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Dissolved organic matter (DOM), the largest marine reservoir of reduced carbon, which contains a complex mix
of polydisperse biopolymers and particularly small molecules in solution. However, we now know that about 10%
of these dissolved moieties can spontaneously aggregate forming a huge mass of highly bioreactive microscopic
particles by forming self-assembled gels (SAG) with a significant role in global carbon cycling. However, the effect
of varying marine environments on DOM self-assembly remains virtually unknown. Here we report variations of
the fraction of DOM that self-assemble forming gels (%¥SAG) measured in seawater samples collected during two
different periods — before and during the autumn bloom— along the Subtropical Frontal Zone off New Zealand;
an area characterized by strong spatiotemporal physicochemical and biological variability. Results show that
%SAG varies in time and space. Measurements of %SAG ranged between 9-28% (14.5 + 5, mean 4+ SD), and
this broad variability could be partly associated to changes in phytoplankton biomass and/or UV radiation. Addi-
tional studies on the effect of a pH on the %SAG, reveal that small pH reductions of 0.3 units can virtually double
the %SAG from 14.5 £ 5 to 27 4 7% (12.5 4 4%, mean =+ SD). The observed increase in the %SAG under reduced
pH was observed in all samples, irrespectively of their origin. This outcome suggests that pH might be a critical
parameter controlling the formation of gels in marine environments. Decreased pH increases the SW concentra-
tion of free ionized Ca ([Ca™2]), the prime DOM crosslinker. Rising [Ca™?] is likely responsible for the observed
%SAG increase. The outcome that %SAG can be strongly affected by small changes in seawater properties, suggest
that DOM self-assembly is remarkably responsive to subtle variations of environmental conditions. SAG are a
leading source of bacterial nutrition and these observations have potentially strong ramifications in the ecology
and biogeochemical cycles of the oceans.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The photosynthetic machinery of the ocean plays a critical role in the
biogeochemical cycling of carbon on our planet. This gigantic photo-re-
actor feeds the ocean with one of the largest stocks of organic carbon on
Earth (Hedges, 1992). Two parallel biological systems linked by a poly-
mer system interact in the ocean. A fuel source bioreactor is fed by solar
energy and a sink bioreactor burns this fuel generating new biomass
that is then recycled as new fuel. Organic fuels released by these marine
bioreactors are polymeric in nature, and the energy pipeline between
source and sink is a dynamic transport system consisting of marine bio-
polymers. Biopolymers make up the bulk of the 102 tons of dissolved
organic carbon (DOC) found in the ocean comprising about one third
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of the whole organic carbon stock found in our planet (Hedges, 1992).
This pool is equivalent to the carbon present in atmospheric CO, in ter-
restrial biomass, and soil humus (Hedges, 1992). However, prior to
complete intracellular metabolization and entry into the carbon cycle,
biomolecules must be cleaved to <600 Da to cross prokaryotes cell
walls, i.e., polysaccharides and proteins from cellular detritus or from
secreted exopolymers must be broken down to small oligosaccharides
and oligopeptides. In the ocean, much of this molecular dismantling is
accomplished by prokaryotic extracellular enzymes (Chrost, 1990;
Smith et al., 1992). Nutrients carried through this “bacterial loop” be-
come available for conversion back to living particulate form either
through photosynthesis or via transfer of bacterial production up food
webs through protists and zooplankton. The continuous transfer of dis-
solved moieties to self-assembled gels (SAG) and subsequent biological-
ly mediated cycling between SAG and microorganisms is critical on a
larger scale to the transfer and fate of nutrients because only living par-
ticles can sink to selectively transport bioactive elements from the
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lighted surface ocean into deep storage below the thermocline (“biolog-
ical pump mechanism”). Dissolved molecules that for some reason get
“stranded” between the living and assimilable size extremes (~1000-
1 nm), comprise an abundant form of remnant biochemical in the
ocean, offsetting the total living biomass by a factor of roughly 200
(Hedges and Oades, 1997). However, the bulk of DOM (~77%) has a mo-
lecular mass of <600 Da (Kaiser and Benner, 2009) and while readily as-
similable owing to their small size, at the low micromolar concentration
found in SW these molecules are not readily accessible to bacteria; in
fact the bulk of refractory DOM is found in this small size pool of
DOM. A corollary to Hedges argument is that - regardless of the com-
plex and abundant taxonomy of susceptible chemical compounds and
corresponding bacterial genes that code for enzymes to cleave specific
chemical bonds (Moran et al.,, 2016) - if DOM self-assembled gels
were a main access pathway to microbial nutrition and degradation of
DOM, the most abundant residues left behind should be either oligo-
mers too large to be incorporated by bacteria but too small to self-as-
semble forming gels. In the bulk SW however, these monomers reach
only micromolar concentrations which drastically limit their incorpora-
tion to bacteria. Consistent with Hedges argument these small oligo-
mers and monomers should progressively increase in time; presently
they are among the most abundant moieties in the pool of refractory
old organic matter particularly found in the deep ocean, where ~70%
of the carbon sequestered in DOM is made out of smaller moieties com-
prising a major reservoir in the global carbon cycle (Hedges, 1992).

The notion that the bulk of free DOC polymers are not directly avail-
able to the marine microbial loop is now well established. Work by sev-
eral groups shows that prokaryotes feed principally on colloidal-
nanometer and micron-size polymer gels (Amon and Benner, 1994;
Johnson and Kepkay, 1992; Orellana et al., 2000; Skoog et al., 1999). A
critical source-sink mass transfer mechanism whereby free DOC poly-
mers self-assemble forming discrete gels of high substrate concentra-
tion that become available to microorganisms has been shown to be
present in the ocean. Laboratory results first demonstrated that free
DOC polymers can spontaneously assemble forming colloidal nanogels
and microgels. This process is reversible, and at equilibrium about 10%
(~10'" tons of organic carbon) of the massive stock of DOC polymers
could potentially self-assemble in seawater (Chin et al., 1998; Ding et
al., 2007; Orellana et al., 2011; Verdugo et al., 2008). Laboratory and
field studies indicate that highly bioreactive SAG can be readily colo-
nized by bacteria (Nagata et al., 2010; Verdugo, 2012; Verdugo et al.,
2008; Verdugo and Santschi, 2010). These findings have fundamentally
changed the way that oceanographers think about processes linking the
microbial loop and biological pump to the rest of the biosphere and the
geosphere (Wells, 1998).

In agreement with previous data of DOM self-assembly (Chin et al.,
1998) and with rates of 2>4Th pumping from colloidal to particulate
size (Guo et al.,, 2002; Moran and Buesseler, 1992), profiles from
4000 m to surface in the open Atlantic and Pacific Oceans and in coastal
waters of the Puget Sound have reported SAG concentrations from
~1 x 10° to ~3 x 10'2 SAGL™! (Ding et al., 2007; Verdugo et al.,
2008). These results suggest that up to 7 x 10'® g of organic carbon
may be present as SAG in the world oceans. These figures amount to a
mass ~10 to 50 times bigger than the global biomass of marine organ-
isms (Begon et al., 1996). Considering that gel formation increases
bioreactivity (Amon and Benner, 1994; Kirchman et al., 1991; Moon et
al., 2007; Orellana et al., 2000), SAG could well be among the richest
pools of bio-reactive carbon on our planet. Changes in the %SAG yield
may have ramifications scaling from the microbial loop to the biogeo-
chemical cycles and global climate (Verdugo et al., 2004; Wells, 1998).

DOC self-assembly follows standard mass law whereby biopolymers
remain in a dynamic and reversible assembly-dispersion equilibrium.
Assembled polymers are held together by Ca? ™ crosslink. They disas-
semble and disperse in Ca® "-free seawater. Like other polymer gels
(De Gennes and Leger, 1982; DuSek and Patterson, 1968; Tanaka,
1981) minute changes in physical or chemical parameters cause abrupt

microgel volume phase transitions (Chin et al., 1998; De Gennes and
Leger, 1982). However, despite SAG comprising a huge mass of marine
organic carbon and playing a critical role in global carbon cycling, field
studies addressing the effect of physical and chemical environmental
fluctuations on DOC self-assembly and corresponding spatiotemporal
variability of #SAG have received very little attention. Based on the hy-
pothesis that fluctuations of environmental parameter may induce cor-
responding changes in the %SAG, here we studied fluctuations of %SAG
along a transect characterized by strong spatial and temporal changes
in physicochemical and biological parameters (e.g. temperature, nutri-
ents, pH, chlorophyll-a).

2. Material and methods
2.1. Study site and sampling

Samples were collected along the Munida Time Series Transect (off
Otago, New Zealand) (Fig. 1). This transect crosses the Southland
Front, the coastal manifestation of the Subtropical Frontal Zone (Butler
et al.,, 1992; Currie et al., 2011; Hawke, 1989; Heath, 1985; Jillett,
1969; Sutton, 2003). This transects gives us access to three contrasting
water masses (i.e., modified subtropical waters, sub-Antarctic waters
and near coastal neritic waters) in a very short distance offshore. This
site has been continuously sampled for physicochemical parameters
for almost two decades (Currie and Hunter, 1999; Currie et al., 2011).
Samples for this study were collected in two single-day cruises, on the
10th of March and the 21st of April of 2015, on board the RV Polaris II,
and targeted 8 stations matching with previous research (Baltar et al.,
2016; Baltar et al., 2015; Currie et al., 2011; Gault-Ringold et al., 2012;
Jones et al., 2013). Continuous surface temperature and salinity mea-
surements were collected along the transect using a Sea Bird SBE45
thermosalinograph and associated SBE38 remote temperature sensor,
with position information appended from the vessel GPS system. At
each station, surface samples were collected in 5 L acid-rinsed plastic
bottles by means of an onboard continuous pump with the inlet located
approximately 2 m below the surface. During each of the cruises, sam-
ples were also collected along a depth profile (from surface to 500 m
deep) at the deepest station (Station 1) using a SBE 25s V2 SEACAT Pro-
filer CTD with a rosette configuration of four to six 12 L Niskin Bottles.
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Fig. 1. Map showing the oceanographic settings around the Southern Island of New
Zealand and the position of the transect and sampling stations. Note that Station 1 is the

farthest from the coast.
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2.2. Inorganic nutrients

Water samples for nitrogen-nitrate (hereafter referred to as nitrate),
dissolved reactive phosphorous (phosphate), and dissolved reactive sil-
ica (silicate) analysis were collected from the CTD bottle casts and sur-
face supply intake system using the Joint Global Ocean Flux Study
(JGOFS) recommended procedures (Knap et al., 1996). Samples were
colourimetrically-analyzed for nutrient concentrations using flow-in-
jection analysis on a Lachat Auto-analyzer according to the methods of
(Parsons et al., 1984).

2.3. Chlorophyll-a concentration

Samples for chlorophyll-a (chl-a) concentration were filtered on
Whatman GF/F 0.7 pm filters on-board, using low vacuum (e.g.
<200 mm Hg) to prevent breaking of algal cells. Following filtration,
these filters were folded and placed into pre-labeled 15 mL polypropyl-
ene centrifuge tubes and were frozen in preparation for analysis. Chl-a
filters were extracted in 90% acetone for approximately 16-24 h and
measured using a pre-calibrated Turner Designs Fluorometer following
the procedures outlined by (Parsons et al., 1984).

2.4. Proportion of organic carbon present in self-assembled gels (%SAG) in
seawater

DOC self-assembly is a reversible process that can eventually vary
depending upon environmental conditions. The method introduced by
Ding et al. (2007) yields precise ratios of assembled to free DOC. The ac-
curacy of this technique was validated against measurements of SAG
concentration using flow cytometry, dynamic laser scattering spectros-
copy, and measurements of total organic carbon carried out by high
temperature (680 °C) oxidation using a Shimadzu TOC-V carbon analyz-
er (Ding et al. (2007)). In the present work, the focus is not to establish
absolute values of assembled versus free DOC budgets but in finding if
environmental conditions can indeed affect the equilibrium between
self-assembled DOC and free DOC, and this is exactly what our results
indicate. The method is based on Chlortetracycline (CTC) labeling
which can be used as a tracer of bound Ca (Rudolf et al., 2003), and
we previously validated its application to label SAG (Chin et al., 1998).
This reagent selectively fluoresces (Nex = 374 nm, N, = 560 nm)
when complexed with Ca bound to free DOC, or to DOC assembled in
the matrix of microgels (Chin et al., 1998). However, fluorescence of
CTC bound to SAG is significantly compared to CTC bound to free DOC.

Briefly, 40 mL samples of seawater were collected in 50 mL
Eppendorf tubes and treated with 5.4 mM NaNs to inhibit microbial ac-
tivity. Samples were refrigerated at 4 °C and processing continued on
the following day. Each sample was gently mixed and gravity filtered
through an 8 pm filter. Seawater samples were labeled with 10 pm
CTC. Each sample was divided into six aliquots of 5 mL each; three
were exposed to ethylenediaminetetraacetic acid (EDTA, 20 mM, pre-ti-
trated at pH 8.2) to chelate Ca?* and disperse gels, the other three were
controls that, instead of EDTA, were supplied an equivalent volume of
0.22 um filtered sample water. As mentioned in the original protocol
(Ding et al., 2007), chelation of Ca®™ results in a decrease of pH (due
to the release of H* from EDTA) that was carefully titrated back to its
original value using NaOH. CTC fluorescence was excited at N =
380 nm and its emission was collected at N = 522 nm using a
SpectraMax M3 (Molecular Devices, Sunnyvale, CA) spectrofluorometer
at room temperature. The proportion of organic carbon present in self-
assembled gels was calculated as the ‘quenching fraction’ (QF) from
the increase in CTC emission between paired samples treated and not
treated with EDTA, using the following expression:

QF = (DQCTCF—QCTCF)/DQCTCF  x 100) (1)

where DQCTCF = CTC emission after EDTA chelation of Ca2+;
QCTCF = quenched CTC emission before EDTA chelation of Ca2 + .

To study the effect of pH reduction on the proportion of organic car-
bon found in self-assembled gels, the pH of control and the EDTA-con-
taining subsamples was titrated down by 0.3 pH units using HCI.
Previous reports have indicated that turnover of calcium carbonate in
the shell of several species is affected differently when SW pH is titrated
with acid as compared by lowering SW pH by increasing carbon dioxide
(Iglesias-Rodriguez et al., 2008). Unfortunately, while bubbling of CO,
can indeed accomplish SW acidification it also results in massive coagu-
lation and formation of macrogels (Kepkay, 1994; Kepkay, 2000;
Mopper et al., 1995). Notwithstanding potential constrains, our results
show that lower SW pH increases SAG formation, and as pointed later,
this outcome is consistent with increased ionic Ca at low SW pH. Al-
though the bubbling with CO, gas seems to more accurately simulates
future ocean acidification chemistry, the HCl-addition method has
been also suggested to be an appropriate method for ocean acidification
studies (Andersson and Mackenzie, 2012). Upon reaching the desired
pH (i.e. in situ pH —0.3), the fluorescence of subsamples was again
measured following the same protocol described above. The pH probe
response was checked each day following standard procedures
(Dickson et al., 2007).

2.5. Statistical analyses

The relations between biological variables were examined by means
of correlation analysis computing Pearson pairwise statistics. Data were
log transformed to equalize variance, and normality was checked with a
Shapiro-Wilks test before Pearson correlations were calculated.

3. Results and discussion
3.1. Regional oceanographic settings

A strong variability was found in temperature, salinity and nutrients
along the transect (Fig. 2), revealing the presence of the main water
masses found in this region (i.e., neritic waters [NW], subtropical waters
[STW] and subantarctic waters [SAW]) (Jillett, 1969). A sharp decrease
in salinity in the coastal waters delimited the NW; which are character-
ized by low, and variable, salinity as well as variable seasonal tempera-
tures due to the influence of riverine dilution and coastal processes
(Croot and Hunter, 1998; Jillett, 1969). The coastal NW are adjacent to
and mixed with the STW, which are characterized by the highest salin-
ity values (Fig. 2B). Then, separating the STW and SAW, there is a strong
decrease in temperature and salinity delimiting the position of the Sub-
tropical Frontal Zone (Fig. 2A, B). The boundary positions between the
different water masses determined in this study are consistent with
previous oceanographic surveys (Baltar et al.,, 2016; Baltar et al., 2015;
Currie et al,, 2011; Jones et al., 2013; Van Hale and Frew, 2010). The lo-
cation of the front is known to oscillate seasonally, being furthest in-
shore in the summer (ranging from 28-40 km offshore) and farthest
offshore in the winter, ranging from 35 to 50 km (Jillett, 1969; Jones
etal,, 2013). However, the position of the front in this study, located be-
tween Station 6-4, did not change significantly between the two cruises
due to short duration of this study (i.e., from the beginning of March to
the end of April).

At this front, the macronutrient-limited (e.g. N, P) STW encounter
the micronutrient-limited (e.g. Fe) SAW. This explains why the nutrient
concentration increased by 3-8 times oceanward (Fig. 2D, E, F). The de-
gree of macronutrient limitation in STW was more pronounced in
March than in April, as shown by the lower nitrate and phosphate con-
centrations in March (Fig. 2). In this region, austral spring and summer
seasons (September to February) coincide with the classic spring phyto-
plankton bloom period, and the late austral autumn (April-May) coin-
cide with the autumn bloom (Jones et al., 2013). This can explain why
the concentration of macronutrients was lower at the beginning of
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Fig. 2. Spatial variability along the surface transect in early March and late April of A) temperature (°C), B) salinity (psu), C) chlorophyll-a (mg m~3), D) nitrate (umol L~ '), E) phosphate
(umol L™ 1), and F) silicate concentration (umol L™ ). Note that the variability of the %SAG along the surface transect is shown in Fig. 4 (A, C).

March (after the end of the spring bloom) than in April (late autumn
bloom was taking place). This is supported by the higher chlorophyll-
a concentration found in April than in March (Fig. 2C). The temperature,
salinity and nutrients patterns observed along the depth profiles were
very similar in March and April (Fig. 3). Temperature decreased and sa-
linity and nutrients increased with depth, a common pattern commonly
found in deep ocean studies. Nutrient concentrations increased by 2-10
fold from surface to 200 m depth (Fig. 3 C, D, E). Overall, a strong vari-
ability in temperature, salinity, nutrients and chlorophyll-a were
found in the region of study, with changes of up to one order of magni-
tude in nutrient concentration.

3.2. Proportion of organic carbon present in self-assembled gels at in situ pH

The in situ percentage of organic carbon present in self-assembled
gels (%SAG) ranged from 9-28% (Fig. 4). These numbers are within
the ranges found in the few available studies where the %SAG has
been reported. A 10% yield of DOM assembly into SAG was found in
the laboratory using 0.2-pm filtered seawater (Chin et al., 1998), a 6-
13% yield was reported in a depth profile (from surface to bathypelagic
waters) at station ALOHA (Ding et al., 2007; Verdugo et al., 2008), and
an average yield of 32% (4 15%; SD) was found in the surface waters
of the high Arctic (Orellana et al., 2011). These numbers are also consis-
tent with the 10-30% of ultra-filterable, colloidal DOC in the ocean
(Baskaran et al., 1992; Guo and Santschi, 1977; Moran and Buesseler,
1992; Verdugo and Santschi, 2010).

This is the first study, to our knowledge, in which the %SAG has been
quantified along a spatial transect, and also in the same stations but at
different times. The region of study was selected due to its known
strong spatial and temporal variability in physicochemical and biologi-
cal parameters. This allows us to shed light on the degree of spatial
and temporal variability of the #SAG. The %SAG variability in the surface
waters along the transect was more pronounced in March (9.3-28.2%)

than in April (9.7-14.6%), revealing, for the first time, that the %SAG
shows temporal changes (Fig. 4). The highest #SAG was found in the
coastal waters during March. No correlation was found between the
%SAG and the physicochemical parameters analyzed in this study in
March. The only significant correlation between %SAG and other param-
eters measured was in April, during the autumn bloom, when SW sam-
ples showed increased chlorophyll-a concentration (Pearson's r = 0.70,
N = 8, p <0.005). This positive relationship between phytoplankton
biomass and the %SAG suggests an important role of the biology (phyto-
plankton) on the in situ formation and yield of SAG. The assembly of
marine biopolymers depends on their concentration as it follows char-
acteristic mass law. This is particularly significant for exopolymer sub-
stances (EPS) released by bacteria and phytoplankton. These
biopolymers contain polyanionic polysaccharides and amphiphilic de-
tergent-like moieties that can form both electrostatic Ca-crosslinks
and hydrophobic bonds (Verdugo, 2012) that are critical in SAG forma-
tion (Ding et al., 2008; Engel et al., 2002; Passow, 2002; Verdugo, 2012;
Wingender et al., 2012). Although field studies on the role of phyto-
plankton on DOC polymer assembly has not been explored, EPS
exocytosed by phytoplankton are known to be an important source of
freshly released undegraded polymers that can readily assemble
forming marine gels (Chin et al., 2004; Quesada et al., 2006; Verdugo
and Santschi, 2010). These observations, together with our results, con-
firm that phytoplankton are probably a major player in the formation of
marine macro and microgels.

Amphiphilic exopolymers from bacteria are likely to play an impor-
tant role in the formation of marine gels (Ding et al., 2008). Conversely
however, bacteria are probably the main agent in marine gel degrada-
tion. Observations that bacteria are found in hot spots (Azam, 1998)
agree with reports of bacteria clustering in marine gels (DeLong et al.,
1993) suggesting that gels may comprise a rich source of marine micro-
bial nutrients. In fact, while the nutrient concentration of DOC in SW is
only ~10~3g L~ of SW, SAG contain ~10 g L~ of gel of DOC substrate.
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SAG are discrete spots containing high nutrient supply where bacteria
can readily settle and use their exoenzymes to harvest and metabolize
a rich substrate of cleaved oligomeric residues (Verdugo et al., 2008;
Verdugo and Santschi, 2010). Confocal optical tomography of SAG col-
lected by filtration from SW of the Puget Sound shows that bacteria in-
side microgels can reach ~8 x 10® bacteria mL~! of gel while the
concentration of bacteria in these SW samples was only ~1.2 x 106 bac-
teria L™'; i.e,, bacteria can probably reach concentrations 2-3 orders of
magnitude higher inside gels than in bulk SW (Moon et al., 2007;
Verdugo, 2012). The critical role of SAG as a source of bacterial substrate
is further supported by findings that bacterial growth measured by thy-
midine incorporation is four times higher in SW containing SAG than in
SW lacking SAG (Orellana et al., 2000). SAG can be also consumed by
protists and larger organisms potentially bypassing the microbial loop
(Orellana et al., 2003). These observations substantiate the notion that
DOC self-assembly and SAG forming can virtually change established
concepts about spatial and temporal dynamics of nutrients and organ-
isms that sustain the microbial loop (Wells, 1998).

As observed in the surface transect, the strongest %SAG variability
along the water column was observed in March. These results reveal,
for the first time, temporal changes in the %SAG occurring also in the
deep waters (mesopelagic). The lowest %SAG along the water column,
in both cruises, were found in the surface waters (Fig. 4). In the only
published %SAG depth profile, the lowest %SAG (around 6%) were also
found at the surface waters (and at 500 m depth), but were higher
(ranging from 9-13%) at all the other sampled depths (i.e., 50, 100,
200, 500, 1000 and 4000 m) (Ding et al., 2007; Verdugo et al., 2008).
Lowest %SAG in surface waters is consistent with the strong effect of
UV on SAG formation observed in laboratory experiments (Orellana
and Verdugo, 2003). These authors found that exposure of DOC to
short wave UV-B (at natural fluxes) results in extensive DOM polymer

cracking, thereby changing the polydispersity of DOC to shorter chain
length, and resulting in decreased yield of assembly, longer assembly
times, and smaller SAG size. This is consistent with polymer networks
theory predictions that assembly/dispersion dynamics of self-assem-
bled tangle networks and the equilibrium size of the resulting gels de-
pends on the second power of the length of the assembling polymers
(Edwards, 1974; Edwards, 1985; Verdugo, 2012). Atomic Force Micros-
copy imaging of marine colloidal organic revealed abundant fibrillar
biopolymers of modern radiocarbon age in the surface waters of the
North Atlantic that were not evident at 550 m (Santschi et al., 1998),
suggesting a potentially lower gel formation in the mesopelagic waters.
However, as found in this and in the previous available study, the
%SAG in the deep can be in the same order or greater than in the sur-
face waters. Studies of DOM concentration through the water col-
umn are well established (Hansell and Carlson, 2001; Hansell and
Carlson, 2002; Hopkinson and Vallino, 2005). However, changes of
polymer size of marine biopolymers through the water column
that may play a critical role in polymer self-assembly have not
been investigated. Our observations are consistent with the idea
that marine polymer size might change with depth. Surface water
SAG formation might be more dependent on short chain DOM due
to the effect of UV polymer cracking. Small moieties like those de-
scribed by Santschi et al., 1998, might compose the stock present
in small micro and nanogels recently found to readily migrate to
the atmosphere (Orellana et al., 2011); whereas in deep waters
not affected by UV radiation, larger biopolymers chains might
form relatively bigger and more stable microgels. Biopolymer con-
centration and polymer size controlled by phytoplankton secretion
on one hand and by microbial degradation and UV fluxes on the
other, are likely to be important determining factors on control
the self-assembly of DOM polymers and %SAG at different depths.
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Fig. 4. Spatial variability along the surface transect (A, C) and depth profile at the deepest station (Station 1) (B, D) in early March (A, B) and late April (C, D) of the proportion of organic
carbon (OC) found in self-assembled gels (%SAG) at in situ pH (white bars) and at 0.3 units-reduced pH using HCl (white plus grey bars). Error bars denote SD (N = 3). Upon reaching the
desired pH, the fluorescence of subsamples (controls and EDTA containing subsamples) was measured. The proportion of organic carbon present in self-assembled gels was calculated as
the ‘quenching fraction’ from the increase in CTC emission between paired samples treated and not treated with EDTA.

3.3. Effect of pH on the proportion of organic carbon present in self-assem-
bled gels

When pH of SW samples was reduced by 0.3 units, the %SAG in-
creased (almost doubled) from a global average of 14.5 + 5 to 27 +
7% (mean 4 SD) (Fig. 4). Under low pH, the %SAG ranged from 17-
45%. The observed increase in the %SAG under reduced pH (12.5 + 4%,
mean =+ SD) was relatively conserved among all samples, irrespective
of their origin. The mean %SAG increase in response to low pH was
15.5 + 4.8% and 10.3 + 1.8% in March and April, respectively. This con-
served positive response of the %SAG to the pH reduction suggests that
pH might be a critical parameter controlling the formation of gels in ma-
rine environments.

Self-assembled DOC polymers forming gels are crosslinked by Ca® ™
bonds (Chin et al., 1998). The dissociation of calcium salts in seawater
(e.g. carbonate, phosphate) increases as the pH decreases with a corre-
sponding increase of free ionized Ca?* available to crosslink free DOC
polymers that may explain the increased %SAG yield under reduce pH.

3.4. Conclusions

The world oceans holds the largest pool of reduced carbon of our
planet. The stock of DOC is comparable to the mass of carbon in atmo-
spheric CO, and in terrestrial biomass and soil humus (Hedges, 1992).
The predicted decrease of around 0.3 units in oceanic pH by the end of
the century — in response to anthropogenic CO, emission (Brewer,
1997; Feely et al., 2009; Haugan and Drange, 1996) — could

dramatically increase (double) the proportion of DOC present as assem-
bled gels. This is critical, since marine gels are an important link for mass
transfer in the ocean. Self-assembly of marine biopolymers move re-
duced carbon from a highly diluted DOM pool to form the discrete con-
centrated porous gels (Verdugo, 2012). Since gel formation increases
bioreactivity (Verdugo, 2012; Verdugo et al., 2008), self-assembled
gels may be among the richest pools of bioreactive carbon in our planet.
Thus, the observed increase in the proportion of DOM that self-assemble
forming gels (%SAG) could strongly influence the passage of DOC
through the microbial loop with ramifications that may scale to global
biogeochemical cycles (Verdugo, 2012; Wells, 1998).

Overall, we have found that the %SAG in surface and deep waters
changes in time and space. The main factors controlling the %SAG
seemed to be related to the phytoplankton biomass and the UV light.
Nevertheless, despite strong changes in physicochemical parameters,
the %SAG was constrained between 9-28%. This stability of the %SAG
yield is not surprising considering that the concentration of DOC, and
the concentration of Ca crosslinker, remain within narrow ranges in sea-
water. However, a reduction in pH (like the one predicted for the end of
this century) could increase free ionized Ca and DOM polymers
crosslinking with potential dramatic increase of %SAG and strong rami-
fications in the ecology and biogeochemical cycles of the oceans.

Acknowledgements
We would like to thank the skippers and crew of the RV Polaris II for

their help during the sampling events, and the technical support by
Doug Mackie, Linda Groenewegen and Reuben Pooley. We would also

Please cite this article as: Baltar, F., et al,, Proportion of marine organic carbon present in self-assembled gels along the subtropical front and its
increase in response to red..., Mar. Chem. (2016), http://dx.doi.org/10.1016/j.marchem.2016.05.014



http://dx.doi.org/10.1016/j.marchem.2016.05.014

F. Baltar et al. / Marine Chemistry xxx (2016) XXX-XxX 7

like to thank Anna Wood for helping with the analysis of the ¥SAG and
to acknowledge the support and insightful comments of the reviewers,
which clearly helped improve the overall merit of the manuscript. FB
was supported by a University of Otago Research Grant (UORG,
11098501RFS).

References

Amon, RM.W.,, Benner, R., 1994. Rapid cycling of high-molecular-weight dissolved organ-
ic matter in the ocean. Nature 369, 549-552.

Andersson, A., Mackenzie, F., 2012. Revisiting four scientific debates in ocean acidification
research. Biogeosciences 9 (3), 893-905.

Azam, F., 1998. Microbial control of oceanic carbon flux: the plot thickens. Science 280,
694-696.

Baltar, F,, Stuck, E., Morales, S., Currie, K., 2015. Bacterioplankton carbon cycling along the
subtropical frontal zone off New Zealand. Prog. Oceanogr. 135, 168-175.

Baltar, F,, Currie, K., Stuck, E., Roosa, S., Morales, S.E., 2016. Oceanic fronts: transition zones
for bacterioplankton community composition. Environ. Microbiol. Rep. http://dx.doi.
org/10.1111/1758-2229.12362.

Baskaran, M., Santschi, P., Benoit, G., Honeyman, B., 1992. Scavenging of thorium isotopes
by colloids in seawater of the Gulf of Mexico. Geochim. Cosmochim. Acta 56 (9),
3375-3388.

Begon, M., Harper, ]., Townsend, C., 1996. Ecology: Individuals, Populations and Commu-
nities. Blackwell Science Ltd, Oxford, UK.

Brewer, P.G., 1997. Ocean chemistry of the fossil fuel CO, signal: the haline signal of “busi-
ness as usual”. Geophys. Res. Lett. 24 (11), 1367-13609.

Butler, E., et al., 1992. Oceanography of the subtropical convergence zone around south-
ern New Zealand. N. Z. ]. Mar. Freshw. Res. 26 (2), 131-154.

Chin, W.C,, Orellana, M.V., Verdugo, P., 1998. Spontaneous assembly of marine dissolved
organic matter into polymer gels. Nature 395, 568-572.

Chin, W.-C,, Orellana, M.V., Quesada, I., Verdugo, P., 2004. Secretion in unicellular marine
phytoplankton: demonstration of regulated exocytosis in Phaeocystis globosa. Plant
Cell Physiol. 45 (5), 535-542.

Chrost, RJ., 1990. Microbial ectoenzymes in aquatic environments. Aquatic microbial
ecologyBiochemical and molecular approaches. Springer, New York, pp. 47-78.
Croot, P.L, Hunter, K.A., 1998. Trace metal distributions across the continental shelf near

Otago Peninsula, New Zealand. Mar. Chem. 62 (3), 185-201.

Currie, K.I, Hunter, K.A., 1999. Seasonal variation of surface water CO, partial pressure in
the southland current, east of New Zealand. Mar. Freshw. Res. 50 (5), 375-382.
Currie, KL, Reid, M.R,, Hunter, KA., 2011. Interannual variability of carbon dioxide draw-
down by subantarctic surface water near New Zealand. Biogeochemistry 104 (1-3),

23-34.

De Gennes, P., Leger, L., 1982. Dynamics of entangled polymer chains. Annu. Rev. Phys.
Chem. 33 (1), 49-61.

DeLong, E.F., Franks, D.G., Alldredge, A.L.,, 1993. Phylogenetic diversity of aggregate-at-
tached vs. free-living marine bacterial assemblages. Limnol. Oceanogr. 38, 924-934.

Dickson, A.G., Sabine, C.L., Christian, J.R., 2007. Guide to best practices for ocean CO, mea-
surements. PICES Special Publication 3 191 pp.

Ding, Y.-X., Chin, W.-C,, Verdugo, P., 2007. Development of a fluorescence quenching
assay to measure the fraction of organic carbon present in self-assembled gels in sea-
water. Mar. Chem. 106 (3), 456-462.

Ding, Y.-X,, et al., 2008. Amphiphilic exopolymers from Sagittula stellata induce DOM self-
assembly and formation of marine microgels. Mar. Chem. 112 (1), 11-19.

Dusek, K., Patterson, D., 1968. Transition in swollen polymer networks induced by intra-
molecular condensation. Journal of Polymer Science Part A-2: Polymer Physics 6 (7),
1209-1216.

Edwards, S., 1974. The dynamics of polymer networks. Journal of Physics A: Mathemati-
cal, Nuclear and General 7 (2), 318.

Edwards, S., 1985. The theory of macromolecular networks. Biorheology 23 (6), 589-603.

Engel, A., Meyerhofer, M., von Brockel, K., 2002. Chemical and biological composition of
suspended particles and aggregates in the Baltic Sea in summer (1999). Estuar.
Coast. Shelf Sci. 55 (5), 729-741.

Feely, R.A., Doney, S.C., Cooley, S.R., 2009. Ocean acidification: present conditions and fu-
ture changes in a high-CO, world. Oceanography 22 (4), 36-47.

Gault-Ringold, M., Adu, T., Stirling, C.H., Frew, R.D., Hunter, K.A,, 2012. Anomalous biogeo-
chemical behavior of cadmium in subantarctic surface waters: mechanistic con-
straints from cadmium isotopes. Earth Planet. Sci. Lett. 341, 94-103.

Guo, L., Santschi, P., 1977. Comparison and cycling of colloids in marine environments.
Rev. Geophys. 35, 17-40.

Guo, L., Hung, C.-C,, Santschi, P.H., Walsh, L.D., 2002. >**Th scavenging and its relationship
to acid polysaccharide abundance in the Gulf of Mexico. Mar. Chem. 78 (2), 103-119.

Hansell, D.A., Carlson, C.A., 2001. Marine dissolved organic matter and the carbon cycle.
Oceanography 14 (4), 41-49.

Hansell, D.A., Carlson, C.A., 2002. Biogeochemistry of Marine Dissolved Organic Matter.
Academic Press, San Diego, Calif.

Haugan, P.M,, Drange, H., 1996. Effects of CO, on the ocean environment. Energy Convers.
Manag. 37 (6), 1019-1022.

Hawke, D.J., 1989. Hydrology and near-surface nutrient distribution along the South
Otago continental shelf, New Zealand, in summer and winter 1986. N. Z. ]. Mar.
Freshw. Res. 23 (3), 411-420.

Heath, R., 1985. A review of the physical oceanography of the seas around New
Zealand—1982. N. Z. ]. Mar. Freshw. Res. 19 (1), 79-124.

Hedges, ].I, 1992. Global biogeochemical cycles: progress and problems. Mar. Chem. 39,
67-93.

Hedges, J., Oades, J., 1997. Comparative organic geochemistries of soils and marine sedi-
ments. Org. Geochem. 27 (7), 319-361.

Hopkinson, C.S., Vallino, ].J., 2005. Efficient export of carbon to the deep ocean through
dissolved organic matter. Nature 433, 142-145.

Iglesias-Rodriguez, M.D., et al., 2008. Phytoplankton calcification in a high-CO, world. Sci-
ence 320 (5874), 336-340.

Jillett, ], 1969. Seasonal hydrology of waters off the Otago Peninsula, south-eastern New
Zealand. N. Z. J. Mar. Freshw. Res. 3 (3), 349-375.

Johnson, B.D., Kepkay, P.E., 1992. Colloid transport and bacterial utilization of oceanic
DOC. Deep-Sea Res. 39, 855-869.

Jones, K.N., Currie, K.I, McGraw, C.M.,, Hunter, K.A., 2013. The effect of coastal processes on
phytoplankton biomass and primary production within the near-shore subtropical
frontal zone. Estuar. Coast. Shelf Sci. 124, 44-55.

Kaiser, K., Benner, R., 2009. Biochemical composition and size distribution of organic mat-
ter at the Pacific and Atlantic time-series stations. Mar. Chem. 113 (1), 63-77.

Kepkay, P.E., 1994. Particle aggregation and the biological reactivity of colloids. Mar. Ecol.
Prog. Ser. 109, 293.

Kepkay, P.E., 2000. Colloids and the Ocean Carbon Cycle, Marine Chemistry. Springer,
pp. 35-56.

Kirchman, D.L., Suzuki, Y., Garside, C., Ducklow, H.W., 1991. High turnover rates of dis-
solved organic carbon during a spring phytoplankton bloom. Nature 352, 612-614.

Knap, A., Michaels, A, Close, A., Ducklow, H., Dickson, A., 1996. Protocols for the joint glob-
al ocean flux study (JGOFS) core measurements. JGOFS, p. 19 Reprint of the I0C Man-
uals and Guides No. 29, UNESCO 1994.

Moon, A, Oviedo, A., Ng, C., Tuthill, ]., Dmitrijeva, J., 2007. Bacterial colonization of marine
microgels. Am. Soc. Limnol. Oceanogr. Aquat. Sci. Meet. Santa Fe, NM.

Mopper, K., Ramana, K.S., Drapeau, D.T., 1995. The role of surface-active carbohydrates in
the flocculation of a diatom bloom in a mesocosm. Deep-Sea Res. II Top. Stud.
Oceanogr. 42 (1), 47-73.

Moran, S.B., Buesseler, K.0., 1992. Short Residence Time of Colloids in the Upper Ocean Es-
timated from 23® U-2**Th Disequilibria.

Moran, M.A,, et al,, 2016. Deciphering ocean carbon in a changing world. Proceedings of
the National Academy of Sciences 201514645.

Nagata, T., et al., 2010. Emerging concepts on microbial processes in the bathypelagic
ocean-ecology, biogeochemistry, and genomics. Deep-Sea Res. Il Top. Stud. Oceanogr.
57 (16), 1519-1536.

Orellana, M.V., Verdugo, R., 2003. Ultraviolet radiation blocks the organic carbon ex-
change between the dissolved phase and the gel phase in the ocean. Limnol.
Oceanogr. 48, 1618-1623.

Orellana, M., Vetter, Y., Verdugo, P., 2000. The Assembly of Dom Polymers Into Pom
Microgels Enhances Their Susceptibility to Bacterial Degradation. American Geophys-
ical Union, 2000 Florida Ave., N. W. Washington, DC 20009 USA.

Orellana, M.V, et al.,, 2003. Tracing the source and fate of biopolymers in seawater: appli-
cation of an immunological technique. Mar. Chem. 83 (1), 89-99.

Orellana, M.V, et al,, 2011. Marine microgels as a source of cloud condensation nuclei in
the high Arctic. Proc. Natl. Acad. Sci. 108 (33), 13612-13617.

Parsons, T., Maita, Y., Lalli, C,, 1984. A Manual of Chemical and Biological Methods for Sea-
water Analysis. Pergamon Press, Oxford 173 pp.

Passow, U., 2002. Transparent exopolymer particles (TEP) in aquatic environment. Prog.
Oceanogr. 55, 287-333.

Quesada, I, Chin, W.-C,, Verdugo, P., 2006. Mechanisms of signal transduction in photo-
stimulated secretion in Phaeocystis globosa. FEBS Lett. 580 (9), 2201-2206.

Rudolf, R.,, Mongillo, M., Rizzuto, R., Pozzan, T., 2003. Looking forward to seeing calcium.
Nat. Rev. Mol. Cell Biol. 4, 579-586.

Santschi, P.H., Balnois, E., Wilkinson, K]., Buffle, J., 1998. Fibrillar polysaccharides in ma-
rine macromolecular organic matter as imaged by atomic force microscopy and
transmission electron microscopy. Limnol. Oceanogr. 43 (5), 896-908.

Skoog, A., Biddanda, B., Benner, R., 1999. Bacterial utilization of dissolved glucose in the
upper water column of the Gulf of Mexico. Limnol. Oceanogr. 44, 1625-1633.

Smith, D.C,, Simon, M., Alldredge, A.L, Azam, F., 1992. Intense hydrolytic enzyme activity
on marine aggregates and implications for rapid particle dissolution. Nature 359,
139-142.

Sutton, P.J., 2003. The southland current: a subantarctic current. N. Z. ]. Mar. Freshw. Res.
37 (3), 645-652.

Tanaka, T., 1981. Gels. Sci. Am. 244 (1), 124.

Van Hale, R, Frew, R.D., 2010. Rayleigh distillation equations applied to isotopic evolution
of organic nitrogen across a continental shelf. Mar. Freshw. Res. 61 (3), 369-378.

Verdugo, P., 2012. Marine microgels. Annual Review of Marine Science 4 (0), 375-400.

Verdugo, P., Santschi, P.H., 2010. Polymer dynamics of DOC networks and gel formation in
seawater. Deep-Sea Res. II Top. Stud. Oceanogr. 57 (16), 1486-1493.

Verdugo, P., et al., 2004. The oceanic gel phase: a bridge in the DOM-POM continuum.
Mar. Chem. 92 (1), 67-85.

Verdugo, P., et al., 2008. Marine biopolymer self-assembly: implications for carbon cycling
in the ocean The Royal Society of Chemistry Faraday Discuss. 139, 393-398.

Wells, M.L., 1998. A neglected dimension. Nature 391, 530-531.

Wingender, J., Neu, T.R., Flemming, H.-C., 2012. Microbial Extracellular Polymeric Sub-
stances: Characterization, Structure and Function. Springer Science & Business Media.

Please cite this article as: Baltar, F,, et al., Proportion of marine organic carbon present in self-assembled gels along the subtropical front and its
increase in response to red..., Mar. Chem. (2016), http://dx.doi.org/10.1016/j.marchem.2016.05.014



http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0005
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0005
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0010
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0010
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0015
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0015
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0020
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0020
http://dx.doi.org/10.1111/1758-2229.12362
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0030
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0030
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0030
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0035
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0035
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0045
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0045
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0045
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0050
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0050
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0055
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0055
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0060
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0060
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0060
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0065
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0065
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0070
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0070
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0075
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0075
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0075
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0080
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0080
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0080
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0085
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0085
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0090
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0090
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0095
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0095
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0095
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0100
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0100
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0100
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0105
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0105
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0110
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0110
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0110
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0115
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0115
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0120
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0125
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0125
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0125
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0130
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0130
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0130
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0135
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0135
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0135
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0140
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0140
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0145
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0145
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0145
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0150
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0150
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0155
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0155
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0160
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0160
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0160
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0165
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0165
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0165
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0170
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0170
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0175
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0175
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0180
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0180
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0185
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0185
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0190
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0190
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0190
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0195
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0195
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0200
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0200
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0205
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0205
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0205
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0210
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0210
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0215
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0215
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0220
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0220
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0225
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0225
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0230
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0230
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0230
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0235
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0235
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0240
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0240
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0240
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0245
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0245
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0245
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0245
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0250
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0250
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0255
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0255
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0255
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0260
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0260
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0260
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0265
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0265
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0265
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0270
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0270
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0275
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0275
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0280
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0280
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0285
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0285
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0290
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0290
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf1000
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf1000
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0295
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0295
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0295
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0300
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0300
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0305
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0305
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0305
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0310
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0310
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0315
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0320
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0320
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0325
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0330
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0330
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0335
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0335
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0340
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0340
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0345
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0350
http://refhub.elsevier.com/S0304-4203(16)30063-9/rf0350
http://dx.doi.org/10.1016/j.marchem.2016.05.014

	Proportion of marine organic carbon present in self-�assembled gels along the subtropical front and its increase in respons...
	1. Introduction
	2. Material and methods
	2.1. Study site and sampling
	2.2. Inorganic nutrients
	2.3. Chlorophyll-a concentration
	2.4. Proportion of organic carbon present in self-assembled gels (%SAG) in seawater
	2.5. Statistical analyses

	3. Results and discussion
	3.1. Regional oceanographic settings
	3.2. Proportion of organic carbon present in self-assembled gels at in situ pH
	3.3. Effect of pH on the proportion of organic carbon present in self-assembled gels
	3.4. Conclusions

	Acknowledgements
	References


