

central, intermediate and deep waters presented similar values.

Longer-wave absorption coefficients measured in the bulk

samples (Table S4; Figures 4B, C) presented higher standard

deviations so that differences between layers and within the water

bodies of each layer were less evident. Thus, for a325 and SPE-325,

only CBGF presented higher values than cold central waters,

intermediate waters, LSW and LNEADW (p < 0.05). Within the

surface layer, CBGF and DCM_S presented higher a325 values than
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SUP_N (p < 0.01) and also CBGF larger than DCM_N (p < 0.01).

This variability was also captured after extraction. But within the

deep waters, while LNEADW presented the lowest a325 values (p <

0.02), after extraction this difference was lost. a365 distributed as

a325, but in this case LNEADW also presented lower values than the

intermediate waters (p < 0.02). However, after extraction,

LNEADW presented similar values than the rest of water bodies.

Thus, CDOM results showed that the surface waters to the south

of the CVF presented higher values than to the north, a pattern that
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was also captured by SPE-CDOM. Furthermore, CDOM results

showed that LNEADW presented the lowest values for all of the

coefficients studied (p < 0.02). This difference was lost after

extraction. SPE-CDOM represented the variability of CDOM

reasonably well, since the variation of the extraction efficiency with

depth for the all the CDOM measurements (Figures 4D–F), did not

differ significantly between and within the layers.

In addition, as an indicator of the quality of the bulk and

extracted CDOM material, we calculated the ratio a254/a365 in
A B

DC

FIGURE 3

(A) DOC, (B) DON, (C) extraction efficiency for DOC (blue) and DON (green), and (D) C:N ratio, for each water body. Dark and light box-whisker
plots represent bulk and SPE values, respectively. The boxes represent the interquartile range of the data, where the dark line represents the median.
The whiskers represent the minimum and maximum values of the range, excluding the outliers, which are represent by dots. The y-axis represents
the water bodies and WTs, water bodies were ordered by its position from the CVF: Waters south of CVF and Water north of CVF, while WTs were
ordered by depth (Table S1) to obtain the water column profile. Water bodies were: Surface North (SUP_N, 5.1 ± 0.4 Dbar), DCM North (DCM_N,
80.1 ± 17.0 Dbar), Surface South (SUP_S, 4.7 ± 0.7 Dbar), DCM South (DCM_S, 35.2 ± 15.0 Dbar) and The Cape Blanc Giant Filament (CBGF, 16.5 ±
15.9 Dbar). WTs were: Madeira Mode Water (MMW, 55.2 ± 21.2 Dbar), Eastern North Atlantic Central Water of 12°C (ENACW_12, 462.0 ± 63.1 Dbar)
and 15°C (ENACW_15, 298.2 ± 14.4 Dbar), South Atlantic Central Water of 12°C (SACW_12, 345.3 ± 61.6 Dbar) and 18°C (SACW_18, 99.2 ± 55.8
Dbar), Subpolar Mode Water (SPMW, 749.3 ± 18.6 Dbar), Antarctic Intermediate Water (AA, 910.3 ± 101.4 Dbar), Mediterranean Water (MW, 1498.1 ±
54.5 Dbar), Labrador Sea Water (LSW, 1519.9 ± 44.5 Dbar) and the Upper (UNEADW, 3048.9 ± 141.4 Dbar) and Lower North East Atlantic Deep Water
(LNEADW, 3822.6 ± 114.4 Dbar).
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CDOM and SPE-CDOM, serving as proxies for the inverse of the

average molecular weight of DOM. We observed that the SPE

procedure caused this index to shift towards higher values in all

water bodies and water types (Table S4). The mean (SD) ratios of

bulk and extracted a254/a365 were 10.88 (7.63) and 13.34 (7.22)

respectively. Before extraction, SUP_N and SUP_S presented the

highest values (p < 0.05). The rest of the water bodies and water

types presented homogeneous values, with the exception of

LNEADW, which presented higher values than intermediate
Frontiers in Marine Science 09
waters, LSW and UNEADW (p < 0.05). After extraction,

variability increased, losing part of the differences found: only

SUP_N presented higher values than CBGF and DCM_S (p < 0.05).
3.3 FDOM and SPE-FDOM

The mean (SD) peak M, SPE-peak M, peak T and SPE-peak T

were 2.47 (0.82), 2.09 (0.64), 3.78 (2.19) and 1.78 (0.64) NFIU,
A B

D E F

C

FIGURE 4

(A) a254, (B) a325 and (C) a365 of the bulk and SPE samples and (D) a254, (E) a325, (F) a365 extraction efficiency, for each water body. Dark and light
values represent bulk and SPE values, respectively. The boxes represent the interquartile range of the data, where the dark line represents the
median. The whiskers represent the minimum and maximum values of the range, excluding the outliers, which are represent by dots. The y-axis
represents the water bodies and WTs, water bodies were ordered by its position from the CVF: Waters south of CVF and Water north of CVF, while
WTs were ordered by depth (Table S1) to obtain the water column profile. Water bodies were: Surface North (SUP_N, 5.1 ± 0.4 Dbar), DCM North
(DCM_N, 80.1 ± 17.0 Dbar), Surface South (SUP_S, 4.7 ± 0.7 Dbar), DCM South (DCM_S, 35.2 ± 15.0 Dbar) and The Cape Blanc Giant Filament
(CBGF, 16.5 ± 15.9 Dbar). WTs were: Madeira Mode Water (MMW, 55.2 ± 21.2 Dbar), Eastern North Atlantic Central Water of 12°C (ENACW_12,
462.0 ± 63.1 Dbar) and 15°C (ENACW_15, 298.2 ± 14.4 Dbar), South Atlantic Central Water of 12°C (SACW_12, 345.3 ± 61.6 Dbar) and 18°C
(SACW_18, 99.2 ± 55.8 Dbar), Subpolar Mode Water (SPMW, 749.3 ± 18.6 Dbar), Antarctic Intermediate Water (AA, 910.3 ± 101.4 Dbar),
Mediterranean Water (MW, 1498.1 ± 54.5 Dbar), Labrador Sea Water (LSW, 1519.9 ± 44.5 Dbar) and the Upper (UNEADW, 3048.9 ± 141.4 Dbar) and
Lower North East Atlantic Deep Water (LNEADW, 3822.6 ± 114.4 Dbar).
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respectively (Figure 5), resulting in average extraction efficiencies of

87 (12)% and 54 (20)%, for peak M and peak T, respectively

(Figure 5C). FDOM, SPE-FDOM and the extraction efficiency for

each layer and water body are summarized in Table S5.

As seen in Table S5 and Figure 5A, DCM_S presented higher

peak M values than ENACW_15 (p < 0.04), the intermediate waters

(p < 0.02) and LSW (p < 0.01), while SUP_N presented the lowest

values of all layers (p < 0.02). The rest of the water bodies and water

types presented similar values. Within the surface water bodies,

larger values of peak M were found at the DCM than in the surface

and also larger to the south than to the north of the CVF, showing

DCM_S the highest fluorescence intensities (p < 0.01), but without

significant differences with CBGF. The same trend was observed for

SPE-peak M. Within the layers below the surface waters, larger peak

M values were found in ENACW_12 than in ENACW_15 (p <

0.001), while in the deep layer, UNEADW presented the highest

values (p < 0.03). For SPE-peak M only SPMW was significantly

higher than AA (p < 0.01).

Peak T (Table S5; Figure 5B) displayed larger values in the

surface water bodies south of the CVF than in cold central,

intermediate and deep waters (p < 0.05), except for UNEADW

which did not present differences with SUP_S. While for SPE-peak

T, only ENACW_15 presented significantly higher values than the

intermediate and deep waters (p < 0.05), but without differences

with LNEADW. Within the surface layer, Peak T presented larger
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values to the south of the CVF than to the north. The latter showed

differences with CBGF and DCM_S (p < 0.005). No differences

between surface and DCM were found. This variability was not

captured through SPE-PPL. Pairwise comparison within layers far

from the surface showed that peak T was distributed

homogeneously along the cold central, intermediate and deep

waters. However, for SPE-peak T, ENACW_15 presented higher

values than ENACW_12 (p < 0.004) and also SPMW was higher

than AA (p < 0.01).

FDOM extraction efficiencies (Table S5; Figure 5C) were not

constant across the water column, presenting variations in relation

to water bodies. SUP_S, SUP_N, CBGF and DCM_N presented

higher peak M extraction efficiency than cold central, intermediate

and deep waters (p < 0.05). Within the surface layer, only DCM_S

differed by presenting the lowest peak M yield (p < 0.05). Below

surface waters, ENACW_15 presented higher peak M yield than AA

(p < 0.05) and AA lower than SPMW (p < 0.01). Likewise, for peak

T extraction efficiency, SUP_N and DCM_S differed from the cold

central waters, intermediate waters and LSW, by presenting the

highest (p < 0.05) and the lowest (p < 0.02) yields respectively.

Within the surface layer, SUP_N presented higher values than

SUP_S, CBGF and DCM_S (p < 0.04), and DCM_N larger than

CBGF and DCM_S (p < 0.04). Below the surface, ENACW_15

presented higher peak T yield than ENACW_12 (p < 0.01) and AA

lower than SPMW (p < 0.04).
A B C

FIGURE 5

(A) peak M, and (B) peak T fluorescence intensity of the bulk and SPE samples, and (C) the peak M and peak T extraction efficiency, for each water
body. Dark and light values represent bulk and SPE values, respectively. The boxes represent the interquartile range of the data, where the dark line
represents the median. The whiskers represent the minimum and maximum values of the range, excluding the outliers, which are represent by dots.
The y-axis represents the water bodies and WTs, water bodies were ordered by its position from the CVF: Waters south of CVF and Water north of
CVF, while WTs were ordered by depth (Table S1) to obtain the water column profile. Water bodies were: Surface North (SUP_N, 5.1 ± 0.4 Dbar),
DCM North (DCM_N, 80.1 ± 17.0 Dbar), Surface South (SUP_S, 4.7 ± 0.7 Dbar), DCM South (DCM_S, 35.2 ± 15.0 Dbar) and The Cape Blanc Giant
Filament (CBGF, 16.5 ± 15.9 Dbar). WTs were: Madeira Mode Water (MMW, 55.2 ± 21.2 Dbar), Eastern North Atlantic Central Water of 12°C
(ENACW_12, 462.0 ± 63.1 Dbar) and 15°C (ENACW_15, 298.2 ± 14.4 Dbar), South Atlantic Central Water of 12°C (SACW_12, 345.3 ± 61.6 Dbar) and
18°C (SACW_18, 99.2 ± 55.8 Dbar), Subpolar Mode Water (SPMW, 749.3 ± 18.6 Dbar), Antarctic Intermediate Water (AA, 910.3 ± 101.4 Dbar),
Mediterranean Water (MW, 1498.1 ± 54.5 Dbar), Labrador Sea Water (LSW, 1519.9 ± 44.5 Dbar) and the Upper (UNEADW, 3048.9 ± 141.4 Dbar) and
Lower North East Atlantic Deep Water (LNEADW, 3822.6 ± 114.4 Dbar).
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3.4 Link between elemental and optical
DOM and SPE-DOM properties

In order to study the link between the elemental and optical

characteristics of the bulk and extracted DOM, linear orthogonal

distance regressions (ODR) were performed between the optical

properties and the DOC and DON concentrations before and after

extraction of each water body (n = 14). Results showed that there

was a linear relationship between DOC and a254 (DOC = 7 (5) + 44

(4) a254; R
2 = 0.92; p < 0.001), but the intercept was marginally

significant (p = 0.06). Upon extraction, the correlation coefficient

decreased, but the intercept became significant and the slopes and

intercepts of both linear regressions were not significantly different

(SPE-DOC = 7 (4) + 40 (6) SPE-a254; R
2 = 0.76; p < 0.01), indicating

that the relation between DOC and a254 was maintained after

extraction. The intercept of the DOC-a254 relationship

represented 11.8 (8.7)% of the average DOC concentration, while

after extraction it became 23.4 (13.8)% of the average SPE-DOC.

Both values were not significantly different. Peak T and SPE-peak T

also correlated with DOC and SPE-DOC, and neither did their

slopes differ (DOC = 33 (7) + 7 (2) peak T; R2 = 0.62; p < 0.001; SPE-

DOC = 13 (2) + 9 (1) SPE-peak T; R2 = 0.90; p < 0.001). Thus, the

goodness of fit (R2) improved after extraction, although the

residuals of both fits were not independent (Shapiro-Wilk: p <

0.002). The intercept of the DOC-peak T relationship represented

55.7 (13.0)% of the bulk DOC, while after extraction it became 43.5

(7.5)% of SPE-DOC, which were not significantly different. Peak T

and SPE-peak T explained alone DON and SPE-DON variability,

improving the R2 after extraction (DON = 2.8 (0.8) + 0.6 (0.2) peak

T; R2 = 0.49; p < 0.005; SPE-DON = 0.4 (0.1) + 0.5 (0.0) SPE-peak T;

R2 = 0.93; p < 0.001). The slopes did not differ significantly. The

intercept of the DON-peak T relationship represented 54.9 (17.1)%

of the average bulk DON, while the intercept of the SPE-DOM-SPE

peak T relationship 28.5 (6.3)% of the average SPE-DON. The linear

correlation of DOC, DON, SPE-DOC and SPE-DON with peak M

and SPE-peak M, a325 and SPE-a325, a365 and SPE-a365, respectively,

were not significant.
4 Discussion

4.1 Elemental and optical characterization
of the natural samples

The present study includes selected stations and depths from

the complete data set of 419 samples analyzed by Valiente et al.

(2022), but sample preparation was not exactly the same in both

studies. Valiente et al. (2022) estimated their DOC and DON

concentrations from unfiltered samples, collected directly from

the Niskin bottles into 25 mL amber glass vials, whereas we

filtered >4 L of seawater through pre-combusted Whatman GF/F

filters to remove particulate organic matter before SPE-DOM

extraction. It would be expected that manipulation would lead to

slightly higher concentrations in our samples, but they followed the

same trend without significant differences except for LSW, which

was slightly higher in our samples (p < 0.05). Consequently, the
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distributions of the bulk DOC and DON observed in this study

generally agree with the description provided in Valiente et al.

(2022): i) higher DOM concentrations in surface water bodies,

particularly accentuated to the south of the CVF, and in the CBGF,

affected by the offshore export of DOM from the Mauritanian

upwelling; and ii) DOM concentrations decreased with depth

generally following the apparent oxygen utilization (AOU) pattern.

a254 and DOC showed parallel distribution, confirming that this

optical index is a good proxy for the variability of DOC in these

ocean waters. a254 is not directly affected by the incident solar UV

radiation as few photons with wavelengths shorter than 295 nm

reach the Earth’s surface (Fichot and Benner, 2011). Therefore,

molecules absorbing at 254 nm can accumulate at the surface as

DOC. Our linear regression of DOC with a254 (DOC = 7 (5) + 44 (4)

a254; R
2 = 0.92; p < 0.001), presented an intercept and a slope similar

to previous studies, such as Lønborg and Álvarez-Salgado (2014)

(DOC = 10 (1) + 40 (1) a254; R
2 = 0.80) in the North East Atlantic

and Catalá et al. (2018) (DOC = 9 (1) + 46 (1) a254; R
2 = 0.87) in the

Mediterranean Sea. The slight differences in the coefficients of the

linear equations among different studies could be related to

specificities of each study area.

Molecular weight and photodegradation was evaluated in our

samples using the a254/a365 ratio, as previous studies (De Haan and

De Boer, 1987; Peuravuori and Pihlaja, 1997; Helms et al., 2008)

have demonstrated that the ratio of the absorption coefficients at

250nm and 365nm was a proxy of the average molecular weight of

CDOM. In the surface waters north and south of the CVF it was

very high (about 21) as a consequence of the photochemical

decomposition of the aromatic molecules that absorb light at

wavelengths >300 nm (Fichot and Benner, 2011). Then, the ratio

decreased with depth to 8-9, except for the LNEADW, which

presented an average value close to 11.5. LNEADW is the oldest

water body in the study area, with the lowest values of DOC and

a254, consistent with the results found in previous studies such as

that of Lønborg and Álvarez-Salgado (2014). The relatively high

value of the ratio a254/a365, suggested that the CDOM fraction in

LNEADW may be enriched in LMW compounds. Since previous

studies have related even not so high values of the ratio to a major

proportion of LMW compounds (Helms et al., 2008), which have

been shown to be older and more refractory than HMW

compounds (Guo et al., 1996; Walker et al., 2014).

The distribution of humic-like fluorescence intensity through

the water column is generally explained by photodegradation of

biological products at the surface and microbial degradation and/or

condensation at depth (Nieto-Cid et al., 2006; Jørgensen et al., 2011;

Catalá et al., 2015). However, in the particular case of the CVFZ, the

CBGF and DCM_S, presented the highest humic-like fluorescence

intensity, in parallel to DOC and DON concentrations and CDOM

absorption coefficients. This indicates that the surface waters south

of the CVF constitute an area with prominent DOM loads, likely

due to the offshore transport of high concentrations of coastal DOM

by of the Cape Blanc filament (Valiente et al., 2022).

The surface accumulation of protein-like compounds is

explained by the fact that they are relatively resistant to

photodegradation and, when produced at a high rate, tend to

accumulate (Jørgensen et al., 2011). Moreover, in our study we
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have observed that the fluorescence intensity varies more in the

epipelagic than in the bathypelagic layer. This was also observed in

prior studies suggesting that these compounds are linked to surface

primary production and have a labile or semi-refractory nature

(Yamashita and Tanoue, 2003; Jørgensen et al., 2011; Helms et al.,

2013). The high fluorescence intensity of protein-like compounds

observed at the DCM, especially south of the CVF, is also consistent

with previous works (Jørgensen et al., 2011; Timko et al., 2015;

Catalá et al., 2016). The decrease of protein-like fluorescence

compounds with depth is consistent with the microbial

degradation of the fresh and labile portion of the DOM in the

meso- and bathypelagic layers (Stedmon and Cory, 2014).

Regarding the link between peak T with DON and DOC, our

results showed that there was a significant linear regression between

protein fluorescence and DON variability. Similarly, a significant

linear relationship was observed in Yamashita and Tanoue (2003)

between total amino acids (portion of DON) and peak T

fluorescence (R2 = 0.83, p < 0.001). In addition, the fluorescence

of peak T was also linearly correlated with DOC, but in this case

peak T alone was not able to explain the entire variability of DOC,

as the residual errors of the regression were not independent.
4.2 PPL-DOM extraction efficiency
and selectivity

The overall extraction yields of DOC and DON using PPL

resins were in accordance with previous studies that used the same

cartridges, such as Hertkorn et al. (2013) in Atlantic Ocean samples

(C: 37-43% and N: 10-28%), Martıńez-Pérez et al., (2017c) in the

Mediterranean Sea (C: 37-53%) and Osterholz et al. (2021) in the

South Pacific (C: 15-52% and N: 2-40%; yields were calculated from

the data in the Supplementary Material, N extraction efficiency was

calculated using the bulk total dissolved nitrogen as they do not

calculated the DON). These recoveries were slightly lower than the

values around 60% or above obtained by other authors (e.g., Green

et al., 2014; Osterholz et al., 2014; Medeiros et al., 2015). A likely

reason for this difference is that we passed about 2 mg C per gram of

PPL sorbent (4-4.5 L of water), while these authors passed not more

than 1 mg C per gram of sorbent, which seems to improve the

recovery of DOM compounds. This assumption aligns with Kong

et al. (2021), who shown that increasing DOC loads led to lower

DOC, absorbance and fluorescence extraction efficiencies.

Furthermore, differences between studies could be due to location

and/or DOM quality and quantity.

The C:N molar ratio of SPE-DOM increased compared to the C:

N ratio of the bulk DOM in the present study (from 12 to 22) as

seen also in Osterholz et al. (2021) and in Hertkorn et al. (2013).

Thus, our results show that the extraction procedure using the PPL

sorbents fractionates the C and N contents of the DOM differently,

potentially leading to an underestimation of a large number of N-

rich compounds, including LMW labile compounds residing in the

DON pool as well as HMW biomolecules as proteins (Sipler and

Bronk, 2015). This SPE-DOM fractionation was consistent with

(Dulaquais et al., 2023; Volikov et al., 2023).
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DOC extraction yield in the surface layer varied between water

bodies in relation to the bulk DOC concentration of the samples.

Surface waters south of the CVF, where DOC concentrations were

higher, showed lower C extraction yields, whilst in surface waters

north of the CVF, higher yields were obtained. Below the surface

layer, DOC extraction efficiency varied slightly around 50% between

water types. It has previously been shown that the extraction yield

on PPL sorbents was higher for LMW than for HMW DOM, e.g.

Chen et al. (2016); Dulaquais et al. (2023); Volikov et al. (2023),

since SPE leads to a preferential isolation of more refractory organic

compounds (Raeke et al., 2016; Arellano et al., 2018), which mostly

belong to the LMW DOM pool (Amon and Benner, 1994; Walker

et al., 2014). These findings are consistent with our observations of

lower extraction efficiency at higher bulk DOM concentrations in

the surface waters south of CVF, considering that in the surface

layers there is a higher proportion of HMW compounds (Chen

et al., 2016). The different extraction efficiencies found here could be

related to the origin, composition, total concentration and DOM

quality of each water body. Despite the variations in the yields, SPE-

DOM presented a parallel distribution to DOM, suggesting that the

variability of SPE-DOM represented a large part of the bulk

DOM variability.

SPE-CDOM also presented a parallel distribution to bulk

CDOM measurements, suggesting that the PPL sorbent had an

affinity for colored organic molecules. Our mean value of a254
recovery, 49 (8)%, was very similar to average DOC recovery 52

(8)%, and also analogous to previous studies such as Andrew et al.

(2016) with C18 resin for a250 recovery. Furthermore, the slope and

intercept of the lineal regression of SPE-DOC with SPE-a254 did not

differ to those of the linear fit of bulk DOC-a254. Thus, this result

indicated that the relation between DOC and a254 was maintained

after extraction.

As CDOM wavelengths increased, a decrease in extraction

recoveries was observed. This meant that the ratio a254/a365 was

higher in the extracted than in the natural samples, implying that

the extracts had lower proportion of HMW compounds (Helms

et al., 2008; Chen et al., 2016; Raeke et al., 2016). This was also

perceived using PPL by Wünsch et al. (2018) in Arctic fjords and

Volikov et al. (2023) on a commercial fulvic acid (dissolved in

ultrapure water). Contrary, when using C18 resins, it was found that

extraction yields increased at longer wavelengths (Green and

Blough, 1994; Boyle et al., 2009; Andrew et al., 2016). The

different extraction yields using both resins suggests that each one

exhibits different affinities toward certain DOM fractions. C18

seems to isolate more efficiently the aromatic compounds,

associated with the HMW, while PPL isolate more refractory

compounds, related to LMW compounds (Helms et al., 2008;

Wünsch et al., 2018).

Likewise DOC, DON and CDOM yields, there was a decrease in

SPE-FDOM intensity relative to the bulk FDOM, affecting

differently the humic- and protein-like components of the

extracted material. While humic-like materials were extracted

with an efficiency of 87 (12)%, protein-like materials were

extracted at 54 (20)%. In this regard, Martıńez-Pérez et al.

(2017a) showed that the humic-like fluorophores presented about
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3-fold fluorescence intensity per unit of carbon in the LMW than

the HMW fraction of DOM. This is consistent with the high

recoveries of humic-like substances by PPL cartridges, that have

more affinity for LMWmolecules. Although protein-like substances

also concentrate in the LMW fraction of DOM (Martıńez-Pérez

et al., 2017a), the much lower recovery efficiency is consistent with

the lower affinity of PPL by N compounds. While SPE-peak M

represented properly the variability of peak M, SPE-peak T showed

a much higher dispersion of the recovery efficiency (C.V., 37%) and

was not able to capture the variability of peak T. Thus, SPE-PPL was

revealed to be selective for the humic-like fluorescent compounds in

agreement with Chen et al. (2016) using PPLs. The differing

extraction efficiencies among classes of fluorescent compounds

was also in agreement with Green and Blough (1994) using C18

resins and Wünsch et al. (2018) using PPLs. However, our

extraction efficiency of humic compounds was considerably

higher than that of the previously mentioned studies. These

differences may have been due to different factors, such as the

type of samples, the extraction method used or the matrix where the

DOM extracts were redissolved: milli-Q water (used in this study),

oligotrophic seawater (Green and Blough, 1994), methanol (Chen

et al., 2016) or ammonium acetate (Wünsch et al., 2018).

Samples located south of the CVF presented a lower protein-

like yield in relation to the samples north of the CVF, which is

consistent with the idea that the DOM north of the CVF was more

degraded and therefore more suited to the selectivity of the resin,

while it was fresher to the south of the CVF. This parallelism found

between the recoveries of DOC and peak T could also be observed

in the DOC vs peak T linear regressions before and after extraction.

The slopes of the regressions, 7 (2) mM NFIU–1 for DOC-peak T

and 9 (1) mM NFIU–1 for SPE-DOC-SPE-peak T, did not differ

between them, which means that the relation of peak T with DOC

was maintained after extraction. The origin intercepts of both fits,

which represent the fraction of DOC that do not correlate with peak

T, were 33 (7) and 13 (2) mM respectively, but when referred to the

average bulk and SPE-DOC concentrations, they were not

significantly different. Likewise, the slopes of the lineal fits of

DON-peak T, 0.6 (0.2) mM NFIU–1, and SPE-DON-SPE-peak T,

0.5 (0.0) mMNFIU–1, did not differ from each other either as well as

the origin intercepts when referred to the bulk and SPE-DON and

peak T levels.
5 Conclusions

Elemental and optical analysis of natural samples showed that

1) surface waters south of CVF presented significantly higher DOM

levels, due to a positive balance between in situ production, inputs

through the Cape Blanc giant filament and removal by

photodegradation and 2) at depth, WTs were far distant from

their formation zones, thus being older and containing a higher

concentration of refractory DOM. SPE-DOC and SPE-DON

distributed similarly to the bulk DOC and DON, but with the

caveat that 1) extraction led to reduce the variability relative to bulk
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DOM; 2) extraction was selective on nitrogen-poor compounds,

increasing the C:N ratio, and 3) extraction yields of DOC in the

surface layer were not constant, depending on the DOM quantity

and quality of each water body.

Optical analysis of CDOM suggested that 1) CDOM extraction

efficiency was constant in the water column, resulting in SPE-

CDOM adequately representing the bulk CDOM distribution, but

with a loss in their variability; 2) a254 proved to be a proxy for DOC

after extraction, and 3) SPE-PPL led to a selective isolation of

compounds from the LMW pool, as indicated by the a254/a365 ratio.

Regarding the FDOM analysis, we observed that 1) SPE-peak M

represented the variability of peak M, but missed some differences

between water bodies within layers; 2) SPE-peak T was not able to

represent peak T appropriately; 3) SPE-PPL selectively isolated

humic- better than protein-like fluorophores; 4) FDOM

recoveries from this study were dependent on water bodies in

relation to DOM characteristics and 5) how peak T represented

DOC and DON was maintained after extraction.

With the results obtained in this study, we want to highlight the

importance of combining different analytical techniques for

characterizing the bulk DOM as elemental and optical analysis.

Future studies on the sorption and elution steps of SPE-PPL are

needed to understand what happens during the extraction process.

Furthermore, more selective techniques for the extraction of HMW

compounds as well as N-rich compounds need to be developed in

order to further characterize the DON.
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photochemical reactivity of fluorescent dissolved organic matter in a coastal
upwelling system. Limnol. Oceanogr. 51 (3), 1391–1400. doi: 10.4319/lo.2006.51.3.1391

Ohde, T., Fiedler, B., and Körtzinger, A. (2015). Spatio-temporal distribution and
transport of particulate matter in the eastern tropical north Atlantic observed by argo
floats. Deep. Res. Part I Oceanogr. Res. Pap. 102, 26–42. doi: 10.1016/j.dsr.2015.04.007

Osterholz, H., Dittmar, T., and Niggemann, J. (2014). Molecular evidence for rapid
dissolved organic matter turnover in Arctic fjords.Mar. Chem. 160, 1–10. doi: 10.1016/
J.MARCHEM.2014.01.002

Osterholz, H., Kilgour, D. P. A., Storey, D. S., Lavik, G., Ferdelman, T. G.,
Niggemann, J., et al. (2021). Accumulation of DOC in the south pacific subtropical
gyre from a molecular perspective. Mar. Chem. 231, 103955. doi: 10.1016/
j.marchem.2021.103955

Pastor, M. V., Pelegrı,́ J. L., Hernández-Guerra, A., Font, J., Salat, J., and Emelianov,
M. (2008). Water and nutrient fluxes off Northwest Africa. Cont. Shelf Res. 28, 915–936.
doi: 10.1016/J.CSR.2008.01.011
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Glossary

a254 Absorption coefficient at 254nm

a325 Absorption coefficient at 325nm

a365 Absorption coefficient at 365nm

a254/a365 Ratio of the absorption coefficients at 254nm and 365nm

AA Antarctic Intermediate Water

AABW Antarctic Bottom Water

CC Canary Current

CBGF Cape Blanc giant filament

CDOM Colored dissolved organic matter

CUC Canary Upwelling Current

CVF Cape Vert Front

CVFZ Cape Vert Frontal Zone

DCM Deep chlorophyl maximum

DCM_N Deep chlorophyl maximum north

DCM_S Deep chlorophyl maximum south

DO Dissolved oxygen

DOC Dissolved organic carbon

DOM Dissolved organic matter

DON Dissolved organic nitrogen

ENACW Eastern North Atlantic Central Water

ENACW_12 Eastern North Atlantic Central Water of 12°

ENACW_15 Eastern North Atlantic Central Water of 15°

FDOM Fluorescence dissolved organic matter

HMW Hight molecular weight

ISOW Iceland Scotland Overflow Water

LMW Low molecular weight

LNEADW Lower North East Atlantic Deep Water

LSW Labrador Sea Water

MC Mauritanian current

MMW Madeira Mode Water

MOW Mediterranean Overflow Water

MW Mediterranean Water

NEADW North East Atlantic Deep Water

NFIU Normalized Fluorescence Intensity Units

ODR Linear orthogonal distance regression

POM Suspended organic matter

PPL Styrene divinyl benzene polymer cartridges

PUC Poleward Undercurrent

RO/ED Reverse osmosis coupled with electrodialysis

(Continued)
F
rontiers in Mar
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Continued

SACW South Atlantic Central Water

SACW_12 South Atlantic Central Water of 12°C

SACW_18 South Atlantic Central Water of 18°C

SD Standard deviation

SE Standard error

SPE Solid phase extraction

SPE-a254 Absorption coefficient at 254nm extracted

SPE-a325 Absorption coefficient at 325nm extracted

SPE-a365 Absorption coefficient at 365nm extracted

SPE-a254/
a365

Ratio of the absorption coefficients at 254nm and 365nm
extracted

SPE-CDOM Extracted colored dissolved organic matter

SPE-DOC Extracted dissolved organic carbon

SPE-DOM Extracted dissolved organic matter

SPE-FDOM Extracted fluorescence dissolved organic matter

SPE-DON Extracted dissolved organic nitrogen
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