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• Fluorescent Organic Matter (FOM) was
measured in filtered and unfiltered seawa-
ter.

• Protein-like FOM was mostly in particu-
late form and visible FOM in dissolved
form.

• Non-diatom Chl a accounted for 91 % of
particulate protein-like FOM variability.

• Protein-like FOM fractionation was re-
lated to signals of viral infection and graz-
ing.

• Visible FOM composition was affected by
photobleaching and biotic modification.
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Phytoplankton-derived organic matter sustains heterotrophic marine life in regions away from terrestrial inputs such
as the Southern Ocean. Fluorescence spectroscopy has long been used to characterize the fluorescent organic matter
(FOM) pool. However, most studies focus only in the dissolved FOM fraction (FDOM) disregarding the contribution
of particles. In order to assess the dynamics and drivers of the dissolved and particulate fractions of FOM, we used a
Lagrangian approach to follow the time evolution of phytoplankton proliferations at four different sites in the Southern
Ocean and compared the FOM in filtered and unfiltered seawater aliquots.We found that filtration had little effects on
FOM visible spectrum fluorescence intensities, implying that most of this signal was due to dissolved fluorophores. On
the other hand, protein-likefluorescencewas strongly supressed byfiltration,with fluorescence of particles accounting
for up to 90 % of the total protein-like FOM. Photobleaching was identified as the main driver of visible FDOM com-
position, which was better described by indices of phytoplankton photoacclimation than by measurements of the in-
cident solar radiation dose. In contrast, protein-like FOM intensity and fractionation were primarily related to
abundance, composition and physiological state of phytoplankton proliferations. The chlorophyll a concentration
from non-diatom phytoplankton explained 91 % of the particulate protein-like FOM variability. The proportion of
protein-like fluorescence found in the dissolved phase was predicted by the combination of potential viral and grazing
pressures, which accounted for 51 and 29% of its variability, respectively. Our results show that comparing FOMmea-
surements from filtered and unfiltered seawater provides relevant information on the taxonomic composition and cell
integrity of phytoplankton communities. A better understanding of the commonly overlooked FOM fractionation
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process is essential for the implementation of in situ fluorescence sensors and will also help us better understand the
processes that govern OM cycling in marine systems.
1. Introduction

Phytoplankton are the main producers of organic matter (OM) in the
ocean, being responsible for approximately half of the annual global net pri-
mary production (Field et al., 1998). These organisms produce particulate
organic matter (POM) as part of their cells biomass and, additionally,
exude dissolved organic matter (DOM) (Marañón et al., 2004). The compo-
sition of phytoplankton-derived OM is of utmost importance for marine
ecosystems, as it constitutes the energy basis and carbon source for most
heterotrophic life in the ocean. Among the OM characterization techniques
in oceanography, fluorescence spectroscopy uses the naturally fluorescent
fraction of organic matter to broadly characterize its composition (Coble,
2007). This technique is highly widespread, as it represents a fast and inex-
pensive method to gain insight into OM composition and can be easily inte-
grated in autonomous monitoring devices such as ARGO floats and gliders
(Moore et al., 2009; Carstea et al., 2020).

Two main categories of fluorescent organic matter (FOM) substances
can be distinguished: humic-like FOM, composed of highly condensed, C-
rich aromatic substances that fluoresce in the visible spectrum, and
protein-like FOM, with fluorescent signals in the ultraviolet spectrum simi-
lar to those of the aromatic amino acids tryptophan and tyrosine
(Yamashita and Tanoue, 2003; Coble, 2007; Martínez-Pérez et al., 2017).
These two fractions of fluorescent organic matter have been extensively
studied and their sources and sinks in marine systems are relatively well
identified (Nelson and Gauglitz, 2016). In the open ocean, away from ter-
restrial inputs, surface humic-like FOM composition is mainly controlled
by solar radiation, which supresses its visible fluorescence in a process
known as photobleaching (Dainard et al., 2015; Mopper et al., 2015). Ma-
rine organisms also modify visible FOM composition through the produc-
tion of humic-like substances by phytoplankton (Romera-Castillo et al.,
2010; Fukuzaki et al., 2014) and the production and consumption of a va-
riety of humic-like substances by heterotrophic prokaryotes (Romera-
Castillo et al., 2011). Protein-like fluorescence distribution in the ocean is
mainly linked to biotic processes of OM production and consumption
(Jørgensen et al., 2011; Lønborg et al., 2015) and it represents an attractive
substrate for prokaryotes (Lønborg et al., 2010), probably due to a high con-
tent in nitrogen, a limiting nutrient in marine systems (Elser et al., 2007).
Suspended biotic particles, such as phytoplankton and bacteria, emit
protein-like fluorescence (Determann et al., 1998) and contain base-
extractable materials with fluorescence properties similar to those of natu-
ral FOM (Brym et al., 2014; Kinsey et al., 2018). Yet, most studies using
fluorescence to characterize OM composition focus solely on the dissolved
FOM pool (FDOM), disregarding the role of particles excluded by filtration
(e.g. Murphy et al., 2008; Para et al., 2010; Cao et al., 2020). This common
approach overlooks the potentially important contribution of biotic parti-
cles to OM fluorescence, which might lead to misinterpretation of
“FDOM” distributions obtained from online sensors measuring in situ,
non-filtered seawater fluorescence. We hypothesize that overseeing the
particulate FOMmight have prevented us from identifying ecologically rel-
evant processes associated with particle fragmentation.

The partitioning of organic matter between the particulate (POM) and
dissolved (DOM) pools has important biogeochemical and ecological impli-
cations, as these size-fractions are subject to contrasting transport and bio-
logical consumption processes in the ocean (Zhang et al., 2018).
Phytoplankton-derived POM can sink on its own, and also comprises the
basis for the classical food web supporting fish and othermarinemetazoans
(Legendre, 1990; Fortier et al., 1994). Phytoplankton-derived DOM, by
contrast, requires vertical mixing and water mass downwelling to be
exported to depth, and is mostly recycled, re-entered into the food web
and remineralized by heterotrophic prokaryotes in the surface ocean
through the microbial loop (Azam et al., 1983). Thus, understanding the
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processes that control OM fractionation is essential to predict the fate of
phytoplankton biomass and its channelling either through the classical
food web or the microbial loop. In this context, collapse of phytoplankton
blooms and solubilization of their POM via grazer-mediated fragmentation
or viral lysis have a substantial impact on OM cycling and constitute impor-
tant sources of DOM in productive ocean regions (Carlson and Hansell,
2015). However, studying in situ these biotic processes of phytoplanktonic
OM fragmentation and their impact on FOM composition is challenging,
as it requires intensive sampling strategies to accurately describe their
dynamics.

The Southern Ocean is one of the most productive marine regions glob-
ally and is characterized by an extreme seasonality. During the Antarctic
productive season, as the day lengthens and sea-ice recedes, phytoplankton
blooms develop and collapse under intense UV irradiances (Sullivan et al.,
1993; Landry et al., 2002; Mendes et al., 2012; Taylor et al., 2013; Costa
et al., 2020), requiring phytoplankton to implement photoacclimation
strategies to cope with photo-oxidative stress (Kropuenske et al., 2009;
Alderkamp et al., 2013). These conditions make the Antarctic waters of
the Southern Ocean an ideal setting to study the effects of the development
of marine plankton communities and intense solar radiation over the FOM
composition. Multiple studies have described the distribution and potential
drivers of organic matter composition in the Southern Ocean.
Photobleaching and biological production and consumption have been pro-
posed as important controls of FOM composition in Antarctic waters (e.g.
Misic et al., 2006; D'Sa and Kim, 2017; Chen et al., 2019; D'Sa et al.,
2021). However, most studies lack a detailed biological characterization
(often using chlorophyll a concentration as the only biological parameter)
and do not report measurements of solar radiation. In addition, although
some surveys have reported fluorescence of unfiltered samples (Wedborg
et al., 2007), most have focused solely on FDOM distributions and, to our
knowledge, no work to date has investigated the fractionation of FOM
into its dissolved and particulate pools in Antarctic waters.

In this study, we investigate the dynamics and drivers of the particulate
and dissolved fractions of FOM from four Antarctic phytoplankton prolifer-
ations, which were tracked using a Lagrangian approach during the sum-
mer of 2015 (Nunes et al., 2019). In particular, we (i) use combined
measurements of solar irradiance and phytoplankton photoacclimation to
evaluate the effects of photobleaching over FOMcomposition and (ii) relate
the dynamics and fractionation of the particulate and dissolved FOM pools
with the biological composition and state of plankton proliferations.

2. Material and methods

2.1. Sampling strategy

Four Southern Ocean sites, north of South Orkney Islands (NSO), south-
east of South Orkney Islands (SSO), northwest of South Georgia Island
(NSG) and west of Anvers Island (WA), were sampled sequentially from
January 10th 2015 to February 3rd 2015 using a lagrangian approach in
each (Supplementary Fig. 1). With the aim of following the same water
mass, standard WOCE (World Ocean Circulation Experiment) lagrangian
drifters were used in NSO, NSG and WA sites, whereas the positioning of
samplings at SSO was determined by tracking the movement of reference
icebergs. Water samples were obtained from surface (4 m) to 200 m
depth at least once a day at ~8:30 local time. Sampling was carried out
by means of CTD casts attached to a rosette of 12-L Niskin PVC bottles. In
addition, one high frequency (every 4 h) sampling, covering at least a
32-h cycle, was conducted in each site. The main hydrographic fronts
were locatedwith reference to continuous temperature and salinity records
and Doppler-derived current velocities. Further details on the sampling
strategy and hydrographic conditions encountered during the survey can
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be found in Nunes et al. (2019). Data from a total of 53 stations is presented
(16 from NSO, 15 from SSO, 13 from NSG and 9 from WA site).

2.2. Environmental parameters

Temperature and salinity profiles were obtained with a CTD probe
(SBE911 plus) attached to the sampling rosette. Estimations of mixed
layer depth were performed based on the CTD profiles following Levitus
(1982). Samples for inorganic nutrient determination (10 ml) were col-
lected and stored at−20 °C until analysis. At the home laboratory, concen-
trations of nitrate (NO3

−), phosphate (PO4
3−) and silicate (SiO4

2−) were
determinedwith an auto-analyzer (Bran Luebbe AA3), using common spec-
trophotometric measurements (Grasshoff et al., 1978). As described in
Zamanillo et al. (2019), average diffuse attenuation coefficients in the eu-
photic zone (Kd) were determined for the photosynthetically active radia-
tion (PAR) broadband (400–700 nm) as the slope of linear regressions
between logarithmic irradiances and depth. The daily-average solar radia-
tion dose in the mixed layer (SRD) was then calculated based on the esti-
mated mixed layer depths, the obtained PAR attenuation coefficients (Kd)
and daily irradiances (Vallina and Simó, 2007):

SRD ¼ I
Kd � MLD

� 1−e−Kd�MLD� �

where, I is the global surface radiation intensity (W m−2) averaged across
the 24 h previous to sampling, Kd is the average diffuse attenuation coeffi-
cient of PAR (m−1) and MLD is the mixed layer depth (m). The above pa-
rameters used for SRD calculation are reported in the supplementary
materials as averages for each site visited (Supplementary Table 1).

2.3. Organic carbon and nitrogen

For the determination of particulate organic carbon (POC) and nitrogen
(PON), 1000ml of seawaterwere filtered through precombusted glassfiber
filters (GF/F, Whatman) and stored frozen (−20 °C) until analysis. Carbon
and nitrogen content in the filters was determined with an elemental ana-
lyzer (Perkin-Elmer 2400 CHN). Samples for total organic carbon (TOC)
quantification were collected in 30 ml acid-cleaned polycarbonate bottles
and stored at−20 °C until analysis at home laboratory. C content was de-
termined after inorganic C removal through acidification using a Shimadzu
TOC VCSH instrument, calibrated with potassium hydrogen phthalate and
using MQ water as blank and deep Sargasso Sea water as the reference
(Batch-13 Lot//08-13, measured TOC: 40.19 ± 1.3 μM, Hansell Labora-
tory. University of Miami, RSMAS).

2.4. Fluorescent organic matter characterization

Samples for FOM characterization were collected directly from the CTD
Niskin bottles into acid-cleaned 250ml glass bottles rinsed three timeswith
sample beforefilling. The cuvettes and glassfiltration systemwere stored in
a bath of hydrochloric acid (1 %) between stations and thoroughly rinsed
with MQ water before their use. An aliquot of each sample was filtered
through 0.2 μmpore-size polycarbonatefilters previously rinsedwith abun-
dant MQ water in a glass filtration system under low positive pressure ap-
plied with ultrapure N2 gas. For both filtered and unfiltered aliquots,
fluorescence was recorded using a Perkin Elmer LS55 spectrofluorometer
with 1 cm quartz cuvettes. Absorbance spectra (250–750 nm) were col-
lected using a Perkin Elmer Lambda 850 spectrophotometer with 10 cm
path-length quartz cells and transformed into absorption coefficients multi-
plying the absorbances by 2.303/L, where L is the cuvette path length in
meters.

Fluorescence was measured using a custom program within the fluo-
rometer FL-Winlab software. This measuring program was designed to
measure a sequence of 5 pairs of pre-selected excitation/emission wave-
lengths 4 consecutive times. The excitation and emission slit widths were
set to 10 nm and the whole duration of the measuring program was 82 s.
3

The 5 excitation/emission pairs (hereinafter peaks) were selected based on
the most common features typically observed in marine samples. Four
peaks were selected following Coble (1996): peak A (ex/em 250/435 nm),
originally described as indicative of general humic substances; peak M
(ex/em 320/410 nm), described as marine humic substances and reported
to be of phytoplanktonic origin (Romera-Castillo et al., 2010); peak C
(ex/em 340/440 nm), characteristic of terrestrial inputs and microbial
byproducts (Romera-Castillo et al., 2011); and peak T (ex/em 280/350
nm), indicative of protein-like substances, such as dissolved tryptophan
(Yamashita and Tanoue, 2003) and found to be highly bioavailable
(Lønborg et al., 2010). An additional peak was selected at ex/em
370/460 nm named peak F (Kraus et al., 2010), which is commonly used
in commercially available on-line sensors (Carstea et al., 2020). The location
of this peak F is in the upper-wavelength limits of the peak C region and is
similar to fluorescence maxima of components C2 reported in Yamashita
et al. (2011) and SQ2 reported in Cory and McKnight (2005) with presumed
terrestrial and microbial origins, respectively.

The above measuring program was used to record the fluorescence of
unfiltered and filtered aliquots of each sample, rinsing the cuvette 3 times
with the corresponding aliquot before filling it. In order to ensure homoge-
neous distribution of particles, unfiltered aliquots were shaken gently by
hand before filling the cuvette. For each aliquot, the same measuring pro-
gram was run 1 to 3 times, depending on the deviation observed between
the 4 consecutive measurements of each peak, rinsing (with 1 % HCl and
3xMQ) and re-filling the cuvette each time. This approach yielded very con-
sistent fluorescent intensities, with a mean relative standard error of 1.8 ±
0.9 % across all samples and peaks, and with no appreciable trend between
the 4 consecutive measurements of each program run, thus discarding any
influence of particle sedimentation in the fluorescence signal during the
82 s of each run. Fluorescence of blanks was recorded with the same pro-
gramusingMQwater produced on-board. The daily fluorescence values ob-
tained from unfiltered MQ and 0.2 μm-filtered MQ were subtracted from
those of unfiltered and filtered aliquots, respectively. Mean blank fluores-
cence intensities for each peak are reported in Supplementary Table 2. All
fluorescence data is reported in 10−3 Raman Units (RU) after normaliza-
tion to the integrated area of the Raman scatter peak (ex: 350 nm, em:
371–428 nm) measured daily in MQ blanks (Lawaetz and Stedmon,
2009). Despite the low absorption values obtained for unfiltered and fil-
tered aliquots (absorption coefficients <1.6 m−1, Supplementary Fig. 2),
correction of inner-filter effects was applied to all fluorescence data follow-
ing Kothawala et al. (2013) to avoid propagation of error when computing
derived fluorescence parameters.

Throughout this work, we report the fluorescence of peaks A, M, C, and
F in filtered and unfiltered aliquots and, given that these peaks are located
in the visible emission region usually influenced by overlapping of fulvic
and humic components, hereinafter we refer to them collectively as
visible-fluorescence peaks following Stedmon and Nelson (2015). For
protein-like fluorescence (Peak T), we define peak Td as the fluorescence
of filtered aliquots and, additionally, we calculate (i) the apparent peak T
particulate fluorescence (peak Tp) of each sample as the difference in fluo-
rescence between unfiltered and filtered aliquots, and (ii) the proportion of
dissolved peak T (%Tdiss) as the ratio between the fluorescence of filtered
and unfiltered aliquots.

2.5. Microbiological variables

Samples for determination of the heterotrophic prokaryote abundance
(HPA) were fixed with paraformaldehyde (1 %) and glutaraldehyde
(0.05 %), and stored at −80 °C until analysis through flow cytometry.
The quantification was performed with a FACSCalibur flow cytometer
after staining with SYBR-Green I following Gasol and Del Giorgio (2000).
Samples for viral abundance determination were fixedwith glutaraldehyde
(0.5% final concentration) and kept frozen at−80 °C until analysis byflow
cytometry. Viral subpopulations were discriminated in bivariate scatter
plots of side scatter versus green fluorescence of stained nucleic acids
(with SYBR Green I) as described in Evans et al. (2009). The viral
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subpopulations were grouped according to their fluorescence signal
and presumed hosts (Evans et al., 2009; Sotomayor-Garcia et al., 2020);
high fluorescence viral abundance (HFVA) refers to viral subpopulation
V3 and is presumed to be mainly composed of viruses of eukaryotes,
whereas the low fluorescence viral abundance (LFVA) consisted on viral
subpopulations V1 and V2, considered to be mainly bacteriophages
(Brussaard et al., 2010).

2.6. Phytoplanktonic parameters

For the determination of chlorophyll a (Chl a) concentration, 100 ml of
seawater were filtered through 25 mm diameter Whatman GF/F filters. Fil-
ters were stored at−20 °C for several hours prior to their analysis on board.
Extractionwas performed in acetone (90%) at 4 °C for 24 h. Fluorescence of
extracts was measured, following Yentsch and Menzel (1963), with a cali-
brated Turner Designs fluorometer (model 10-AU-005 field fluorometer)
equipped with an excitation filter letting through the 340–500 nm wave-
length range and an emission filter letting through wavelengths above 665
nm. As described in Nunes et al. (2019), high performance liquid chroma-
tography was used to determine phytoplankton pigment composition fol-
lowing the method of Latasa (2014). Contribution of microalgal groups to
total Chl a was calculated using CHEMTAX software (version 1.95) from
the composition of 11 from the 32 pigments identified. Seven pigmentary
phytoplankton groups were quantified: chlorophytes, cryptophytes, dia-
toms, dinoflagellates, haptophytes, prasinophytes and pelagophytes. Two
pigmentary indices were also derived from the pigment composition as
described in Nunes et al. (2019), related to herbivory pressure and light
stress. As pigment composition can be altered by variations in irradiance
(Higgins et al., 2011), a photoprotective pigment index was computed to as-
sess the degree of light stress of the phytoplankton populations encountered.
This index was calculated as the ratio of diadinoxanthin (Ddx), the
main photoprotective pigment of various phytoplankton groups, to the
sum of the main light harvesting carotenoids (LHC): fucoxanthin,
19′-butanoyloxyfucoxanthin, 19′-hexanoyloxyfucoxanthin (19-Hex) and
peridinin. This photoprotective index (Ddx:LHC) and other similar indices,
based on relative abundance of photoprotective to light harvesting pig-
ments, have been shown to increase in phytoplankton populations under
high irradiation stress (Moline, 1998; Cheah et al., 2017; Nunes et al.,
2019). The pigmentary herbivory index (Herbiv) was calculated as the
ratio of the sum of phaeophorbides and phaeophytines (Chl a degradation
products) to Chl a concentration, following Mendes et al. (2015). Phyto-
plankton abundance and taxonomic composition were also analyzed
through optical microscopy as described in Nunes et al. (2019). Briefly,
samples were fixed with formalin-hexamine (1 % final concentration) and
stored in the dark. For analysis, an aliquot (100 ml) was sedimented
(48 h) and phytoplankton was identified and quantified with an inverted
microscope (Utermöhl, 1958) to the lowest taxonomical level possible.
Biovolumes were estimated based on mean length and width of each taxon
identified, assuming different simplified geometric shapes (Hillebrand
et al., 1999). Setae and other appendageswere excluded from the biovolume
estimation.

2.7. Statistical analyses

All statistical analyses and plots presented were done in R (4.1.2), using
packages tidyverse, broom, FactoMineR, ggplot2 and ggpubr. Temporal trends
were identified as significant (p < 0.05) correlations (Pearson's R) between
the examined parameter and the time elapsed since the first sampling at
each location. The selection of variables for the principal component anal-
ysis was done using least square regressions to determine the main predic-
tors of the FOM composition parameters examined: FDOM peaks A, C, M, F
and Td; the apparent particulatefluorescence of peak Tp, the C:Mpeak ratio
and the proportion of peak T found in the dissolved phase (%Tdiss). We
used the coefficient of determination (R2) yielded from linear regressions
of the log-transformed data as the criteria of inclusion: Only the top 5
variables with the highest coefficient of determination for each FOM
4

parameter were used for the principal component analysis. Despite their
high explanatory power, primary production and prokaryotic heterotrophic
production rates were excluded due to their small number of observations.
This selection yielded 11 variables and 2 ratios,most of them shared among
FOM parameters, as the ones with highest explanatory power. We used the
squared cosines (cos2) to evaluate the quality of representation of a given
variable in the PCA analysis (Abdi and Williams, 2010). For the evaluation
of the relative apparent photosensitivity gradient between visible-
fluorescence peaks A, M, C and F presented in Section 3.4.1, the fluores-
cence of each peak was normalized by dividing all fluorescence intensities
of surface samples by the maximum fluorescence observed among them for
each peak. F-test was used to compare the fitness of regression models with
increasing complexity (i.e. with different number of predictors) and to com-
pute the variance explained by each predictor. Comparison of means was
performed with Student or Welch t-tests, depending on the results yielded
by the test for equality of variances between the two groups.

3. Results & discussion

3.1. General site characterization

The four sites visited were characterized by distinct environmental and
biological conditions (Table 1), which have been described extensively in
previous works (Nunes et al., 2019; Zamanillo et al., 2019; Sotomayor-
Garcia et al., 2020). NSG presented the warmest sea surface temperature
(SST), reaching 5.1 °C, while WA had colder waters (1.4± 0.1 °C). Despite
their proximity, NSO and SSO exhibited marked differences in SST and sea
surface salinity (SSS). NSO appeared to be warming, probably due to an in-
creasing solar radiation dose (SRD). SSO presented the coldest waters
(−0.75± 0.11 °C) and the lowest salinity of all sites, indicative of melting
of sea-ice, which had reduced its cover from >50 % in the previous month
to >25 % by the time of sampling (Zamanillo et al., 2019). The four sites
presented parallel ordinations by SRD and phytoplankton photoprotective
index (Ddx:LHC): highest values at SSO, then NSO, WA, and lowest at
NSG. Regarding phytoplankton biomass and community structure (Nunes
et al., 2019), the highest Chl a concentrations were found at NSG, with a
taxonomic composition dominated by diatoms. WA had the second highest
Chl a value, with a phytoplankton assemblage composed mainly of
cryptophytes. This group was also the dominant in NSO, albeit with signif-
icant contributions of haptophytes and diatoms and a lower overall Chl a
concentration. SSO presented the lowest Chl a concentrations, with
haptophytes as the dominant phytoplankton group.

The phytoplankton assemblages at the four sites were in different stages
of bloom development, as revealed by the abundances of heterotrophic pro-
karyotes and by the values and temporal trends of other biotic parameters
(Table 1). NSO was at an early stage of the seasonal bloom, with stable
Chl a values evenwhen the grazing pressure increased throughout the sam-
pling interval, as derived from the pigmentary herbivory index (Herbiv).
SSO was at an even earlier stage of development due to recent sea-ice
melt, indicated by low salinity, temperature and Chl a concentration, as
well a high proportion of ice-associated diatoms such as Fragilariopsis spp.
(Cefarelli et al., 2011; Nunes et al., 2019). Additionally, sea-ice influence
was probably responsible for the high HPA:Chl a ratio observed at SSO,
as organicmaterials released from sea-ice, such as transparent exopolymers
(Zamanillo et al., 2019), would have relieved prokaryotic activity from its
dependence on phytoplanktonic OM. This presumed input of sea-ice OM
in SSO is also corroborated by the high relative concentrations of POC
and TOC with respect to Chl a (Supplementary Fig. 3) as well as by the
high abundance of ciliates, which are active consumers of prokaryotes
(Supplementary Table 3).

By contrast, the WA and NSG sites exhibited features of being in an ad-
vanced stage of bloom development (Nunes et al., 2019), with relatively
high concentrations of Chl a at the beginning but decreasing markedly
throughout the visit (Table 1). NSG was characterized by the highest her-
bivory pressure (Herbiv) and HPA values, which increased significantly
during the sampling interval (Table 1), indicative of grazer-induced



Fig. 1. Scatterplots showing OM fluorescence of filtered aliquots (FDOM) plotted
against that of unfiltered counterparts (total FOM) for the five wavelength pairs
examined: Peak A (a), Peak C (b), Peak M (c), Peak F (d) and Peak T (e). In each
panel, the dotted line indicates the 1:1 relationship, while the solid lines are
the best fit linear regression (accompanied by equation and determination
coefficient). Data from all available depths is included (4–200 m).

Table 1
Mean± standard deviation and temporal trend of surface samples during the visit
of each site. Significant temporal trends are shown below eachmean as Pearson cor-
relation coefficient of each variable with the time elapsed since the first sampling of
each site, significance codes are * (p< 0.05), ** (p< 0.01) and *** (p< 0.001). SST:
sea surface temperature. SSS: sea surface salinity. SRD: solar radiation dose. Ddx:
LHC: photoprotective pigment index (see methods). HPA: heterotrophic prokary-
otes abundance. HFVA: high fluorescence viral abundance. LFVA: low fluorescence
viral abundance.

NSO SSO NSG WA

Date of arrival 1/10/2015 1/16/2015 1/23/2015 2/2/2015
Duration of visit 118 h 104 h 72 h 32 h
SST (°C) 0.59 ± 0.15 −0.75 ±

0.11
4.77 ±
0.47

1.46 ± 0.09

0.63*
SSS (psu) 33.83 ±

0.08
33.15 ±
0.05

33.74 ±
0.02

33.41 ±
0.03

−0.78** 0.84**
SRD (W m−2) 73.18 ±

30.46
101.73 ±
20.28

22.75 ±
7.30

47.05 ±
10.65

0.62*
Nitrate (μM) 27.3 ± 1.9 27.5 ± 3.2 16.9 ± 1.4 18.7 ± 0.9
Phosphate (μM) 1.99 ± 0.21 2.14 ± 0.25 1.28 ±

0.15
1.79 ± 0.16

0.74** 0.73*
Silicate (μM) 47.9 ± 4.1 47.3 ± 4.7 2.0 ± 0.4 49.7 ± 3.7
Chl a (μg L−1) 1.89 ± 0.24 0.32 ± 0.06 4.32 ±

2.10
4.14 ± 0.45

−0.78** −0.69*
Ddx:LHC 0.35 ± 0.06 0.60 ± 0.06 0.20 ±

0.04
0.25 ± 0.04

Herbiv 0.15 ± 0.04 0.19 ± 0.09 0.21 ±
0.08

0.09 ± 0.01

0.74** −0.56* 0.95***
Dominant phytoplankton
CHEMTAX group

Cryptophytes Haptophytes Diatoms Cryptophytes

HPA (cell ml−1 × 105) 2.34 ± 0.46 2.67 ± 0.32 5.45 ±
0.85

3.39 ± 0.93

0.85***
HFVA (virus ml−1 × 105) 2.8 ± 0.9 1.6 ± 0.5 21.4 ±

12.1
8.9 ± 5.1

0.70*
LFVA (virus ml−1 × 106) 4.2 ± 2.0 4.1 ± 4.8 19.3 ± 9.7 13.1 ± 4.4
HPA:Chl a (105 cell ng−1) 1.25 ± 0.26 8.64 ± 1.50 1.75 ±

1.00
0.83 ± 0.25

0.71** 0.86***
HFVA:Chl a (105 virus
ng−1)

1.56 ± 0.47 5.28 ± 1.90 5.87 ±
4.22

2.23 ± 1.39

0.76*
Peak A (10−3 RU) 6.9 ± 0.3 6.0 ± 0.2 7.9 ± 0.2 8.2 ± 0.5

0.84**
Peak M (10−3 RU) 3.5 ± 0.2 2.8 ± 0.1 4.0 ± 0.2 4.1 ± 0.2

0.88**
Peak C (10−3 RU) 3.6 ± 0.2 3.1 ± 0.2 4.9 ± 0.2 4.5 ± 0.1
Peak F (10−3 RU) 3.3 ± 0.1 2.8 ± 0.2 5.5 ± 0.2 4.3 ± 0.1
Peak Td (10−3 RU) 4.4 ± 0.7 3.6 ± 0.6 6.7 ± 1.6 9.1 ± 3.1

0.92***
Peak Tp (10−3 RU) 17.2 ± 2.7 4.3 ± 1.1 8.3 ± 3.7 32.4 ± 8.8

−0.65* −0.87**

M. Cabrera-Brufau et al. Science of the Total Environment 844 (2022) 156921
phytoplankton demise and associated prokaryotic growth. WA, on the
other hand, showed an increasing abundance of high fluorescence viruses
(HFVA) (Sotomayor-Garcia et al., 2020), coupled with a marked decrease
in Chl a. This covariation between the abundance of viruses of eukaryotes
and the concentration of Chl a, together with nutrient-replete conditions,
low Herbiv index values and HPA:Chl a ratios (Table 1), point to viruses
as themost probable cause of phytoplankton demise inWA. Phosphate con-
centrations increased significantly in both NSG and WA sites (Table 1),
which could be indicative of the breakage of phytoplankton cells by either
grazing or viral lysis, as this nutrient is easily solubilized and, therefore,
detected in dissolved form upon the breakup of phytoplankton cells
(Burkhardt et al., 2014).
5

3.2. Fluorescent organic matter (FOM)

3.2.1. FOM fractionation
Filtration of samples forfluorescent organicmatter characterization had

contrasting effects depending on the peak examined. Fluorescence of fil-
tered aliquots (FDOM) was extremely similar to that of unfiltered aliquots
(total FOM) for the visible peaks A, C, M and F (Fig. 1a–d). For these
peaks, total FOM and FDOM showed very good linear relationships ap-
proaching the 1:1 (all slopes > 0.9 and R2 > 0.9) and passing close to the
0:0 intercept. This provides confidence on our filtration procedure and sug-
gests that suspended particles and phytoplankton cells emit very little visi-
ble fluorescence if anything. A completely different pattern was observed
for the protein-like fluorescence peak T (Fig. 1e). In this case, FDOM was
generally much lower than total FOMwith a slope below 0.1 and a poor lin-
ear fit (R2= 0.25). Filtration of samples caused amean reduction of peak T
fluorescence of 62.2 ± 18.2 % (range 16.7–89.9 %). These results imply
(i) that particles (including phytoplankton cells) excluded by filtration did
contain materials with fluorescence properties similar to those of proteins,
(ii) that most protein-like materials were usually found in the particulate
fraction, and (iii) that the dissolved and particulate fractions of the
protein-like fluorescence did not follow a simple linear relationship.

Given the good correspondence between the fluorescence of visible
peaks (peaks A, C, M and F) in filtered and unfiltered aliquots, consistent
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with previous studies (Chen, 1999; Shigemitsu et al., 2020), hereinafter
only the fluorescence of the filtered aliquots is considered when referring
to visible peaks. For the protein-like peak T, however, we considered the
fluorescence of the filtered aliquots (peak Td) and, additionally, we calcu-
lated the apparent particulate peak T fluorescence of each sample (peak
Tp) as the difference in fluorescence between their filtered and unfiltered
aliquots.
3.2.2. FOM composition
Fluorescent organic matter composition in the four regions visited ex-

hibited some common patterns. Among the visible peaks examined, peak
A was the dominant across all sites, with values approximately two times
higher than those of peakM, in accordancewithmultiple studies that report
peak A as the dominant visible fluorescence signal in open ocean waters
(Jørgensen et al., 2011; Nelson and Gauglitz, 2016; D'Sa et al., 2021).
Peak C had consistently higher fluorescence values than those of peak M.
Peak F, with excitation and emission wavelengths in the higher range of
the C-region (Coble, 2007), showed particularly high values in the NSG
site, while in the rest (SSO, NSO andWA) it remained below the intensities
of peak C. Dissolved protein-like fluorescence (peak Td) was much more
variable within each region than the visible FDOM peaks, especially in
the sites with higher Td fluorescence (NSG andWA). Regardless of site, par-
ticulate protein-likefluorescence (peakTp) consistently exceeded the inten-
sity of the dissolved protein-like peak (peak Td). Significant temporal
trends were observed in two sites for various peaks: decreases in fluores-
cencewere observed for peak Tp inNSG andWA,while increases influores-
cence throughout the visit were only detected inWA for peakA, peakMand
especially for peak Td (Table 1).
Fig. 2.Principal component analysis (PCA) of highest explanatory parameters of FOMcom
oneach principal component axis. Position of samples fromeach site are represented by s
Diat (contribution of diatoms), Chloro (contribution of chlorophytes), Crypto (contribu
projected as blue dashed arrows.
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3.3. Relationship of FOM composition with biotic and environmental variables

In order to identify the main drivers of the observed FOM composition,
we performed a principal component analysis (PCA) based on the log-
transformed biological and environmental variables that explained most
of the variance of each of the FOM composition parameters examined
(see methods). Supplementary ratios were projected afterwards on the al-
ready computed PCA and do not influence the ordination. Detailed results
for each of the PCA active variables and projected supplementary ratios
can be found in Supplementary Table 4.

The resulting PCA (Fig. 2) discriminated between the four sites visited
and its two first principal components, PC1 and PC2, explained 65 % and
18.1 % of the variability, respectively. SSO occupied the negative extreme
of the PC1 gradient, characterized by high SRD and Ddx:LHC, while NSG
and WA were located at the opposite side of PC1, with the highest FDOM
values (peaks A, M, C, S and Td), high temperatures and elevated values
of the main biotic variables (Chl a, HPA, HFVA, LFVA and diatoms).
Thus, PC1 can be viewed as a trade-off between acclimation to solar irradi-
ance and the productivity of the system. The gradient shown by PC2, by
contrast, was related to the relative abundances of autotrophs and hetero-
trophs. Its major positive loadings were related to specific phytoplankton
groups, such as cryptophytes (Crypto) and chlorophytes (Chloro), as well
as to particulate protein-like fluorescence (Tp). Themain negative loadings
of PC2were variables related to the abundance of heterotrophic organisms,
such as the grazing pressure (Herbiv) and the abundance of heterotrophic
prokaryotes (HPA). The four sites visited were further separated by PC2,
with SSO and NSG showing negative values and NSO and WA having
more positive values in this axis. Overall, the projection of supplementary
ratios in the PCA space (blue dashed arrows) agreed with the interpretation
position in surface samples (see text). The percentage of explained variance is given
mall site-coloured points, and the larger points are each site centroids. Abbreviations:
tion of cryptophytes). Supplementary ratios (not used for the PCA calculation) are
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of PC2. The HFVA:Chl a and HPA:Chl a ratios, indicative of viral pressure
over phytoplankton and of the balance between consumption and produc-
tion of organic matter, respectively, were negatively related to PC2. The
C:M visible fluorescence ratio and the proportion total protein-like FOM
found in dissolved form (%Tdiss) were also negatively correlated to PC2,
suggesting their potential association with heterotrophic activities (Fig. 2).

3.4. Controls of visible fluorescent dissolved organic matter (FDOM)

Along the PC1 gradient, the visible-fluorescence peaks (A, M, C and
F) occupied the opposite extreme of solar radiation dose (SRD) and phyto-
plankton Ddx:LHC photoprotective index (Fig. 2), which we hypothesize to
be an indication of fluorescence photobleaching under high solar irradia-
tion. Although their loadings on PC2 were lower (Supplementary
Table 4), the separation of the four visible peaks along the PC2 axis might
be related to differential production and/or consumption of these sub-
stances by phytoplankton and heterotrophic prokaryotes, which showed
positive and negative loadings for PC2, respectively (Fig. 2). In the follow-
ing sections, we explore the potential effects of photobleaching and biolog-
ical activities over the FDOM visible-fluorescence composition.

3.4.1. Photobleaching of visible FDOM
The four sites visited presented a wide range of solar radiation doses

(Table 1), which translated into phytoplankton communities that were af-
fected differently by light stress, as revealed by the strong correlation be-
tween SRD and the photoprotective index Ddx:LHC (R = 0.78, p <
0.001). SSO was the site where phytoplankton communities were most af-
fected by solar stress, followed by NSO, WA and NSG. Our results indicate
that the incident solar radiation strongly influenced FDOM composition, es-
pecially in regard to the visible fluorescence (Fig. 2). We found that the
combined visible fluorescence (the sum of intensities of peaks A, M, C
and F) showed a strong negative correlation with SRD (R-0.82, p <
0.001). This correlation was even stronger with Ddx:LHC (R = −0.90,
p < 0.001, Fig. 3), indicating that this photoprotective index describes
the in-situ effects of solar radiation over FDOM composition better than
the SRD.
Fig. 3. Scatterplot showing the negative correlation between the surface combined
humic fluorescence (sum of intensities of peaks A, M,C and F) and the
photoprotective index Ddx:LHC [the ratio of diadinoxanthin (Ddx) to light
harvesting carotenoids (LHC)], which quantifies the photoacclimation of
phytoplankton to solar radiation (see methods). Correlation is depicted as
Pearson's correlation coefficient (R). Data from surface (4 m) samples.
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The photoacclimation response of phytoplankton (Ddx:LHC) depends
on the light intensity that their cells are subject to, which, in turn, is con-
trolled by the light attenuation profile and by their position in thewater col-
umn (Lewis et al., 1984; Brunet et al., 2011). Phytoplankton and DOM
vertical distributions in the water column are controlled by both stratifica-
tion and turbulent-induced mixing (Estrada and Berdalet, 1997; Hansell
et al., 2009). However, the calculation of SRD (seemethods) disregards tur-
bulent mixing and assumes that all water is effectively mixed within the
mixed layer, which is defined by the position and strength of the
pycnocline. Thus, discrepancies might arise between the calculated SRD
and the actual irradiance that reaches phytoplankton cells and dissolved or-
ganicmatter. Additionally, a 24 h integration time (SRD)might be too short
to adequately reflect the cumulative impacts of irradiance on FDOM. Al-
though the exact time integration of the Ddx:LHC ratio is difficult to assess,
the observation of minor diel variations (see Fig. S6 of Nunes et al., 2019)
suggests that this ratio would integrate the light history experienced by
phytoplankton cells over >24 h. Consequently, the photoprotective index
Ddx:LHCmight be a better predictor of the “effective” solar radiation influ-
ence over FDOM composition, which helps to explain the good correlation
between these parameters observed in this study (Fig. 3).

When assessed individually, every visible-fluorescence peak examined
maintained the strong negative correlation with Ddx:LHC observed for
the combined visible fluorescence signal. However, the shape of the inverse
relationship between visible fluorescence (normalized to the maximum of
each peak, see methods) and the photoprotective index was dependent on
the excitation wavelength of the visible peaks (Supplementary Fig. 4).
The decreasing trend of normalized fluorescence with increasing light
stress (Ddx:LHC) for the shorter excitation wavelength peaks A and M
(250 nm and 320 nm, respectively) were best represented by a linear func-
tion. For the longer excitation wavelength peaks C and F (340 nm and
370 nm, respectively) the relationship was best described by a logarithmic
function (Table 2). Regardless of the function chosen, we observed that the
longer the excitation wavelengths of the visible peaks, the more negative
the slopes fitted (Table 2). This pattern suggests the existence of a gradient
in relative apparent photosensitivity among the visible peaks (peak F >
peak C > peak M > peak A).

This gradient of wavelength-dependent relative apparent photosensitiv-
ity of visible fluorescence is in agreement with other studies, which usually
observe a blue-shift in visible fluorescence emission due to faster
photobleaching at longer wavelengths (Helms et al., 2013, 2014). Moran
et al. (2000), for example, observed greater loss of fluorescence for the lon-
ger excitation wavelength peak C with respect to peaks A and M when ex-
posed to high simulated solar radiation, as well as a consistent decrease
in wavelength of excitation and emission maxima for the visible fluores-
cence region. Working with phytoplankton exudates, Brogi et al. (2020)
also found that photobleaching affected visible fluorescence differently,
usually causing diminishing losses in fluorescence with decreasing excita-
tion wavelengths of the peaks examined (emission loss: peak C > peak
M > peak A). However, given that the pattern between solar radiation
and visible fluorescence described above arises from correlations with
field data, the slopes provided in Table 2 can only be used to rank the
Table 2
Best-fit slopes of regressions of fluorescence of visible peaks (normalized to their
maximum value) with the phytoplankton photoprotective index Ddx:LHC (see
methods) as predictor in surface samples. Linear model: Visible peak = a +
b*Ddx:LHC; Logarithmic model: Visible peak= a+b*ln(Ddx:LHC). Highest deter-
mination coefficient for each peak is indicated in bold. All regressions were highly
significant (maximum p-value = 2.36 × 10−10).

Peak (λex) Linear model Logarithmic model

Slope R2
adj. Slope R2

adj.

A (250 nm) −0.53 0.7 −0.18 0.67
M (320 nm) −0.67 0.79 −0.23 0.75
C (340 nm) −0.78 0.76 −0.28 0.81
F (370 nm) −0.93 0.67 −0.35 0.77
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relative apparent photosensitivity of the visible fluorescence peaks, as pro-
cesses other than photobleaching could be contributing to the relationships
observed. Nonetheless, the good agreement between our results and
those obtained in controlled photodegradation experiments point to
wavelength-dependent photobleaching as the main control of the visible
fluorescence composition observed in this study.

3.4.2. Biological drivers of visible FDOM
Visible fluorescence also appeared to be influenced by processes other

than those related to solar radiation, as suggested by the separation of the
peaks M, A, C and F along the second principal component axis (Fig. 2).
Peaks M and A were related to phytoplankton-related variables (Chl a,
Chloro, Crypto), while peaks F, C and the C:M ratio laid on the quadrant
of the PCA with higher loadings of variables related to heterotrophic abun-
dances (Herbiv, HPA, HFVA, LFVA). This distribution of peaks within the
bi-dimensional space defined by PC1 and PC2 suggests that autotrophic
and heterotrophic activities altered visible FDOM composition in contrast-
ing ways.

The activity of heterotrophic prokaryotes is recognized as one of the
main drivers of seawater DOM composition, as they consume, transform
and release DOM of different characteristics (Carlson and Hansell, 2015).
From the multiple FDOM ratios examined, a strong and highly significant
positive relationship was found between the fluorescent ratio of peak C to
peak M (C:M ratio) and the abundance of heterotrophic prokaryotes
(R2 = 0.76, p < 0.001, Fig. 4). This pattern is in agreement with results
from previous studies on FDOM composition. Romera-Castillo et al.
(2011) incubated phytoplankton exudates in the presence of prokaryotes
and observed a general red shift in the emission of the visible fluorescence
region, which led them to hypothesize that marine prokaryotes were pref-
erentially utilizing blue shifted visible fluorescence substances (Peak
M) and releasing red-shifted ones (Peak C). This translated into an increase
in the C:M ratio as prokaryotes grewon phytoplanktonic DOM. Similar con-
clusions can also be drawn from field studies at the regional and global
scale, which often find that apparent oxygen utilization (AOU, a proxy of
the accumulated oxygen consumption by heterotrophic activity since the
water body was last in contact with the atmosphere) is related to similar
changes in visible fluorescence composition (De La Fuente et al., 2014).
Han et al. (2021) found that the C:M ratio (derived from PARAFAC
Fig. 4. Scatterplot showing the relationship between the peak C-to-peak M (C:M)
fluorescence ratio and the abundance of heterotrophic prokaryotes (HPA) in
surface waters. Best fit regression line, equation and coefficient of determination
are also shown.
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modeling) in seawater samples from the Sea of Japan increased with
depth as a result of relatively higher increases in the peak C component
with increasing AOU. Similarly, Catalá et al. (2016) revealed that, in the
global ocean, the C-region PARAFAC component (their C1) increased
with AOU much more efficiently than the M-region component (their
C2), which would have led to an increased C:M ratio in the waters most af-
fected by heterotrophic activities.

The C:M ratio, however, has also been used to infer the degree of DOM
photodegradation in surface layers due to the different photolabilities of
these peaks discussed earlier (Helms et al., 2013, 2014; Han et al., 2021).
In our case, this ratio was indeed negatively correlated to Ddx:LHC and
SRD (R = −045, p = 0.0049 and R = −0.49, p = 0.0036, respectively).
We used linear model comparisons to assess the relative importance of biotic
modification and photobleaching over the C:M visible fluorescence peak
ratio. We found that a more complex model, taking into account both HPA
and Ddx:LHC, was not significantly better at describing the variability of
the C:M ratio (p = 0.85, F-test) than the model that considered only HPA
(Fig. 4). This was expected, as the C:M ratio was in almost perfect alignment
with the abundance of prokaryotes in the PCA (Fig. 2) and this ratio showed a
strong loading in the PC2, poorly related to photic parameters (Ddx:LHC and
SRD). Thus, our results suggest that the C:M visible fluorescence ratio was
mainly driven by the activity of heterotrophic prokaryotes, whose abun-
dances (HPA) explained 76 % of the variability of the C:M ratio.

3.5. Controls of protein-like FOM

Protein-like fluorescence exhibited marked differences from the rest of
the fluorescence peaks examined in terms of filtration effects. Whereas all
other wavelength pairs had similar intensities regardless of filtration,
protein-like fluorescence was noticeably suppressed by filtration, implying
a fractionation into particulate and dissolved FOM. In the following sec-
tions, we discuss the potential mechanisms controlling the concentration
and fractionation of the protein-like fluorescence signal.

3.5.1. Particulate protein-like FOM
We hypothesize that the observed discrepancy in the protein-like fluo-

rescence between total FOM and FDOM (Fig. 1) arises from the protein con-
tent of phytoplankton cells retained on the filter. Therefore, the apparent
particulate protein fluorescence (Tp) should be related to bulk Chl a con-
centration, as marine phytoplankton cells have been reported to emit
protein-like fluorescence (Determann et al., 1998; Kinsey et al., 2018). To
our surprise, however, a good relationship between the particulate protein
fluorescence (Tp) and Chl a concentration was found only when excluding
the contribution of diatoms to Chl a concentration (Fig. 5a). When diatom-
Chl a was included, data from the NSG site lied outside the general trend
(Supplementary Fig. 5), with much less Tp than expected based on the
total Chl a concentration. We attribute this to the high contribution of dia-
toms to total Chl a in the NSG site, which was dominated by Eucampia
antartica, a large and heavily silicified diatom species (70 ± 10 % of NSG
total phytoplankton biovolume, (Nunes et al., 2019)). Although diatoms
have been reported to have lower protein contents than other phytoplank-
ton groups (Finkel et al., 2016), this was not the case for the diatoms thriv-
ing in the NSG site, where the mean POM C:N ratio was similar to that of
other sites (p= 0.72, Welch t-test). The apparent lower content of particu-
late protein-like fluorescence in samples with high contribution of diatoms
(NSG site) would be responsible for themisalignment of Tp and Chl a in the
PCA (Fig. 2), as diatoms were dominant in the NSG site, which also exhib-
ited the highest Chl a concentrations (Table 1). Thus, Tp in the PCAwas al-
ternatively aligned with the abundances of other phytoplankton groups,
such as chlorophytes and, specially, cryptophytes (Fig. 2), which were the
dominant groups in the NSO and WA sites (Table 1).

We hypothesize that diatom silica frustules might be responsible for the
reduced UV fluorescence at NSG. Silica frustules do not only protect dia-
toms against grazing (Assmy et al., 2013), viral infection (Kranzler et al.,
2019) and bacterial remineralization (Moriceau et al., 2009; Cabrera-
Brufau et al., 2021), they also seem to shield diatom cells from potentially



Fig. 5. Scatterplots showing the relationship between: (a) particulate protein
fluorescence (Tp) and non-diatom Chl a concentration, and (b) proportion of
diatom contribution to Chl a (this study, red dots) or to total phytoplankton
biomass (incubations, blue dots) and particulate protein-like fluorescence (Tp) per
unit of Chl a. Formula and solid line in panel a are the best fit linear regression.
Pearson correlation coefficients and p-values are shown in panel b for data from
this study (in red) and for Mediterranean incubations (in blue, see text). Data
from all depths of PEGASO cruise (4-200 m) are included in both panels,
additional data from Mediterranean incubations are shown in panel b (blue dots).
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harmful wavelengths (Aguirre et al., 2018). The microstructure of silica
frustules exhibits photonic properties that reduce the incident UV radiation
via photoluminescence, absorption, re-focusing and scattering (Ghobara
et al., 2019; Goessling et al., 2021). The transmittance of silica frustules is
particularly low for the wavelength range used to quantify protein-like ma-
terials (~20% at 280–315 nm range) (De Tommasi et al., 2018). This phys-
iological adaptation might help diatoms to thrive in highly UV-irradiated
environments, such as the Southern Ocean (Ellegaard et al., 2016), but it
would also have actively reduced the fluorescence signal of unfiltered ali-
quots, locally shading diatom cells from the excitation beam (centered at
280 nm) during the protein-like fluorescence quantification. This effect
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would have resulted in the strong negative correlation observed between
the contribution of diatoms to total Chl a concentration and the apparent
particulate protein fluorescence per unit of Chl a (R = −0.69, p < 0.001,
Fig. 5b). Interestingly, using data from incubations ofMediterranean phyto-
plankton populations, enriched with different amounts of silicate to obtain
contrasting diatom dominances (Cabrera-Brufau et al., 2021), we observed
a similar correlation (R = −0.77, p = 0.016, Fig. 5b) albeit with the pro-
portion of diatoms quantified in terms of diatom contribution to total phy-
toplankton biomass.

The previous interpretationmight help to explain the results of Cyr et al.
(2017). Using on-line glider based measurements of Chl a and protein-like
fluorescence in the NW Mediterranean, they noticed some differences in
the vertical and seasonal distributions of both variables. They hypothesized
that the observed mismatches could be related to seasonal changes in phy-
toplankton community composition (Marty et al., 2002; Nunes et al.,
2018). During the spring bloom, typically dominated by diatoms, they re-
port high Chl a concentrations and low protein-like fluorescence values,
while in summer, when small non-diatom species predominate, they ob-
served a protein-like fluorescence 3 times higher than in spring despite sim-
ilar Chl a values. The lower Tp fluorescence per Chl a yielded by samples
with high diatom contributions in our study (Fig. 5b) could help to explain
these seasonal differences. However, as the study of Cyr et al. (2017) was
based on in-situ (i.e. non-filtered) protein-like and Chl a fluorescence pro-
files, their results were probably influenced both by changes of in-vivo
Chl a fluorescence efficiencies and by the dynamics of truly dissolved
peak T fluorescence, which makes a direct comparison difficult.

The relationships between diatom dominance and particulate protein-
like fluorescence found in our study could be influenced by processes that
were not taken into account here. For example, although absorbance was
used to correct fluorescence underestimations due to inner-filter effects
(see methods) and quantification of Chl a via the use of glass fiber filters
(GF/F) does account for contributions of smaller picophytoplankton
(Chavez et al., 1995), the potential protein-like fluorescence of non-
phytoplanktonic particles could not be quantified with the available data.
Thus, although 91 % of peak Tp variability was explained by non-diatom
Chl a alone, the proposed hypothesis should be further investigated under
laboratory controlled conditions.

3.5.2. Protein-like FOM fractionation
The lack of a simple linear relationship between the protein-like fluores-

cence of unfiltered and filtered aliquots (Fig. 1) implies that the concentra-
tion of protein-like FDOM (Peak Td) cannot not be explained by the amount
of peak Tp fluorescence alone. Although in the PCA ordination Td was
aligned with the first principal component (Fig. 2), this protein-like
FDOM was not well represented by this first axis, as derived by the much
lower squared cosine of this peak (cos2 = 0.63) when compared to that
of the rest of FDOM peaks (cos2: 0.91–0.96). This was further corroborated
by the low variance of Td explained by either Chl a concentration (Chl a,
R2 = 0.30) or the photoprotective index (Ddx:LHC, R2 = 0.28), two of
the main driving variables of the PC1 (Fig. 2). The low explanatory power
of the photoprotective index is in agreement with other studies, which
find little effects of photobleaching on protein-like FDOM (Moran et al.,
2000; Zhang et al., 2013; Brogi et al., 2020). Additionally, although phyto-
plankton directly produce protein-like FDOM (Romera-Castillo et al., 2010;
Chari et al., 2013), Chl a concentration has been shown to be an unsuitable
predictor of dissolved peak T variability (Jørgensen et al., 2011; Catalá
et al., 2016). This suggests that processes other than photobleaching and di-
rect phytoplankton production are influencing protein-like FDOM distribu-
tions in the ocean.

In order to better understand themechanisms that control the fractiona-
tion of protein-like fluorescence into particulate (Tp) and dissolved form
(Td), we examined the proportion of total protein-like fluorescence found
in dissolved form (%Tdiss) in relation to other parameters. We found that
%Tdiss was well represented by the second principal component of the
PCA (Coordinate = −0.88, cos2 = 0.77, Supplementary Table 4), in
which it was tightly aligned with the herbivory index (Herbiv) and with
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the ratio of abundance of high fluorescence viruses to Chl a concentration
(HFVA:Chl a) (Fig. 2). We assessed the predictive power of these two pa-
rameters over %Tdiss using linear regressions. We found that the HFVA:
Chl a ratio was a good predictor of the proportion of dissolved peak T
(R2 = 0.65, Supplementary Fig. 6a). Although the variance in %Tdiss ex-
plained by the Herbiv index alone was relatively low (R2 = 0.24, Supple-
mentary Fig. 6b), the combination of these two parameters, Herbiv index
and HFVA:Chl a ratio, was a significantly better predictor of the observed
variance in %Tdiss (R2 = 0.78, Fig. 6) than the HFVA:Chl a ratio alone
(p = 0.0047, F-test).

We interpret these results as a consequence of the combined effects of
grazers (from nanoflagellates to mesozooplankton) and viral activities
over the phytoplankton populations. Grazing and viral infections lead to
the rupture of phytoplankton cells and the release of the intracellular mate-
rials, transferring protein-like fluorescence from particulate (Tp) into dis-
solved (Td) forms and increasing %Tdiss. This interpretation is supported
by the temporal dynamics of these protein-like fluorescence pools observed
during the visits to the NSG and WA sites, where phytoplankton abun-
dances were in decrease (Table 1). On average, the HFVA:Chl a ratio and
the Herbiv index explained 51 % and 29 % of the %Tdiss variability in
the multiple regression model, respectively (Fig. 6). Thus, considering all
the results of this study, we conclude viral lysis was the main driver of
protein-like fluorescence fractionation.

3.5.3. Case study: mode of bloom demise and fate of protein-like FOM
The sampling design allowed us to monitor the short-term temporal

evolution of the chemical and biological properties of seawater at each
site, following the same water mass over 1.5–3 days and identifying trends
in phytoplankton bloom dynamics and OM processing. Regarding OM fluo-
rescence, we found a common temporal trend in NSG andWA, wherein the
particulate protein-like fluorescence decreased significantly during the
time of visit (Fig. 7a, b). This decrease was coupled with decreases in Chl
a concentration (Table 1) andwith increases in signs of distinct phytoplank-
tonmortality agents for each site. InWA,where the phytoplankton commu-
nity was dominated by cryptophytes, we observed a strong increase in the
abundance of high fluorescence viruses (HFVA) both in absolute terms
Fig. 6. Scatterplot of observed vs predicted values for proportion of peak T dissolved
(%Tdiss) based on multiple linear regression with Herbiv index and HFVA:Chl a
ratio as predictors. Multiple regression equation: %Tdiss = −209 +
60*Herbiv + 43* log10(HFVA:Chl a), multiple adjusted-R2 = 0.78, Herbiv partial
R2 = 0.29, log10(HFVA:Chl a) partial R2 = 0.51. The equation is the regression
model for the relationship between the observed vs predicted data (solid line).
The 1:1 line is also shown (dashed line).
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and, especially, with respect to Chl a (R= 0.76, p < 0.05, Fig. 7b). By con-
trast, in NSG, where diatomswhere the dominant phytoplankton group, we
did notfind a significant increase in the abundances of highfluorescence vi-
ruses (R =−0.17, p = 0.6), yet the zooplankton grazing, as derived from
the Herbiv index, increased markedly through time (R = 0.95, p < 0.001,
Fig. 7a). Additionally, the concentration of fecal pellets in NSG also in-
creased significantly during the visit (Supplementary Table 3), presumably
from copepods, which were also observed in this site through light micros-
copy. This apparent group-specific phytoplankton loss pattern is in agree-
ment with Biggs et al. (2021), who found that diatoms and cryptophytes
were subject to contrasting loss processes. They show that, over a full Ant-
arctic productive season, viral lysis accounted for 63 % of the specific loss
rates of cryptophyte biomass, whereas grazing represented 56%of biomass
loss in the case of diatoms. In our case, the particulate protein-like fluores-
cence decreased markedly in both sites, as the viral pressure on
cryptophytes (in WA) and the zooplanktonic pressure on diatoms (in
NSG) increased trough time, with WA and NSG losing 55 % and 47 % of
their initial particulate protein-like fluorescence during the 32 and 72 h
of monitoring, respectively.

The consequences of these two modes of phytoplankton bloom demise
were very different for each site. Although we cannot discard some DOM
consumption by the growing prokaryotic community at NSG (Table 1), no
significant increases were detected in this site for either dissolved protein-
like fluorescence (Td, Fig. 7c) or any of the other FDOM peaks examined
(Table 1) as a consequence of zooplankton grazing (Fig. 7a). It seems that
the loss of phytoplanktonic biomass (Chl a) and of particulate protein-like
materials (Tp) at the NSG site were mostly channeled through ingestion
by grazers and subsequent production of fecal pellets (Supplementary
Table 3), with no detectable solubilization into FDOM (Table 1). In the
WA site, however, the increase in viral pressure (HFVA:Chl a) was coupled
to a synchronous accumulation of dissolved protein-like fluorescence (Td)
(Fig. 7b, d) and of FDOM peaks A andM (Table 1) largely attributed to phy-
toplankton (Fig. 2). Overall, the relatively low explanatory power of the
Herbiv index over %Tdiss variability (Fig. 6), joined with the contrasting
FOMdynamics at NSG andWA sites (Fig. 7, Table 1), suggest that zooplank-
ton grazing is not as efficient as viral infection in transferring phytoplank-
tonic organic matter from the particulate into the dissolved pool.

The high efficiency of zooplankton in transferring particulate protein-
like substances to higher trophic levels, and the high efficiency of viral
lysis in transferring them to the dissolved organic pool have important eco-
logical and biogeochemical consequences for the cycling of organic matter
in marine systems. The role of zooplankton and viruses in controlling phy-
toplankton populations and the demise of blooms is well-known in marine
ecology (Brussaard, 2004; Steinberg and Landry, 2017). Their biological ac-
tivities not only reduce the standing stock of phytoplankton, but channel a
significant fraction of the phytoplanktonic OM into distinct ecological and
biogeochemical pathways. Although zooplankton can contribute to the dis-
solved organic matter pool through excretion and sloppy feeding (Lampert,
1978; Møller, 2007), they primarily contribute to transfer of C to larger
metazoans and to C export through the production of fast-sinking fecal pel-
lets (Steinberg and Landry, 2017), which often dominate C export fluxes in
the Southern Ocean (Gleiber et al., 2012). Viral infections, on the other
hand, although can also lead to enhanced C export by promoting aggrega-
tion and sinking of infected cells (Zimmerman et al., 2020), channel most
phytoplankton C away from higher trophic levels by releasing it as DOM,
a process named the “viral shunt” (Fuhrman, 1999; Suttle, 2007; Jover
et al., 2014). Thus, the termination of phytoplankton blooms caused by vi-
ruses favors the recycling of organicmatter near the surface through themi-
crobial loop (Bratbak et al., 1994; Biggs et al., 2021), as lysis makes
phytoplanktonic biomass accessible to heterotrophic prokaryotes in the
form of DOM, effectively lowering the trophic level at which phytoplankton
biomass enters the trophic web.

Protein-like fluorescent DOM is usually considered to be bioavailable,
with multiple studies reporting fast consumption of these DOM fluores-
cence signals by heterotrophic prokaryotes, either directly determined dur-
ing dark incubations (Lønborg et al., 2010, 2015) or inferred from protein-



Fig. 7. Scatterplots showing the temporal evolution of the various chemical and biological parameters in surface waters of NSG (panels a, c) and WA (panels b, c) sites
analyzed in this study. The top panels depict the temporal evolution of particulate protein-like fluorescence (Tp, blue squares) and of the herbivory index (Herbiv, orange
dots) in NSG (a) and the HFVA:Chl a ratio (purple dots) in WA (b). The lower panels show the temporal evolution of dissolved protein-like fluorescence (Td, blue dots) in
NSG (c) and in the WA site (d). In each panel we show the temporal correlation of each parameter (as Pearson coefficients) and, only for significant temporal correlations
(p < 0.05), the best-fit regression line is added.
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like FDOM distribution in the water column (Misic et al., 2006; Nelson and
Gauglitz, 2016). Peak Td fluorescence can be used as an indication of the
concentration of total amino acids (Yamashita and Tanoue, 2003), which
are, along with dissolved proteins, preferred substrates for bacteria in Ant-
arctic marine waters (Simon and Rosenstock, 2007; Simon et al., 2012).
The efficient solubilization of protein-likefluorescence inWAwas therefore
expected to promote the growth of heterotrophic prokaryotes. However,
wewere not able to detect any increases in the abundances of heterotrophic
prokaryotes during our visit toWA (R=0.17, p=0.75). Top-down control
of prokaryotes by bacteriophages (Vaqué et al., 2017) or ciliates (Duarte
et al., 2005) was unlikely, as there were no differences in the
bacteriophage-to-prokaryote ratio (LFVA:HPA) between the NSG and the
WA site (p = 0.52, Student t-test) and the ciliate-to-prokaryote ratio was
higher in NSG (p < 0.001, Welch t-test), where prokaryotic growth was ob-
served (Table 1). Thus, the lack of detection of prokaryotic growth in WA
was most probably because the sampling duration at this site (32 h) was
shorter than the three to four days time-lag typically observed for Antarctic
prokaryotes to begin to growth upon substrate additions (Massana et al.,
2001; Dyda et al., 2009; Simon et al., 2012).

4. Summary and conclusions

The fluorescent organic matter composition encountered in the surface
waters of four Southern Ocean sites reflects how this organic matter pool is
11
strongly influenced by both environmental conditions and biological activ-
ities. Our study reinforces the potential of combining single excitation-
emission fluorescence measurements to gain valuable insights into the dis-
tribution, dynamics, and drivers of fluorescent organic matter in the ocean.

The comparison between the organic matter fluorescence measured in
filtered and unfiltered aliquots has shown that the filtration procedure
has little effect on visible fluorescence intensities, allowing comparisons be-
tween online fluorescence sensors and discrete laboratorymeasurements of
filtered samples. Protein-like fluorescence, however, was strongly affected
by filtration, with phytoplankton cells being responsible for a large but var-
iable proportion of the total protein-like fluorescence in unfiltered aliquots.
Thus, we recommend caution when interpreting protein-like fluorescence
distributions obtained from unfiltered samples and in-situ sensors, as
those results could be not directly comparable to studies examining true
dissolved organic matter fluorescence, especially in highly productive re-
gions. In addition, although further experimental studies are required, the
apparently lower specific protein-like fluorescence of diatoms could serve
as a fast and inexpensive way of approximating the dominance of this
group in the phytoplankton community.

Regarding the drivers of FDOM composition identified in surface wa-
ters, we found that visible fluorescence was mainly controlled by
radiation-induced photobleaching, with the several peaks examined
exhibiting contrasting apparent photolabilities positively related to their
excitation wavelengths. Despite the indirect nature of the measurement,
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we found that phytoplankton photoacclimation was a better predictor of
visible fluorescence photobleaching than the calculated solar radiation
dose. Finally, the taxonomic composition of the phytoplankton communi-
ties encountered did not have a straightforward effect on FDOM composi-
tion. Instead, the stage of phytoplankton bloom development seemed to
be the main biotic control over the organic matter fluorescence composi-
tion. In our study, visible FDOM composition was related to the abundance
of heterotrophic prokaryotes even under strong solar irradiance conditions.
Protein-like fluorescence, on the other hand, was mainly controlled by bi-
otic processes of phytoplankton mortality, with viral and, to a lesser extent,
zooplanktonic pressure over phytoplankton populations accurately
predicting the proportion of protein-like fluorescence found in the dis-
solved pool.

Overall, this study contributes to better understanding the sources and
drivers of fluorescent organic matter in Antarctic waters. In particular, the
novel insights into the fractionation of the protein-like fluorescent organic
matter pool reported here might help to disentangle the complex dynamics
governing the coupling of primary producers with prokaryotic recyclers via
the supply of bioavailable dissolved organic matter in the marine system.
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