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• First report of CDOM and tracemetals in
the eastern lagoon of New Caledonia

• S275–295 and SUVA254 reveal the impor-
tance of CDOM photodegradation in
the lagoon.

• CDOM in the lagoon coming from rivers,
corals, bacterial activity and open ocean

• Relationships between fluorescent
CDOM and Ni, Co and Mn
concentrations
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The eastern lagoon of New Caledonia (NC, Southwest Pacific), listed as a UNESCOWorld Heritage site, hosts the
world's second longest double-barrier coral reef. This lagoon receives river inputs, oceanic water arrivals, and
erosion pressure from ultramafic rocks, enriched in nickel (Ni) and cobalt (Co). The aim of this studywas to char-
acterize colored dissolved organic matter (CDOM), as well as to determine its main sources and its possible rela-
tionships (through the use of Pearson correlation coefficients, r) with biogeochemical parameters, plankton
communities and tracemetals in the NC eastern lagoon.Water samples were collected inMarch 2016 along a se-
ries of river/lagoon/open-ocean transects. The absorption coefficient at 350 nm (a350) revealed the influence of
river inputs on the CDOMdistribution. The high values of spectral slope (S275–295, N0.03m−1) and the low values
of specific ultraviolet absorbance (SUVA254, b4 L mg-C−1 m−1) highlighted the photodegradation of CDOM in
surface waters. The application of parallel factor analysis (PARAFAC) on excitation-emission matrices (EEMs)
allowed the identification of four CDOM components: (1) one humic- and one tyrosine-like fluorophores. They
had terrestrial origin, exported through rivers and undergoing photo- and bio-degradation in the lagoon. These
two fluorophores were linked to manganese (Mn) in southern rivers (r = 0.46–0.50, n = 21, p b 0.05). (2) A
tryptophan-like fluorophore, which exhibited higher levels offshore. It would be potentially released from
the coral reef. (3) A second tyrosine-like (“tyrosine 2-like”) fluorophore. Linked to Prochlorococcus cyanobacteria
(r = 0.39, n = 47, p b 0.05), this fluorophore would have an oceanic origin and enter in the lagoon through its
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southern and northern extremities. It also displayed relationshipswith Ni and Co content (r=0.53–0.54, n=21,
p b 0.05). This work underlines the diversity of CDOM sources in the NC eastern lagoon.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Dissolved organic matter (DOM, b0.2–0.7 μm), which is the basis of
the microbial loop, plays a key biogeochemical role in marine environ-
ment (Chisholm, 2000; Carlson and Hansell, 2015; Santinelli, 2016).
Chromophoric or colored dissolved organic matter (CDOM) is the com-
ponent of DOM that absorbs light over a broad range of ultraviolet (UV)
and visible wavelengths. The abundance and distribution of CDOM in
the ocean is essentially controlled by in situ biological production, ter-
restrial inputs (sources), photodegradation, microbial consumption
(sinks), and deep ocean circulation (Siegel et al., 2002; Nelson et al.,
2007; Kowalczuk et al., 2013; Nelson and Siegel, 2013).

CDOM is themajor factor controlling the attenuation of UV radiation
in the ocean, protecting marine organisms against harmful solar effects
(Mora et al., 2000; Sempéré et al., 2015), but may also compete with
chlorophyll a (Chl a) for the attenuation of photosynthetically available
radiation (PAR) (Nelson and Siegel, 2013). CDOM is highly
photoreactive and efficiently degraded upon exposure to solar radia-
tion. The photodegradation of CDOM in the surface waters leads to its
bleaching (loss of absorption and fluorescence) (Helms et al., 2008;
Andrew et al., 2013; Su et al., 2015) and to the production of free radi-
cals, dissolved inorganic carbon, carbonmonoxide, carbonyl sulfide, nu-
trients and low molecular weight organic compounds (Mopper et al.,
2015). The photodegradation of CDOM therefore modifies DOM bio-
availability to heterotrophic bacteria and significantly impacts the oce-
anic carbon cycle. Finally, CDOM, particularly humic substances, may
interact with tracemetals and organic pollutants, modifying their toxic-
ity and fate in the aquatic medium (Gauthier et al., 1986;Mounier et al.,
2011).

In coastalmarinewaters, CDOMmay originate from various sources:
(1) marine (autochthonous) sources with excretion/release/production
at different scales from primary producers (Chen et al., 2017), bacteria
(Jørgensen et al., 2011), zooplankton (Steinberg et al., 2004), fishes
(Nimptsch et al., 2015), etc. … (2) terrestrial sources with OM from
soil and higher plants carried to marine waters through rivers, runoff
or groundwater (Del Vecchio and Blough, 2002; Benner et al., 2005;
Lu et al., 2016), and (3) anthropogenic sources with OM released from
domestic effluents (Tedetti et al., 2012; Carstea et al., 2016). In coastal
(shallow) waters, sediments may also represent a source of CDOM for
the water column during sediment resuspension events (Komada
et al., 2002; Guigue et al., 2017). Hence, the great variety of CDOM
sources and of transformation processes makes the coastal CDOM a
complex and heterogeneous pool of organic molecules displaying a
broad range of structure and reactivity (Benner et al., 2005; Cao et al.,
2016). Whereas most research dealing with the dynamics of CDOM in
coastal waters has focused on temperate or high latitude environments,
the sources and dynamics of CDOM in tropical coral reef areas remain
much less known (Tedetti et al., 2011; Rochelle-Newall et al., 2014; Nel-
son et al., 2015), although tropical environments have received special
attention in recent years due to coral bleaching in the context of global
change (Weishaar et al., 2003; Biscéré et al., 2017; Wolanski et al.,
2017).

The eastern lagoon of New Caledonia (Southwest Pacific), listed as a
UNESCO World Heritage site in 2008, hosts the world's second largest
double-barrier coral reef after the Great Barrier Reef. The New Caledo-
nian barrier reef, interspersed with passes, is 1500 km long and 100–
1000 m width. The eastern lagoon of New Caledonia is impacted by
river inputs and the flushing of oligotrophic oceanic water pushed into
the lagoon by the external Vauban Current, large cyclonic gyres, tide,
and trade winds (Cravatte et al., 2015) through narrow passages

(Andre and Pelletier, 2009). Also, areas near the shore along New
Caledonia's east coast have been extensively impacted by the extraction
of ultramafic rock for nickel (Ni) and cobalt (Co) exploitation (Cluzel
et al., 2001; Fandeur et al., 2009; Dublet et al., 2012, 2015), which accel-
erates the natural soil erosion.Due to their shoreline location, eroded ul-
tramafic materials are directly transported to the lagoon, as evidenced
by remote sensing or in situ measurements. Continuous releasing of
trace metals from these ultramafic materials has durably impacted the
lagoon ecosystem (Labrosse et al., 2000), including geochemical signa-
tures on the shoreline (Fernandez et al., 2006), sediments and pore-
water in mangrove swamps (Marchand et al., 2011), benthic popula-
tions (Hédouin et al., 2011) and coral reef (Biscéré et al., 2017). No
CDOM or trace metal measurements have however yet been conducted
in the eastern lagoon of New Caledonia.

While the quenching effect of trace metals on CDOM has been iden-
tified with laboratory experiments (Ryan et al., 1983; Wu et al., 2010;
Mounier et al., 2011), few works have highlighted the potential effect
of CDOM-metal complexation in natural waters (Stijn et al., 2011). In-
deed, the potential complexation between CDOM and trace metals
could reduce their toxicity and thus have a positive ecological impact
on marine ecosystems (Pandey et al., 2000). In the context of an oligo-
trophic lagoon undergoing the combined influence of the open ocean
and water sheds under erosion pressures, a better understanding of
CDOM origins is essential. Therefore, the objective of this study was to
characterize and determine themain sources of CDOM in the eastern la-
goon of New Caledonia, subjected to ultramafic erosion pressure, along
a series of river/lagoon/open-ocean transects. The sampling period was
the wet season in order to capture potential river plumes or biological
bloom events in the lagoon. Along with CDOM, biogeochemical param-
eters, plankton communities and trace metals were determined to bet-
ter differentiate terrestrial andmarine sources of CDOM and its possible
relationships with trace metals. To our knowledge, this work is the first
investigation of the coupling between CDOM properties, trace metal
concentrations and phyto- and bacterio-plankton communities in a
coral reef ecosystem submitted to erosion pressure from mining
activities.

2. Materials and methods

2.1. Study area

New Caledonia's main island (Grande Terre, 16,360 km2) is
surrounded by a 1500 km long and 100–1000 m width barrier reef
(Fig. 1). Reef and lagoon together cover an area of approximately
22,200 km2, 86% of which is lagoon. In the eastern lagoon, water
depth varies from 40 to 80 m, with a submarine valley (Jollit et al.,
2010), and water temperature is generally N25 °C. The barrier reef is al-
most totally submerged except at some locations. A specific feature of
the eastern coast is the numerous rivers flowing into bays (Fig. 1).
From South to North, these are the Yaté, Pourina, Koualoue-Ouinné,
Thio, Canala, Houailou, Ponerihouen and Tchamba, Tiwaka and
Ouaième. These rivers drain watersheds of different geological origins.
The southern rivers drain ultramafic lands, while the northern rivers
drain karstic lands (Bonvallot et al., 2013). The origin of surface water
in the eastern lagoon is a mixture of water from rivers, depending on
the rain intensity, and oceanic water arrivals through passes from the
warm tropical area surrounding the Vanuatu island group
(Marchesiello et al., 2010). New Caledonia's lagoon was affected by
coral bleaching in February 2016 (Payri et al., 2017), and undergoes
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pressures from local human activities, principally fishing and Ni extrac-
tion, which have been impacting the lagoon ecosystem for a long time.

2.2. Sampling

Samples were collected on board R/V Alis during the CALIOPE 3
cruise (9–22 March 2016, austral summer) along 278 km of the east
coast through 12 transects including river, coastal, lagoon and offshore
(oceanic) waters (Fig. 1; Table 1). This cruise was the third cruise of
the CALIOPE IRD research project (CALIOPE 1 and CALIOPE 2 cruises
conducted in October 2011 and March 2014, respectively) (Dupouy
et al., 2014). A total of 57 stations were sampled: transect 1–4 from
South to North (9–11 March), and transect 5–12 from North to South
(12–22March). All transectswere carried out from the bay to ocean, ex-
cept transect 11 fromHienghene to Poindimié (Fig. 1; Table 1). A dinghy
was deployed for sampling in shallow waters (b10-m depth), i.e., in all
river stations (ST1, ST2, ST8, ST9, ST12-ST14, ST16, ST18, ST19), 9 coastal
stations (S1, S7, S39, S33, S28, S27, S21, S23, S12) and 2 lagoon stations
(S34, S16), when the weather was favorable (Table 1).

Strong rains were observed on 10 March (accumulated rainfall of
622 mm in March 2016 compared to a yearly average of 135 mm). At
the North of Ouaième (transect 12) and Canala (transect 7), 24-h accu-
mulated rainfall was 107 and 153 mm, respectively. This rainy weather
persisted until 12–13 March with a strong rain convergence cell above
Borindi (transect 5), leading to an accumulated rainfall of 207mm (Na-
tional Meteorology of New Caledonia). Tide levels during sampling var-
ied between 0.47 and 1.14 m.

Salinity, temperature and fluorescence of total Chl awere measured
in the water column using a conductivity temperature depth (CTD)/ro-
sette system including a SeaBird Electronics (SBE) 911 plus, a Wetlabs
C-meter and 8-L Niskin bottles. For coastal, lagoon and oceanic stations,
samples were collected at 2-m depth with all 8 Niskin bottles of 8-L

capacity for CDOM, nutrient, Chl a, organic carbon and plankton commu-
nity analyses. For river, samples were collected at 1-m depth aboard the
Alis' dinghy with a GOFLO bottle for CDOM, organic carbon and trace
metal analyses. Coastal stations at the same transect as river stations sam-
pled for trace metal analyses were also sampled for trace metals with a
GOFLO bottle. Coastal stations at transect 2, 4 and 5 were not sampled
for trace metals with a GOFLO bottle because no river stations were sam-
pled at these transects. The GOFLO bottle was cleaned with hydrochloric
acid (HCl) 1 N and 3 times with Milli-Q water between each transect.

Water samples for CDOM were immediately filtered onboard in a
low vacuum on 0.2 μm Millipore GSWP filters in acid-cleaned Nalgene
filtering units. Between each sampling operation, the whole filtration
system was cleaned by filtering Milli-Q water. Filtered samples were
stored in pre-combusted (450 °C, 6 h) 25-mL Schott glass bottles, and
kept in the dark at 4 °C. Unfiltered samples for total organic carbon
(TOC) were stored in pre-combusted glass ampoules, flame-sealed
after addition of 10 mL of 85% phosphoric acid, and kept in the dark at
4 °C. Forty milliliters of unfiltered water was immediately mixed with
20 μL of mercury chloride and kept in the dark at 4 °C for nutrient anal-
yses. For particulate organic carbon (POC), 2 L of water were filtered on
pre-combusted 25-mm GF/F filters, further kept at−20 °C. For Chl a,
2.5 L of water were filtered on 47-mm GF/F filters, immediately kept
at−20 °C and later at−80 °C. Samples for flow cytometry were pre-
pared from 1.8 mL of water fixed with 200 μL of paraformaldehyde
(4%final concentration). After a reaction timeof 15min in ambient tem-
perature, samples were frozen and first stored at−169 °C in liquid N2

and later at−80 °C until analysis.

2.3. CDOM absorption

CDOM absorbance (Aλ) was measured on 0.2-μm filtered samples
stirred at low pressure (30 rpm) at room temperature. Measurements

Fig. 1. Study area in the eastern coast of NewCaledonia (Southwest Pacific Ocean). Twelve transects were performed in twoparts: red part (transects 1–4, 9–11March 2016) and blue part
(transects 5–12, 12–22 March 2016). Rivers and villages associated for each transect are: (1) Yaté river, (2) Pourina river, (3) Kouakoue-Ouinne river, (4) Solitaire, (5) Toupeti, (6) Thio
river, (7) Canala, (8) Kouaoua river, (9) Houailou river, (10) Ponerihouen, (11) Tiwaka river, (12) Ouaieme river. The last (themost off-shore) station of each transect is situated outside of
the barrier reef (see Table 1). Ocean Data View software version 4.6.5, Schlitzer, R., http://odv.awi.de, 2014. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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were conducted from 275 to 800 nm in 2 nm intervals using a liquid
core waveguide system with an optical pathlength of 2 m (LLCW,
World Precision Instruments, Inc.) and a Hamamatsu spectrophotome-
ter C10082CA. Between each processing of the sample, the capillary
waveguide cell was flushed and filled with purified water used as
blank according to the method described by Kowalczuk et al. (2013).
After the acquisition of a dark (detector out) and the reference blank
with Milli-Q water, each spectrumwasmeasured in triplicate to ensure
replicability. All measured spectra were corrected for residual absor-
bance, by assuming that the average of measured values over a 5 nm in-
terval around 698 nmmust be 0, and shifting the spectra as proposed by
Organelli et al. (2014). A spectrum of a 100 g L−1 NaCl solution made
with combusted 99.99% pure NaCl salt was run to correct the effect of

salinity on pure water absorption. The relative instrument sensitivity,
given by themanufacturer, is between 10 and 28% with a spectral reso-
lution of 2 nm. Aλ ismeasured at±10−6. Aλ valueswere then converted
into CDOM absorption coefficients, aλ (m−1), using the following equa-
tion:

αλ ¼
2:303Aλ

L

where Aλ is the absorbance at wavelength λ (dimensionless) and L is
the pathlength (m). The absorption of CDOM at 350 nm was used as a
proxy for CDOM concentrations (Biers et al., 2007; Kowalczuk et al.,
2010). The detection limit of a350 was estimated at 0.05 m−1.

Table 1

Characteristics of stations sampled at 2-m depth in the eastern coast of New Caledonia during CALIOPE 3 cruise (9–22 March 2016).

Transect Station Day
TU

Hour
TU

Longitude
[°East]

Latitude
[°South]

Depth
(m)

Transect name Water
type

Tide Analyses

1 S1 9 4 166.972 −22.144 53.1 Yaté Coast Increasing CDOM/nutrients/Chl a/TOC/plankton communities/trace metals
1 S51 19 20 167.033 −22.111 76 Yaté Ocean Increasing CDOM/nutrients/Chl a/TOC/plankton communities
1 S52 19 21 167.091 −22.093 313 Yate Ocean Increasing CDOM/nutrients/Chl a/TOC/plankton communities
1 S53 20 0 167.005 −22.129 54 Yaté Lagoon Decreasing CDOM/nutrients/Chl a/TOC/plankton communities
2 S2 9 19 166.775 −22.003 56 Pourina Coast Increasing CDOM/nutrients/Chl a/TOC/plankton communities
2 S3 9 21 166.818 −21.993 55 Pourina Lagoon Decreasing CDOM/nutrients/Chl a/TOC/plankton communities
2 S47 19 0 166.919 −21.924 315 Pourina Ocean Low CDOM/nutrients/Chl a/TOC/plankton communities
2 S4 9 23 166.853 −21.981 40 Pourina Ocean Decreasing CDOM/nutrients/Chl a/TOC/plankton communities
3 S5 10 2 166.766 −21.906 45 Kouakoue Ocean Low CDOM/nutrients/Chl a/TOC/plankton communities
3 S6 10 3 166.791 −21.866 150 Kouakoue Ocean Increasing CDOM/nutrients/Chl a/TOC/plankton communities
3 S7 10 20 166.726 −21.969 50 Kouakoue Coast Increasing CDOM/nutrients/Chl a/TOC/plankton communities/trace metals
3 S8 10 21 166.745 −21.934 75 Kouakoue Lagoon High CDOM/nutrients/Chl a/TOC/plankton communities
3 ST1 10 20 166.688 −21.982 2 Kouakoue River Increasing CDOM/TOC/trace metals
3 ST2 10 20 166.694 −21.981 2 Kouakoue River Increasing CDOM/TOC/trace metals
4 S9 11 0 166.593 −21.853 50 Solitaire Coast Decreasing CDOM/nutrients/Chl a/TOC/plankton communities
4 S10 11 1 166.624 −21.827 50 Solitaire Lagoon Decreasing CDOM/nutrients/Chl a/TOC/plankton communities
4 S11 11 3 166.668 −21.789 260 Solitaire Ocean Low CDOM/nutrients/Chl a/TOC/plankton communities
5 S40 17 22 166.484 −21.621 571 Toupeti Ocean Low CDOM/nutrients/Chl a/TOC/plankton communities
5 S41 18 0 166.489 −21.675 40 Toupeti Ocean Increasing CDOM/nutrients/Chl a/TOC/plankton communities
5 S42 18 1 166.461 −21.692 45 Toupeti Lagoon Increasing CDOM/nutrients/Chl a/TOC/plankton communities
5 S43 18 2 166.456 −21.714 45 Toupeti Coast Increasing CDOM/nutrients/Chl a/TOC/plankton communities
6 S36 17 0 166.295 −21.547 43 Thio Ocean Increasing CDOM/nutrients/Chl a/TOC/plankton communities
6 S38 17 5 166.258 −21.568 37 Thio Lagoon Decreasing CDOM/nutrients/Chl a/TOC/plankton communities
6 S37 17 2 166.345 −21.495 673 Thio Ocean Increasing CDOM/nutrients/Chl a/TOC/plankton communities
6 S39 17 19 166.242 −21.605 12 Thio Coast Decreasing CDOM/nutrients/Chl a/TOC/plankton communities/trace metals
6 ST16 17 19 166.224 −21.607 2 Thio River Decreasing CDOM/TOC/trace metals
6 ST18 17 19 166.257 −21.570 2 Thio River Decreasing CDOM/TOC/trace metals
6 ST19 17 19 166.227 −21.616 2 Thio River Decreasing CDOM/TOC/trace metals
7 S32 16 4 166.154 −21.398 400 Canala Ocean Decreasing CDOM/nutrients/Chl a/TOC/plankton communities
7 S33 16 19 166.080 −21.507 35 Canala Coast Decreasing CDOM/nutrients/Chl a/TOC/plankton communities/trace metals
7 S35 16 21 166.122 −21.444 40 Canala Ocean Low CDOM/nutrients/Chl a/TOC/plankton communities
7 S34 16 20 166.102 −21.476 50 Canala Lagoon Decreasing CDOM/nutrients/Chl a/TOC/plankton communities/trace metals
7 ST14 16 19 166.071 −21.527 2 Canala River Decreasing CDOM/TOC/trace metals
8 S29 15 19 165.864 −21.336 50 Kouaoua Lagoon Decreasing CDOM/nutrients/Chl a/TOC/plankton communities
8 S31 16 0 165.917 −21.250 301 Kouaoua Ocean Increasing CDOM/nutrients/Chl a/TOC/plankton communities
8 S28 15 4 165.835 −21.378 15 Kouaoua Coast Decreasing CDOM/nutrients/Chl a/TOC/plankton communities/trace metals
8 S30 15 22 165.883 −21.299 50 Kouaoua Ocean Increasing CDOM/nutrients/Chl a/TOC/plankton communities
8 ST12 15 4 165.826 −21.383 2 Kouaoua River Decreasing CDOM/TOC/trace metals
8 ST13 15 4 165.834 −21.371 2 Kouaoua River Decreasing CDOM/TOC/trace metals
9 S24 14 20 165.729 −21.101 500 Houailou Ocean Increasing CDOM/nutrients/Chl a/TOC/plankton communities
9 S26 14 23 165.667 −21.202 30 Houailou Lagoon Increasing CDOM/nutrients/Chl a/TOC/plankton communities
9 S27 15 1 165.652 −21.235 30 Houailou Coast Increasing CDOM/nutrients/Chl a/TOC/plankton communities/trace metals
9 S25 14 22 165.703 −21.148 50 Houailou Ocean Increasing CDOM/nutrients/Chl a/TOC/plankton communities
10 S20 13 4 165.457 −21.018 48 Ponerihouen Lagoon Decreasing CDOM/nutrients/Chl a/TOC/plankton communities
10 S19 13 2 165.544 −20.940 104 Ponerihouen Ocean Decreasing CDOM/nutrients/Chl a/TOC/plankton communities
10 S21 13 19 165.425 −21.044 21 Ponerihouen Coast Increasing CDOM/nutrients/Chl a/TOC/plankton communities/trace metals
11 S16 12 4 165.085 −20.583 1000 Hienghene (Tiwaka) Lagoon Low CDOM/nutrients/Chl a/TOC/plankton communities/trace metals
11 S17 12 20 165.189 −20.690 41 Hienghene (Tiwaka) Lagoon Increasing CDOM/nutrients/Chl a/TOC/plankton communities
11 S22 13 22 165.322 −20.860 50 Touho-Poindimie Lagoon Increasing CDOM/nutrients/Chl a/TOC/plankton communities
11 S23 14 0 165.315 −20.898 24 Poindimié Coast High CDOM/nutrients/Chl a/TOC/plankton communities/trace metals
11 S18 12 22 165.315 −20.773 550 Hienghene (Tiwaka) Ocean Increasing CDOM/nutrients/Chl a/TOC/plankton communities
11 ST8 14 0 165.371 −20.934 2 Hienghene River High CDOM/TOC/trace metals
11 ST9 14 0 165.369 −20.920 2 Hienghene River High CDOM/TOC/trace metals
12 S15 12 2 164.981 −20.519 460 Ouaieme Ocean Decreasing CDOM/nutrients/Chl a/TOC/plankton communities
12 S12 11 20 164.865 −20.617 9 Ouaieme Coast Increasing CDOM/nutrients/Chl a/TOC/plankton communities/trace metals
12 S13 11 21 164.903 −20.594 400 Ouaieme Lagoon High CDOM/nutrients/Chl a/TOC/plankton communities
12 S14 11 23 164.939 −20.557 600 Ouaieme Ocean Decreasing CDOM/nutrients/Chl a/TOC/plankton communities
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Spectral indicators were determined from absorption coefficients to
have more information about CDOM structure (molecular weight, aro-
maticity): (1) Spectral slope, S (nm−1), was computed according to
the equation:

aλ ¼ aλ0" e−S λ−λ0ð Þ

where aλ is the absorption coefficient at thewavelength λ, aλ0 is the ab-
sorption coefficient at reference wavelength λ0 and S is the spectral
slope from λ0 to λ (λ0 b λ). Two spectral ranges were used for the S cal-
culation: 275–295 nm (S275–295) and 350–400 nm (S350–400). The slope
ratio (SR) was calculated as the ratio of S275–295 to S350–400 according to
Helms et al. (2008). S350–400 was determined by applying a non-linear
(exponential) least-squaresfit, whereas S275–295was obtained by apply-
ing a linear least-squares fit to the log-transformed data. SR is related to
themolecular weight distribution of CDOMwith low values (b1) indic-
ative of enrichment in high molecular weight (HMW) compounds and
high values (N1) indicative of enrichment in low molecular weight
(LMW) compounds (Helms et al., 2008). (2) We also determined the
specific ultraviolet absorbance (SUVA254, in L mg-C−1 m−1), an indica-
tor of aromaticity of CDOM, by dividing the absorption coefficient at
254 nm by the DOC concentration (mg L−1) according to Weishaar
et al. (2003) and Helms et al. (2008).

2.4. CDOM fluorescence

Fluorescence excitation-emission matrices (EEMs) were conducted
using a Hitachi F-7000 spectrofluorometer in accordance with Tedetti
et al. (2012) and Ferretto et al. (2017). Samples were allowed to reach
room temperature in the dark and then transferred into a 1 cm
pathlength for UV silica quartz cuvette (170–2600 nm), thermostated
at 20 °C in the cell holder by an external circulating water bath. EEMs
were generated over excitation wavelengths (λEx) between 220 and
550 nm in 5 nm intervals, and emission wavelengths (λEm) between
280 and 550 nm in 2 nm intervals, with 5 nm bandwidths on both Ex
and Em sides. The scan speed was 1200 nm min−1, the time response
0.5 s, and the PMT voltage 700 V (Tedetti et al., 2011; Mendoza et al.,
2012). Spectral corrections for Ex and Em were made in accordance
with the manufacturer (Hitachi F-7000 Instruction Manual), as de-
scribed in Tedetti et al. (2012). Blanks (purewater) and solutions of qui-
nine sulfate dihydrate (Fluka, purum for fluorescence) in 0.05 M
sulphuric acid (H2SO4) were run with each set of samples.

With regard to the low absorption coefficients recorded here, sam-
ples were not corrected for inner filtering effects (Helms et al., 2008;
Murphy et al., 2013; Tedetti et al., 2016). EEMs were (1) normalized
to the water Raman scattering peak to account for the daily variations
in the instrument sensitivity, (2) blank-corrected by subtracting the
pure water EEM (i.e., the average of the pure water EEMs generated be-
fore, during and after the analyses of a set of samples), and (3) converted
into quinine sulfate units (QSU), where 1 QSU corresponds to the fluo-
rescence of 1 μg L−1 quinine sulfate in 0.05 M H2SO4 at λEx/λEm of
350/450 nm. The slope of the linear regression of quinine sulfate stan-
dards was 11.2 with a correlation coefficient (r) N 0.99. The detection
limit of the fluorescence measurement was 0.10 QSU.

Parallel factor analysis (PARAFAC) is a statistical decomposition
technique used to extract the most representative fluorescent compo-
nents within an EEM dataset. PARAFAC was run with MATLAB R2010A
using the DOMFLUOR toolbox. Our EEM dataset was composed of 151
samples from CALIOPE 3 but also CALIOPE 1 and 2 cruises, i.e., surface
marine samples (47 × 3: CALIOPE 1–3) and 10 river samples (CALIOPE
3 only). The model was validated using random split half analysis and
the number of components was determined by the examination of re-
siduals from models, the explained variance values and Tucker congru-
ence coefficient (TCC) values, as in Gao and Guéguen (2016). For each
component is given fluorescent intensity at the maximum (Fmax),

which is the product of the maximal excitation and the maximal emis-
sion loadings by the score (Murphy et al., 2013).

2.5. Biogeochemical and biological analyses

NOx, the sum of nitrate (NO3
−) and nitrite (NO2

−), and silicate
(Si(OH)4) were analyzed by colorimetry on an auto-analyzer with con-
tinuous flux (AA3 Bran + Luebbe autoanalyser) (Murphy and Riley,
1962; Raimbault et al., 1990). The coefficient of variation (CV) between
replicates was b0.3%. After grinding on the GF/F filter, Chl a extracted in
90% acetonewas analyzed with a fluorometer Trilogy Turner 7200-000.
TOC concentration was determined on 3 replicates using a TOC-V ana-
lyzer (Shimadzu) according to the method by Luciani et al. (2008).
POC was analyzed by a persulfate wet-oxidation method under slightly
alkaline conditions (Raimbault et al., 1999). Dissolved organic carbon
(DOC) concentrations were estimated as the difference between TOC
and POC concentrations. It should be noted that POC data are not pre-
sented in this paper. Pico- and nano-phytoplankton, as well as hetero-
trophic bacteria abundances were analyzed by flow cytometry using a
FACSCantoII BD Science (Plateforme Cytométrie-Imagerie Laboratoire
Arago, Banyuls sur Mer). Phytoplankton communities were classified
according to their optical properties as Prochlorococcus (Proc),
Crocosphaera (Croc), Synechococcus (Syn), nanoeukaryotes (NanoEuk)
andpicoeukaryotes (PicoEuk). Synwere further separated into two sub-
groups in accordance with their phycoerythrin fluorescence intensity:
SynFL2- and SynFL2. Total bacteria were separated in two groups ac-
cording to Lebaron et al. (2001): HNA bacteria (high nucleic acid con-
tent), responsible for the major share of the bulk activity, and LNA
bacteria (low nucleic acid content).

2.6. Trace metal analyses

Trace metal concentrations were determined in accordance with
Moreton (2009) in 3 steps: (1) Simultaneous treatment of 3 pre-
concentration cartridges under a laminar flow hood on board, (2) elu-
tion of cartridges at the AEL (Analytical Environmental Laboratory in
Nouméa), (3) determination of dissolved concentrations of some trace
metals, i.e., Co, copper (Cu), manganese (Mn) and Ni using a Perkin
Elmer Nexion 350× Inductively Coupled Plasma Mass Spectrometer
(ICP-MS) with a six-point calibration, ranging from 0.5 to 100 μg L−1.
Standards were prepared by diluting a 100mg L−1multi-element solu-
tion (ICP-MS grade-CPA). A reference sample (TMDA 51.4) (values: Co
= 70.6 ± 4.5 μg L−1, Cu = 80.7 ± 6.9 μg L−1, Mn = 84.3 ± 6.6
μg L−1, Ni = 65.7 ± 4.5 μg L−1) was run to certify the series of metal
data acquisitions. Milli-Q was used as blank. 63Cu, 55Mn and 60Ni were
analyzed by kinetic energy discrimination (KED)with helium as the col-
lision gas, while 59Co was analyzed in standard mode. Detection limits
were 7, 9, 8 and 3 ng L−1 for Co, Cu, Mn and Ni, respectively.

2.7. Statistics

Two Principal Component Analysis (PCAs) were conducted on the
basis of Pearson's correlation matrices using XLSTAT 2011.2.05. PCA
(a) was applied on 47 samples, including coastal, lagoon and oceanic
stations, for various variables: salinity, biogeochemical parameters
(NOX, Si(OH)4, TOC, Chl a concentrations), plankton communities
(Proc, Croc, SynFL2-, SynFL2, NanoEuk, PicoEuk, HNA and LNA bacteria),
CDOM absorption parameters (a350, S275–295, SR, SUVA254) and CDOM
fluorescence parameters (fluorescence intensities of the four compo-
nents). PCA (b) was applied only to all (10) river samples, 9 coastal sta-
tions and 2 lagoon stations (21 samples) for trace metal concentrations
(Co, Cu, Mn, Ni), and fluorescence intensities of the four CDOM compo-
nents. Ocean Data View (ODV) software version 4.6.5 (Schlitzer, R.,
http://odv.awi.de, 2014) was employed for the spatial representation
of CDOM and biogeochemical parameters. The spatial interpolation/
gridding of data was performed using Data-Interpolating Variational
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Analysis (DIVA) (Barth et al., 2010; Troupin et al., 2012). ArcGIS soft-
ware was used for the spatial distribution of trace metals.

3. Results

3.1. Spatial distribution of salinity, biogeochemical and biological

parameters

Salinity, Si(OH)4, NOX, Chl a and TOC concentrations are shown in
Table SI-1 and their spatial distribution in Fig. 2. Salinity ranged from
31.1 to 35.5 with the lowest values observed at the river mouths, espe-
cially between transects 5 (Toupeti) to 8 (Ponerihouen), and in the
North (transect 11 in Tiwaka rivers), while the highest ones were re-
corded in the southernmost (transect 1–4) and northernmost parts
(transect 12) (Table SI-1; Fig. 2a). Si(OH)4 concentration substantially
decreased from rivers (403.8 ± 3.5 μM) to ocean (4.3 ± 3.2 μM), with
a maximum recorded in transect 6 in Thio river (Table SI-1; Fig. 2b).

NOX concentration presented almost the same spatial distribution as
Chl a concentration except in the northern part where the highest NOX

concentrationwas observed between transects 11 and 12, much further
north than the Chl amaximum (transects 10–11) (Table SI-1; Fig. 2c, d).
Chl a showed a wide range of concentrations (0.02–3.51 μg L−1) with
strong gradients between river, lagoon and offshore waters all along
the eastern coast (Table SI-1; Fig. 2d), except in the North. There, the
highest Chl a concentrations were found in transects 10 and 11 at
Ponerihouen and Tiwaka rivers, with mean values of 0.99 ± 0.37 and
0.81 ± 0.26 μg L−1, respectively, as against a mean value of 0.37 ±
0.17 μg L−1 for the whole eastern coast. Mean TOC concentration in
the eastern coastwas 79.9±9.1 μMwith the highest concentrations ob-
served in the northern part. No trend in TOC concentration was found
from rivers to offshore waters (Table SI-1; Fig. 2e).

LNA and total bacteria abundances displayed the same spatial distri-
bution with maxima found in transects 10 and 11 (Ponerihouen and
Touho) (Table SI-1; Fig. 3b, f). LNA accounted for 52 to 69% of total bac-
teria for the whole dataset. The highest abundances of HNA bacteria
were noted between transects 10–11, and in coastal stations of transect
6 to 8 (Table SI-1; Fig. 3e). Synechococcus were the most abundant in
transects 10 and 11, as Chl a concentration. SynFL2- and SynFL2

Fig. 2. Spatial distribution of a) salinity, b) silicate concentration (Si(OH)4, μM), c) nitrate + nitrite concentration (NOx, μM), d) chlorophyll a concentration (Chl a, μg L−1) and e) total
organic carbon (TOC, μM). Maximal values of NOX and Si(OH)4 scales have been fixed at 1 and 20 μM, respectively to provide contrasted spatial distributions although maximal
concentrations are of 20.9 and 406.3 μM, respectively (see Table SI-1). Ocean Data View software version 4.6.5, Schlitzer, R., http://odv.awi.de, 2014.
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presented a different pattern, SynFL2- being relatively more abundant
at the coast than SynFL2 (Table SI-1; Fig. 3c, d). NanoEuk showed a spa-
tial distribution similar to those of Chl a, Synechococcus cyanobacteria
and PicoEuk (Table SI-1; Fig. 3a, c, d). Contrary to other bacteria identi-
fied, Proc and Croc-spp. were more abundant in oceanic waters, with
the highest concentrations observed in the northernmost and southern-
most parts of the eastern coast, especially at transect 3 (Ouinné Bay)
(Table SI-1; Fig. 3g, h).

3.2. Trace metal concentrations

The highest concentrations of dissolved metals were found in the
southern part, with an increasing concentration of Ni N Mn N Co N Cu
(Table SI-2; Fig. 4a–d). Ni concentrations reached a maximum of 24.7
μg L−1 in transect 3 (ST1, ST2, S7) in Ouinné river and were elevated
at Thio (transect 6, ST16-ST19, S39), Canala (transect 7, ST14, S33,
S34) and Kouaoua (transect 8, ST13 and S28) (Table SI-2; Fig. 4a). The

Fig. 3. Spatial distribution of abundances of a) nanoeukaryotes, b) total bacteria, c) Synechococcus FL2-, d) Synechococcus FL2, e) HNA bacteria, f) LNA bacteria, g) Crocosphaeras, and
h) Prochlorococcus (in 103 cell L−1). Ocean Data View software version 4.6.5, Schlitzer, R., http://odv.awi.de, 2014.
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maximal Ni concentration measured here (24.7 μg L−1) is relatively
close to the maximum allowable concentration for environmental
quality standards (MAC-EQS) of Ni and related compounds in surface
waters defined by the European Union Water Framework Directive
(WFD, 2013/39/EU) (i.e., 34 μg L−1). This shows that Ni concentra-
tions may potentially impact biota in this ecosystem. The highest
concentrations of Co, Mn and Cuwere observed in the same transects
where are situated mining extraction areas (transects 6 to 8; Figs. 1,
4b–d) and where 37% of the soil is highly eroded (transect 3), as a re-
cent study by the Environmental Observatory of New Caledonia,
2015 determined.

3.3. Spatial distribution of CDOM absorption properties

a350 ranged from 0.06 to 2.38 m−1 (detection limit of 0.05 m−1)
with the highest values (N0.15 m−1) recorded in the northern part in
river and coastal stations (Table SI-1; Fig. 5a). A large plume of elevated
a350 (N0.40 m−1) was found in transects 6 and 11, as a result of the
flushing of Thio and Tiwaka rivers expanding over the barrier reef
(Fig. 5a). The other transects presented a decreasing gradients of a350
from rivers to ocean passages. S275–295 (ranging from 0.002 to
0.112 nm−1) and SR (ranging from 0.07 to 7.90) increased from rivers
to oceanic waters (Table SI-1; Fig. 5b, c). SUVA254 varied between 0.97
and 2.97 L mg C−1 m−1. Like a350, it decreased from rivers to ocean ex-
cept in the South (transect 1 to 4) (Table SI-1; Fig. 5d).

3.4. CDOM fluorescent components

Four CDOM fluorescent components (C1–C4) were identified by the
PARAFACmodel validated on 151 EEM samples. The spectral character-
istics of C1-C4 are presented in Fig. SI-1 and compared to fluorescent
components reported in the literature (Table 2). C1 and C3 were analo-
gous to the group of protein-like fluorophores, precisely to the tyrosine-
like fluorophore for C1 and the tryptophan-like fluorophore for C3. C2
corresponded to humic-like according to the literature (Table 2). C4,
very close to C1 (Fig. SI-1; Table 2), is denoted hereafter as tyrosine 2-
like fluorophore.

3.5. Spatial distribution of CDOM fluorescent components

Fig. 6 shows the spatial distribution of the four CDOM fluorescent
components along the eastern coast. Tyrosine-like (C1) and humic-
like (C2) fluorophores displayed similar spatial distributions, with the
highest fluorescence intensities observed in rivers around transects 5–
7 (11.9–21.5 QSU for C1 and 24.0 for C2) and transects 9–11 (12.9
QSU for C1 and 26.3 QSU for C2), where respectively the Thio and
Tiwaka/Ponerihouen river flows strongly impacted the lagoon after a
strong rain event (10 and 12–13 March). Globally, C1 and C2 fluores-
cence intensities decreased from the coast to offshore waters
(Table SI-1; Fig. 6a, b). Tryptophan-like (C3)fluorophore exhibited a dif-
ferent pattern with the highest fluorescence intensities found in lagoon

Fig. 4. Spatial distribution of dissolved a) nickel (Ni), b) cobalt (Co), c) manganese (Mn) and d) copper (Cu) (in μg L−1). Maps were plotted with ArcGIS.
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waters, in transect 5 (56.7 QSU) and transect 11 (30.7 QSU) when
samples were collected at high tide (Table SI-1; Fig. 6c). Plumes of
tryptophan-like material from the barrier reef to the coast were re-
corded during high tide (Table 1). Contrary to the other
fluorophores, the tyrosine 2-like (C4) component did not display
any specific pattern (increase or decrease) along the river-coast-
offshore gradient, but rather recorded its highest fluorescence inten-
sities in the northernmost and southernmost parts of the eastern
coast (Table SI-1; Fig. 6d).

3.6. Relationships between CDOM, biogeochemical and biological

parameters

PCA (a) was conducted with salinity, biogeochemical parameters,
plankton communities and CDOM parameters on coastal, lagoon and
oceanic stations (47 samples). The correlation circle and the projection
of samples on the first factorial plane (F1 versus F2) are shown (Fig. 7a,
b). F1, which explained 38% of the total variability within samples, was
positively correlated to a350, SUVA254, humic- and tyrosine-like

Fig. 5. Spatial distribution of a) CDOM coefficient absorption at 350 nm (a350 in m−1), b) spectral slope over the range 275–295 nm (S275–295 in nm−1), c) slope ratio (SR), and d) specific
ultraviolet absorbance (SUVA254 in L mg-C−1 m−1). Ocean Data View software version 4.6.5, Schlitzer, R., http://odv.awi.de, 2014.

Table 2

Excitation and emissionmaxima (λex and λemmax) of the four CDOM fluorescent components (C1–C4) validated by the PARAFACmodel, and identification of these components by com-
parison with the literature data.

This study Previous studies

Comp λex

(nm)
λem

(nm)
Type Comp. λex (nm) λem

(nm)
Ref. Type Possible origin in natural aquatic water

C1 220
(275)

304 Tyrosine-like C1 275 b300 1 Tyrosine-like Autochthonous (heterotrophic prokaryotes or
phytoplankton)Component 8 275 304 2

B 225(275) 304 3
B2 270–280 304–310 4
C1-M 275 305 7

C2 235 460 Humic-like A 230–260 400–480 4 Humic-like Terrestrial DOM: agricultural land derived, photo-resistant
productTerrestrial

humic-like
b260 454 5

A 230 476 3
GoM3 b250 462 8

C3 230
(300)

352 Trytophan-like T1 220–235 334–360 4 Tryptophan-like Autochthonous (heterotrophic prokaryotes or
phytoplankton)T 280 350 9

Tryptophan b

230(290)
358 11

C2 230(280) 340 10
Tryptophan-like 230(280) 352 14

C4 245
(275)

304 Tyrosine 2-like Protein-like
material: B

270–280 300–340 12 Tyrosine-like Partially degraded food waste, undigested dietary fibre, etc.

Tyrosine-like: B 270 300 13

Ref. 1: Murphy et al. (2008), Ref. 2: Stedmon andMarkager (2005), Ref. 3: Tedetti et al. (2016), Ref. 4: Coble (1996), Ref. 5: Yamashita et al. (2010a), Ref. 6: Stedmon et al. (2007), Ref. 7:
Zhang et al. (2013), Ref. 8: Yamashita et al. (2015), Ref. 9:Nieto-Cid et al. (2005), Ref. 10: Ferretto et al. (2017), Ref. 11:Massicotte and Frenette (2011), Ref. 12:Huguet et al. (2009), Ref. 13:
Halim et al. (2013).
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fluorophores, nutrients and planktonic abundance, except Proc and
Croc. It was negatively related to SR, S275–295, tryptophan- and tyrosine
2-like fluorophores, salinity and Proc/Croc cyanobacteria. F2 explained

17% of the total variability and was positively related to the four
fluorophores identified. It was negatively correlated to the bacterial
abundance. a350, SUVA254, humic- and tyrosine-like fluorescence

Fig. 6. Spatial distribution of fluorescence intensity (QSU) of the four CDOM fluorescent components: a) C1: tyrosine-like, b) C2: humic-like, c) C3: tryptophan-like, and d) C4: tyrosine 2-
like. Ocean Data View software version 4.6.5, Schlitzer, R., http://odv.awi.de, 2014.

Fig. 7. Principal component analysis (PCA), based on Pearson's correlation matrices, computed on the CDOM, biogeochemical and biological parameters. All coastal, lagoon and ocean
samples (n = 47) were used for PCA (a) (a,b), while all (10) river, 9 coastal and 2 lagoon samples (n = 21) were used for PCA (b) (c,d).
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intensities, andNOX/Si(OH)4 concentrationswere significantly positive-
ly correlated (Table SI-3). These variables were significantly negatively
correlated with S275–295 and salinity, but not correlated with SR
(Table SI-3; Fig. 7a). A positive correlation was found between
tyrosine- and humic-like fluorophores (r = 0.63, n = 47, p b 0.05).
Tryptophan-like fluorophore was only correlated to tyrosine-like
fluorophore (r = 0.53, n = 47, p b 0.05), while tyrosine 2-like
fluorophore was not correlated to the other three fluorophores. Pico-
and NanoEuk abundances were significantly correlated with S275–295
(r =−0.56 and−0.51, n = 47, p b 0.05, respectively). Moreover, the
oceanic group Proc, as well as the lagoon groups SynFL2- and PicoEuk
presented respectively a positive and a negative correlation with salin-
ity (r N 0.50, n = 47, p b 0.05). Nano and pico-eukaryotes were signifi-
cantly correlated to phytoplankton biomass (Chl a) with r = 0.81 and
0.54, respectively. Bacterial cells (HNA, LNA) were weakly positively
correlated to humic-like fluorophore. Contrary to the other
fluorophores, tyrosine 2-like component did not display any correlation
with other biogeochemical/biological parameters, except with Proc and
Syn (Table SI-3; Fig. 7a). The projection of samples on F1 and F2
highlighted a group of stations (S39, S22, S23 and S20) situated at
Thio (transect 6), Poindimie (transect 11) and Ponerihouen (transect
10) and positively correlated to parameters describing the F1 axis
(Fig. 7b).

PCA(b) was applied to all river stations and some coastal and lagoon
stations (21 samples) for trace metal concentrations and fluorescence
intensities of the four CDOM components (Fig. 7c, d). F1, which ex-
plained 30% of the total variability, was positively related to Co, Cu
and Ni concentration and tyrosine 2-like intensity. It was negatively re-
lated to protein-, humic-like fluorophores and other metal concentra-
tions. F2 accounted for 26% of the total variability and was positively
related to Mn concentrations, tyrosine-like (C1), humic-like (C2) and
tryptophan-like (C3) fluorophores (Fig. 7c). Relevant Pearson's correla-
tions were observed between tyrosine 2-like fluorophore and the con-
centrations of Ni and Co (r = 0.53 and 0.54, n = 21, p b 0.05,
respectively) (Table SI-4). For river and coastal stations, the correlation
betweenhumic- and tyrosine-likefluorophoreswas quite highwith r=
0.70. These two fluorophores presented a significant correlation with
Mn (r = 0.46–0.50, n = 21, p b 0.05) but not with Cu concentration
(Fig. 7c). The projection of samples presented two groups of stations:
the first group (along F1 axis) was composed of stations located at
Thio (ST16, S39 and ST19), and the second one (along F2 axis) com-
prised stations located in the south of the eastern coast (ST1, ST2, S1
and S7) (Fig. 7d).

4. Discussion

4.1. Terrestrial inputs of CDOM

Salinity measured here in the eastern lagoon of New Caledonia in
March (range: 31.1–35.5 excluding river mouths) is comparable to sa-
linity observed in the southwestern lagoon of New Caledonia during
the same wet season (range: 34.2–35.6) (Mari et al., 2007; Tedetti
et al., 2016). Our biogeochemical data clearly highlights freshwater in-
puts along the eastern coast, especially at Tiwaka river mouth and be-
tween Thio and Ponerihouen (transect 6–8), where a plume of
freshwater extending to the coral reef were observed (Fig. 2a). This
plume is attributed to the high annual flow rate of Tiwaka river
(13.9 m3 s−1 according to Bonvallo et al., 2013) compared to other riv-
ers draining the eastern coast. Significant negative correlations were
found between salinity and Si(OH)4 concentration (r=−0.53), and be-
tween salinity and a350 (r = −0.53), humic-like (r = −0.39) and
tyrosine-like fluorophores (r = −0.37, n = 47, p b 0.05) (Figs. 2a, b,
5a, 6a, b, 7a, Table SI-3). These points out terrestrial inputs of CDOM.
Humic- and tyrosine-like fluorophores were very likely derived from
terrestrial materials, and their presence in the lagoon was amplified
by the rainfall events that occurred during our sampling. This humic-

like fluorophore is indeed well known to have a terrestrial origin with
the microbial degradation of higher plants and soil OM (Coble et al.,
2014). S275–295 and SUVA254 are both usually calculated (Pandi et al.,
2014) to characterize CDOM from bacterial degradation (Henderson
et al., 2008). SUVA254 is an indicator of DOM aromaticity (Weishaar
et al., 2003) and S275–295 a proxy of the CDOMmolecularweight. The de-
crease in a350 and fluorescence intensities of humic- and tyrosine-like
fluorophores from rivers to oceanic waters was concomitant to a de-
crease in SUVA254 and an increase in S275–295 (Figs. 5a, b, d, 6a, b).
These modifications of SUVA254 and S275–295 values reflect a decrease
in the molecular weight and aromaticity of CDOM, and thus a shift
from terrestrial to marine CDOM, along the coast-offshore transects
(Weishaar et al., 2003; Helms et al., 2008; Fichot and Benner, 2012).

Compared to other areas, such as broad series of continental shelves
(Vantrepotte et al., 2015) or the North Aegean Sea (Pitta et al., 2016),
our S275–295 values are 3 times higher (butwith amethodological differ-
ence, the latter values being obtained from double-beam spectropho-
tometers with small length cuvettes). Helms et al. (2008) suggested
that S275–295 is a potential indicator of photobleaching and Fichot and
Benner (2012) demonstrated that CDOMphotodegradation led to an in-
crease in S275–295. Hence, S275–295 values N0.03 nm−1 measured here in
the lagoon and ocean passes suggest that CDOM was photochemically
altered in surface waters. Previous studies usually associated allochtho-
nous humic-like fluorophore with HMW CDOM (Yamashita et al.,
2010b; Chen et al., 2011; Pitta et al., 2016). However, humic-like
fluorophore found in our work showed a weak correlation with S275–
295 and no correlation with SR. Thus, this humic-like component
would reflect the presence of CDOM of low and high molecular weight,
which would result from the action of photo and bio-transformation on
terrestrial material. The chemical structures responsible for the optical
signature of this humic-like fluorophore are likely supramolecular as-
semblies of HMW terrestrial humic matter and of LMW DOM issued
from the photochemical and microbial degradation of this terrestrial
material. This molecular assembly hypothesis could explain the correla-
tion between tyrosine- and humic-like fluorophores. Indeed, the latter
can potentially form supramolecular assemblies based on intramolecu-
lar energy transfer requiring small donor to acceptor distances
(Jørgensen et al., 2011; Cuss and Guéguen, 2015; Wang et al., 2015).
Moreover, the increasingmolecular complexity of humic substances in-
creases the intermolecular energy transfer with other fluorescent com-
ponents like tyrosine-like compound (Mignone et al., 2012).

Our SUVA254 values (0.97–2.97 L mg-C−1 m−1) are comparable to
those determined in coastal areas (0.50–4.15 L mg-C−1 m−1)
(Saraceno et al., 2009; Pandi et al., 2014; Xu and Guo, 2017). SUVA254

is also a good predictor of the metal affinity of DOM in natural waters
(Stijn et al., 2011). Regarding their correlation (Table SI-4), humic-like
fluorophore and Mn could be associated. As already stated by Pandey
et al. (2000), humic DOM hosts high affinity sites for forming coordina-
tion compounds with trace metals. It is worth noting that the possible
complexation between humic material and Mn could imply a
quenching effect on the fluorescence intensities of the humic-like
fluorophore, and thus their underestimation (Ryan et al., 1983).

Mn concentrations reached 10.6 μg L−1, which is 5 to 10 times
higher than the concentrations previously recorded in surface waters
of the western lagoon of New Caledonia (0.66–2.5 μg L−1; Moreton,
2009). In surface waters, Mnmainly comes from continental runoff, ae-
olian deposition and continental shelf sediments (Shiller, 1997). Thus,
Mnmay have allochthonous (river inputs and aerosols) and autochtho-
nous sources (sediments). Indeed, Mn-oxides are reduced during dia-
genesis processes and associated with the decomposition of OM in
sediment, a potential source of CDOM (Coble et al., 2014). This process
could explain high concentrations of Mn in Thio river (low depth) and
the release of humic-like material in freshwater settings.

Humic-likefluorophore from shelf sediments could contribute to the
pool of fluorescent CDOM in the Thio and Tiwaka coastal areas butmore
investigations on DOM-POM exchange processes (adsorption/
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desorption or aggregation/dissolution) are necessary to understand the
origin of terrestrial humic-like fluorophore identified in the New Cale-
donian lagoon as has been already highlighted by He et al. (2016).
Humic- and tyrosine-like fluorophores are spatially linked to river run-
offs transporting nutrients to enrich the lagoon and induce plankton
biomass abundance.

4.2. Removal of CDOM by biological processes

Regarding the Chl a concentrations recorded here after a rainfall
event (up to 1.44 μg L−1; already reported by Tenorio et al., 2005), the
eastern lagoon of NewCaledonia shows quite a high phytoplankton bio-
mass compared with other tropical reef areas, such as the Réunion Is-
land (0.14–0.32 μg L−1; Tedetti et al., 2011) and Maunalua Bay
(Hawaï, 0.06–0.29 μg L−1; Nelson et al., 2015). In this study, tyrosine-
like fluorophore was not well correlated to Chl a, suggesting that
tyrosine-like fluorophore in the lagoon is not a part of the DOM pro-
duced by marine phytoplankton (Romera-Castillo et al., 2010).

In other relevant parts of the lagoon with high fluorescence intensi-
ties of tyrosine-like fluorophore (N5 QSU), compared to those reported
in the North Pacific Ocean (b2.5 QSU; Yamashita et al., 2010a), this
protein-like material could come from the HNA and LNA bacterial deg-
radation of protein/peptides in rivers, which produces amino-acids re-
leased in the lagoon through river plumes (Yamashita and Tanoue,
2004; Yamashita et al., 2015). Nevertheless, no significant correlation
between tyrosine-like and bacterial abundanceswas observed. It should
be noticed that the fluorescence of tyrosine-like fluorophore could be
reduced because of the quenching by tryptophan- and humic-like
fluorophores through energy transfer. Indeed, in the case of the supra-
molecular assemblies hypothesis, intermolecular energy transfers be-
tween tyrosine and humic substances are suggested, decreasing the
fluorescence intensity of tyrosine-like fluorophore (Wang et al., 2015).
This fluorescence inhibition could induce difficulties in the detection
of tyrosine-like fluorophore in this study, which may explain of the
low correlations between tyrosine-like and others biogeochemical pa-
rameters. Mayer et al. (1999) clearly presents the difficulties of account-
ing for tyrosine-like in the area influenced by the presence of terrestrial
derived OM.

Mn could also have a quenching effect on tyrosine-like fluorophore,
as suggested by the high correlation between these two variables. A
quenching experiment in the laboratory with Mn and natural CDOM
from the eastern coast could reveal the quenching effect of Mn and its
complexation with CDOM fluorophores, reducing its potential toxicity.
Previous studies showed the complexing capacity of Mn with fulvic
acid and the complexing capacity of Co and Cu with protein-like mate-
rials (Ryan et al., 1983; Ventry et al., 1991; Plaza et al., 2006; Wu et al.,
2010). However, more investigations are necessary to determine the
possible ecological impact of natural CDOM on metal bio-availability
in the eastern lagoon of New Caledonia. The strong correlations be-
tween tyrosine-like fluorophore and river input proxies (a350, NOx), as
well as the absence of correlation with SR and S275–295 is consistent
with the diversity and the complexity of the tyrosine-like sources.

In previous studies (Coble et al., 2014; Jaffé et al., 2014; Yamashita
et al., 2015), tyrosine-like fluorophore has been found to be linked to
tryptophan-likematerial, due to the same origin (produced bymicrobi-
al degradation in the ocean). In ourwork, tyrosine- and tryptophan-like
fluorophores were slightly correlated. Hence, tyrosine-like fluorophore
may have also an autochthonous origin related to biological activity in
surface waters. However, as it was already noted, tyrosine-like
fluorophorewas not correlated to bacterial abundance. So bacterial deg-
radation could be a balance between the consumption and the produc-
tion of tyrosine-like compounds stimulated by nutrient enrichment.
Both processes imply that tyrosine-like fluorophore may be accumulat-
ed and subsequently consumed, as a function of nutrient availability
(high correlation between tyrosine-like and NOX). Biers et al. (2007)
showed a production of protein-like fluorophores during bacterial

incubation in seawater when labile sources of nitrogen were added. In
this study, it was not possible to discriminate the dominant process be-
tween the consumption of labile DOM from rivers and ocean passes and
the production of protein-like by bacterial communities because of the
potential alteration of fluorescence intensity by the quenching
processes.

4.3. Possible releases of tryptophan-like from coral reef

Regarding the spatial distribution of tryptophan-like fluorophore, its
sources seemed to be essentially autochthonous. Maximal fluorescence
intensity of the tryptophan-like component (60 QSU) is similar to that
reported in the Southwest Florida Shelf (Mendoza et al., 2012) and is
thought to be associated to an in-situ biological production other than
bacteria activity. The presence of tryptophan-like fluorophore in the
waters surrounding the coral reef could be linked to the biological activ-
ity of the coral reef ecosystem, as observed by Nelson et al. (2013) in the
Moorea lagoon, French Polynesia. Indeed, the dominant hermatypic
coral holobiont Porites spp. in the South Pacific and themicroalgae asso-
ciated exude labile DOC with fluorescent properties similar to those of
tryptophan-likematerial (Nelson et al., 2015), influencing themicrobial
activity and altering bacterioplankton growth and community structure
around coral reefs. Tryptophan-like released in waters surrounding the
coral reefwould be then subjected to the effect of the tide inducing local
seawater inflows and plumes of tryptophan from the open ocean to the
coast even though no evidence of relevant maritime influence is
obvious.

The high production of tryptophan-like observed between transects
7 to 9 could also be associatedwith possible nutrient sources to produce
a bloom of Trichodesmium (nitrogen fixing cyanobacteria in the South-
western Tropical Pacific; Dupouy et al., 2011) observed during the
cruise outside the barrier reef at passages transect 7 (Kouaoua) and
transect 8 (Canala). A high correlation (r = 0.96) between the trypto-
phan consumption and the formation of harmful algal bloom of Karenia
brevis has already been observed in the Southwest Florida shelf
(Mendoza et al., 2012) and the same process could be occurred as likely
in this area to explain the Trichodesmium bloom and the concentrations
of tryptophan-like found (0.64–24 QSU). On the contrary, Steinberg
et al. (2004) assumed the CDOM production by Trichodesmium, which
could also be a source of tryptophan-like fluorophore. More investiga-
tions to characterize the production of CDOMby Trichodesmium are nec-
essary to clearly identify sources of tryptophan-like material in this
ecosystem.

4.4. Possible oceanic origin for tyrosine 2-like fluorophore

On the eastern coast, a southeastward boundary current flowing be-
tween the main island and the Loyalty Islands is called the Vauban Cur-
rent (Hénin et al., 1984). In the extreme poles of New Caledonia, this
current is strongly subjected to short-time variability attributed to
tidal, inertial (inertial oscillations period around 32 h at this latitude),
inter-seasonal variability and local forcing, which contributed to gener-
ating current anomalies like cyclonic eddies pushing oceanic water in
the lagoon and creating a surface mixing of water in the extreme
South and the North (Cravatte et al., 2015). Seawater inflows around
the southernand northern tips explained the highest salinity observed
and the absence of gradient coast -offshore in CDOM and biogeochemi-
cal parameters. With regard to its spatial distribution, tyrosine 2-like
fluorophore seems to be correlated to the salinity with the highest
fluorescence intensities recorded in the extremities of the eastern
coast although no significant correlation was found between tyrosine
2-like and salinity. Nevertheless, weak correlations between
picocyanobacteria (Syn, Proc) and tyrosine 2-like fluorophores are
shown Fig. 7a and Table SI-3. Proc represents the main photosynthetic
bacteria in oligotrophic waters (Angly et al., 2016) and is used with
Croc-spp. as a proxy of seawater inflow through passes in the lagoon.
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The highest abundance of these bacteria, observed where tyrosine 2-
like fluorophore displayed its maximal fluorescence intensities (tran-
sect 3), could indicate a link between the abundance of cyanobacteria
and the potential effect of tyrosine 2-like fluorophore on its growth.
The weak negative correlation of tyrosine 2-like fluorophore with
Synechococcus, dominant in coastal areas, corroborates the potential al-
lochthonous source of this fluorophore. However, in this study the spa-
tial pattern was coupled to the temporal variability during the cruise
(2 weeks) which complicated the analysis of Pearson correlations be-
tween all parameters. This fact could explain that correlations between
parameters are not clearly identified.

Tyrosine 2-like could be a protein-like fluorophore with binding
properties with Ni and Co, in the light of its fluorescence spectral prop-
erties closed to those of tyrosine-like fluorophore (Hernes et al., 2009;
Huguet et al., 2009). More investigations are necessary to clearly identi-
fy the allochthonous sources of tyrosine 2-like and understand its bind-
ing properties with trace metals. The stability constant of complexation
between tyrosine 2-like fluorophore and metal may help to predict the
behavior of these complexes in the environment and also its strength.
Thus, tyrosine 2-like fluorophore could be considered as an organic li-
gand which may render Ni and Co immobile, thereby helping in detox-
ification processes in the lagoon (Pandey et al., 2000).

At the extremities of the eastern coast, high altitude forest (1500m)
landscapes are predominant and could contribute to aerosol deposition
into enriched surface waters. This potential contribution in tyrosine 2-
like sources involves windy conditions (wind b22 nt during the cruise).
More investigations of aerosol deposition along the eastern coast of
New Caledonia, as recently reported by Maki et al. (2016) and Chien
et al. (2016), could explain the input of organic compounds in this
coral reef ecosystems.

5. Conclusion

This study underlines the diversity of CDOM properties along the
eastern coast of New Caledonia, a coral reef area strongly impacted by
river discharges and soil leaching. a350 reveals the strong impact of
river discharges which impact the lagoon until the coral reef at rainy
weather. Regarding S275–295 and the globally low SUVA254, CDOM
along the eastern coast is subjected to photo degradation with a low
aromaticity. Specific CDOM is identified: tyrosine-like, humic-like,
tryptophan-like and tyrosine2-like. The diversity in CDOM fluorescent
components, the complexity of their spatial distribution and their rela-
tionships with biogeochemical parameters, plankton communities and
trace metal concentrations clearly highlight the heterogeneity of
CDOM sources in the eastern lagoon: (1) river inputs in the lagoon,
higher during rain events, (2) biological/microbial degradation of OM,
(3) coral reef barrier releases, and (4) oligotrophic oceanic waters en-
tering the lagoon through passes. All these sources are influenced by
tide, eddies and meteorological conditions. Further, in this context of
mining factory, binding properties between trace metals and CDOM
maymodify the spectral properties of the latter and therefore add com-
plexity to the identification of its sources. To better understand the im-
pact of trace metals in the lagoon, binding properties between Ni, Co
andMnand CDOMcould be assessed viafluorescence quenching exper-
iments (Plaza et al., 2006; Stijn et al., 2011; Wu et al., 2010). Moreover,
our study suggests that coral reef activity could release tryptophan-like
material. Haas et al. (2013) have shown that DOC exudates are released
by the dominant benthic primary producers (calcifying and non-
calcifying corals). Nevertheless, the production of tryptophan-like
fluorophore from corals has not been accurately quantified so far. The
determination of DOC and CDOM fluxes from coral reefs could be
assessed in future laboratory experiments. The determination of rela-
tionships between the nature of fluorescent exudates released by corals
and associated macroalgae and the taxonomic criteria of these organ-
isms would contribute to the better knowledge of biological CDOM
sources in tropical lagoons. Finally, with respect to the influence of

meteorological conditions on CDOM distribution, seasonal variations
of CDOM along the gradient river-ocean should be investigated in the
future. CDOM data thus obtained at spatial and seasonal scales could
be included in a coupled hydrodynamic/biogeochemical model at
meso-scale dedicated to the understanding of the lagoon-ocean interac-
tions in the South West of New Caledonia (Fuchs et al., 2012, 2013).
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