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• Microbial communities readily seques-
tered LDOM in surface water in all
seasons.

• DOM composition varied significantly
with different seasons in the fjord
system.

• Bacterial production followed the chlo-
rophyll a trend in the surface waters.

• Labile DOM Carbon limited bacterial
activity in aphotic zone
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Fjord systems in higher latitudes are unique coastal water ecosystems that facilitate the study of dis-
solved organic matter (DOM) dynamics from surface to deeper waters. The current work was undertaken
in the Trondheim fjord characterized by North Atlantic waters, and compared DOM fractions from three
depths - surface (3 m), intermediate (225 m) and deep (440 m) in four seasons, from late spring to
winter in 2017. The high-resolution mass spectrometry data showed that DOM composition varies signif-
icantly in different seasons rather than in different depths in the fjord systems. The bacterial community
composition was comparable except at spring surface and summer intermediate depths. Bacterial pro-
duction was minimal below the euphotic layer, even with sufficient availability of inorganic nutrients.
The bacterial production rate in the surface waters was about 7 times and over 50 times higher than
that of the aphotic zone in the winter and the summer seasons, respectively. The surface heterotrophic
microbial communities might have rapidly consumed the available labile DOM, with the production of
more refractory DOM limiting bacterial production in aphotic layers. The greater number of CRAM-like
formulas determined in the surface waters compared to other depths supports our hypothesis. The
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Fjord
Bacterial production
refractory DOM sequestered in the water column may either be exported into sediments attached to par-
ticulate matter and marine gels, or may escape into the atmosphere as carbon dioxide/monoxide during
the photochemical oxidation pathways, suggesting that it is involved in climate change scenarios.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Dissolved organic matter (DOM) is the most abundant form of re-
duced carbon in the marine environment, adding up to some 700 Gt
of carbon (D'Andrilli et al., 2010). This is almost as high as the atmo-
spheric carbon pool, thus important to current research on climate
change. In contrast, the amount of particulate organic matter (POM) is
much less, comprising between 2 and 30 Gt of carbon, which includes
all the living biomass that is mainly found in the upper euphotic layer,
extending to about 200 m depth (He et al., 2016; Jiao et al., 2010;
Stramska, 2009). DOM is a heterogeneousmixturewith varying concen-
trations of organic molecules that differ temporally and spatially. A full
characterisation of individual compounds in the DOM pool remains a
challenge using state-of-the-art techniques, however, efforts are made
to identify and classify these compounds either based on their elemen-
tal composition, or into chemical groups based on chemical formulas
from mass spectrometric analyses.

DOM as a carbon source is first produced by phytoplankton, and
later released into the environment directly from phytoplankton via ex-
udation, during senescence and decay, or indirectly during predation
and defecation by zooplankton. The chemical composition of the DOM
varies depending on the phytoplankton species, its growth and nutri-
tional stages, as well as on predation (Søndergaard and Middelboe,
1995). The average global net primary production is estimated to be
between 45 and 60 GtC yr−1 (Longhurst et al., 1995; Taucher and
Oschlies, 2011), and there is turnover of the phytoplankton biomass
every 2–6 days (Behrenfeld and Falkowski, 1997; Behrenfeld et al.,
2006; Kwiatkowski et al., 2017). The viral lysis of bacteria also releases
DOM (Børsheim et al., 2005), and may be a major process relative to
bacterial production (Vadstein et al., 2012).

A significant fraction of the DOM released from various sources con-
tains chemical compounds that are rapidly used by heterotrophic mi-
crobes and are classified as labile DOM (LDOM). LDOM is estimated to
be around 50% of dissolved organicmatter produced photosynthetically
(Biersmith and Benner, 1998). These compounds are used by heterotro-
phic microbes to build biomass, and its availability can limit microbial
growth rate and production (Hansell, 2013; Hertkorn et al., 2006; Jiao
et al., 2010; Ogawa et al., 2001). Extracellular and intracellular enzy-
matic conversion of LDOM can also result in the production of refractory
or recalcitrant DOM (RDOM) (Arnosti, 2011;Wagner et al., 2020) that is
more difficult for microbes to further degrade due to its chemical
composition. RDOM can also be released via viral lysis and grazing
including those from cell wall components (Jiao et al., 2010; Jiao and
Zheng, 2011).

The process of carbon sequestration involves the biological capture
and removal of carbon from biological cycles through the production
of RDOM at all water depths (Jiao et al., 2014; Jiao and Zheng, 2011;
Legendre et al., 2015). LDOM is taken up and removed by heterotrophic
bacteria, yet RDOM from initial sources will remain, forming a larger
fraction of the total DOM. Although heterotrophic bacteria utilise
LDOM, the limitation of mineral nutrients may lead to the accumulation
of LDOM in the environment (Thingstad et al., 1997). As a result, a mix-
ture of LDOMand RDOMcan be observed in a naturalwater sample. The
natural DOM water sample represents a net balance of what remains
after the production and consumption processes of DOM (Gruber
et al., 2006). Fractions of the carbon sequestered in the form of RDOM
may be stored in the deep ocean and surface sediment layers,
preventing or slowingdown the re-entry of carbon into the atmospheric
carbon cycle for a few thousand years (Legendre et al., 2015; Miller
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et al., 1999). This is mainly because microbes are not able to efficiently
metabolise RDOM, thereby withholding the release of carbon dioxide.
Some studies have suggested that the sequestration of carbon takes
place mainly in subsurface and deeper waters (Jørgensen et al., 2011;
Omori et al., 2011; Yamashita and Tanoue, 2009). Few others reported
that the highest bacterial abundance and activity which is linked to car-
bon sequestration is observed in surface waters (Garneau et al., 2008;
Karl and Knauer, 1991; Tamburini et al., 2002). Thus, spatio-temporal
studies prove be critical in order to elucidate the main dynamics in car-
bon sequestration. As the microbial community structure changes with
depth (Bienhold et al., 2016; Brown et al., 2009; Treusch et al., 2009;
Walsh et al., 2016; Wilson et al., 2017) and seasons (Cram et al., 2015;
Gilbert et al., 2012; Suh et al., 2015), these studies offer implications
for future climate conditions. Particularly, the microbial transformation
is an important factor determining the DOM composition and carbon
cycling (Jiao and Azam, 2011). Some operational taxonomic units
(OTUs) grow faster with availability of specific growth substrates. The
heterotrophic bacteria have differences in metabolic capacity, thus
consumption and transformation of specific compounds of DOM
would result in an increase in relative size of these bacteria. The
resource partitioning and interactions between different bacterial
groups leads to microbial successions relevant for the different meta-
bolic pathways in biogeochemical carbon cycling (Landa et al., 2016;
McCarren et al., 2010).

Carboxyl-rich alicyclic molecules (CRAM) are one of the most com-
mon forms of RDOM in the marine DOM pool and is reported to be of
microbial origin (Hertkorn et al., 2006; Lechtenfeld et al., 2015). The
production of these compounds influences the formation of larger par-
ticulate aggregates which increase export of organic matter to deeper
waters (Hertkorn et al., 2006). The resulting aggregates, often referred
to as marine colloidal gels, are in the particulate-dissolved organic mat-
ter continuum and are present in the interface between the operational
classification of particulate organic carbon (POC) and dissolved organic
carbon (DOC) (Chin et al., 1998; He et al., 2016). The formation of these
marine gels favour either increased vertical fluxes or the export of the
organicmatter from the surface into deepwaters (Verdugo et al., 2004).

Coastal regions are generally more productive systems per unit area
than the pelagic regions of the ocean (Ryther, 1969). With high produc-
tivity, DOM production is also higher in coastal waters (Barrón and
Duarte, 2015; Bauer and Druffel, 1998). Primary production varies on
both temporal and spatial scales based on the availability of essential
mineral nutrients, light and temperature conditions in coastal waters.
Fjord systems form an integral part of coastal geography at higher lati-
tudes in regions of Norway, Greenland, Chile, New Zealand and the
Antarctic coast. The fjords often stretch out a few hundred kilometres,
and their depthsmay vary from a fewmetres to over a thousandmetres.
The fjords are therefore excellent sites for coastal DOM studies in both
surface and deep waters. The coastal fjord ecosystems are usually af-
fected by both marine and freshwater conditions that vary regionally
and with seasons. Increased river runoff replenishes the coastal waters
with essential inorganic nutrients that, together with supply from
deep-water, support primary production (Milzer et al., 2013). At higher
latitudes, nutrient rich deep water favours characteristic spring blooms
followed by peaks in zooplankton biomass, which are important in ma-
rine trophic food webs (Reigstad et al., 2002; Taylor and Ferrari, 2011).
In a coastal fjord ecosystem, all these events and factors play a signifi-
cant role in DOM production, mobilisation and dynamics. The spring
bloom in temperate and Arctic regions, with maximal abundance of
phytoplankton, produces a complex mixture of DOM in the surface
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waters. The labile DOM derived from phytoplankton exudates and pre-
dation in the surface water supports the metabolic activities of hetero-
trophic bacteria for the microbial carbon pump (Olsen et al., 2011).
The main objective of our study was to understand the temporal and
spatial variation in carbon sequestration through RDOM production in
coastal temperate fjord waters. The RDOM, represented as CRAM frac-
tions, is affected by the DOM production and consumption phases in
the marine environment. CRAM production is strongly determined by
both the spatio-temporal factors affecting bacterial production, and mi-
crobial community composition, metabolising other labile DOM
fractions.

2. Materials and methods

2.1. Sampling site

The samples were collected from the Trondheim fjord, one of the
longest and deepest fjord systems in central Norway. The fjord is
about 135 km long, extending over an area of about 1420 km2, and
with a depth of 617 m at the deepest point (Brooke and Järnegren,
2013). The Trondheim fjord receives freshwater influx from five main
rivers; the Nidelva, the Gaula, the Stjørdalselva, the Orkla and the
Verdalselva. The Trollet sampling station (63° 28.984 N 10° 17.998
E) is located in the open basin of the fjord (Supplementary Data
Fig. 1), is far from the nearest river input and is therefore little affected
by freshwater (Öztürk et al., 2002). The fjord system is strongly affected
by theNorth Atlanticwaters, and freshwater impact is usually limited to
river mouths and very thin surface layers during heavy freshwater run-
off. The sampling station is approximately 450 m deep, which makes it
an ideal location for coastal temperate DOM studies of surface to deep
water fjords.

2.2. Sample collection

The water samples from three depths; 3 m, 225 m and 440 m, were
collected using a Niskin sampler attached to Seabird Electronics, SBE-
19plus V2 CTD sensors during coastal cruises in the Trondheim fjord
on RV Gunnerus. The 3 m and 440 m depths represented surface and
deep waters respectively, and the intermediate sample collected at
225 m was half the depth of the station and below the euphotic
Fig. 1. (A) Chlorophyll a concentration in surface waters; (B) bacterial production rate (BP); an
seasons.

3

zone. The samples were collected during late spring (20th April), late
summer (1st September), autumn (10th October) and winter (12th

December), 2017.

2.3. Inorganic nutrients analysis

The water samples were collected in clean vials and were immedi-
ately frozen at−20 °C until further analysis. The thawed water samples
were filtered through sterile 0.2 cellulose acetate syringe filters (VWR,
Trondheim) to remove any particulate matter. They were analysed for
dissolved inorganic nitrogen (nitrate, nitrite and ammonium) and dis-
solved inorganic phosphate (Grasshoff et al., 2009) using an
autoanalyser (O.I. Analytical Autosampler, TM-Autolab AS, Norway).

2.4. Bacterial production measurements

Bacterial production rates in the samples were measured using the
tritiated methyl-(3H) thymidine method (Bell, 1993). Samples of 10
mL volume and a final concentration of 20 nM with tritiated methyl-
(3H) thymidine were incubated for one hour. Incubation was stopped
with the addition of formaldehyde, with a final concentration of 1%.
The activity was measured using liquid scintillation counting
(PerkinElmer Life and Analytical Sciences, Waltham, MA, USA) of the
samples and control.

2.5. Fluorometric analysis for chlorophyll a

The water samples were filtered with Whatman GF/F filters (nomi-
nal pore size of 0.7 μm). The filters were pre-combusted at 450 °C for
eight hours to remove any organic carbon contamination. The particu-
late matter on the GF/F filters was frozen at −20 °C until further fluo-
rometric analysis. The chlorophyll a on the filters was extracted in
methanol according to Strickland and Parsons (1972), and measured
using a Turner Designs fluorometer (California, USA).

2.6. 16S rRNA gene amplicon sequencing and data processing

The method for amplicon sequencing followed that described in
Navada et al. (2020). Briefly, samples of bacteria were collected using
0.2 μm sterile syringe tip filters from mixed cellulose esters with
d (C) dissolved total organic carbon concentration (TOC) from various depths in different
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glycerine as filtration filter media (DynaGard™, Spectrum Laboratories,
Inc., USA) and preserved at −20 °C. DNA was extracted using
the DNeasy® PowerSoil Kit (Qiagen, Germany). The V3 and V4 regions
of the 16S rRNA gene were targeted for sequencing, using broad range
PCR primers (338F and 805R) with Illumina adapter sequences
(the lower-case letters denote the adapter sequences 338F: 5′
cgtcggcagcgtcagatgtctataaga gacagnnnnCCTACGGGWGGCAGCAG-3′ and
805R: 5′-gtctcgtgggctcggagatgtgtataagagacagnnnn ACTACNVGGGTAT
CTAAKCC-3′). The barcoded PCR products were pooled and sequenced
on one MiSeq lane each (Illumina, USA) at the Norwegian Sequencing
Centre in Oslo. The Illumina sequencing data was deposited and
available at the European Nucleotide Archive (accession numbers
ERS5514118 - ERS5514129). The data was processed using the
USEARCH pipeline (version 11), and the merging of pair reads included
primer sequences removal, quality filtering and demultiplexing, and the
removal of chimera sequences and singletons. Operational taxonomic
unit (OTU) clustering was performed at 97% similarity level using the
UPARSE algorithm (Edgar, 2013), and taxonomic assignment was
based on the Sintax command and the RDP reference dataset (Version
16). To remove bias due to differences in sequencing depth, all analyses
were performed on an OTU table that had been normalised to 15,000
reads per sample (lowest number of reads in any sample). The bacterial
richness, order one diversity (exponential. 1 Shannon index) and
evenness were calculated.

2.7. Total organic carbon (TOC) analysis

The TOCwater samples (35mL)were collected in clean vials on board
RV Gunnerus and frozen to−20 °C immediately after addition of 3MHCl
reducing to pH 2 to prevent any bacterial degradation under further anal-
ysis. The TOC, as non-purgeable organic carbon, was analysed using the
high temperature catalytic oxidation method, with a Shimadzu TOC-L
analyser at the GEOMAR Helmholtz Centre for Ocean Research Kiel,
Germany. Olsen et al. (2006) reported from nutrient enrichment experi-
ments conducted in the coastal Norwegian waters that DOC constituted
86–93% of TOC, even when POC was higher than natural conditions.

2.8. DOM characterisation

The water samples collected during the cruise were immediately
transferred to the laboratory to make sure that the ambient tempera-
ture had a minimal effect during transport. The water samples were fil-
tered through precombustedWhatman™ GF/F filters. The DOM filtrate
was treated with 5 M HCl to bring the pH down to 2, before
preconcentration of the sample using Agilent Bond Elut ™ PPL car-
tridges (1 g, 6 mL; VWR Chemicals Trondheim, Norway). The acidifica-
tion step prevents any further bacterial degradation of the DOM in the
samples and increases the adsorptive efficiency of the PPL cartridges.
The cartridges were preconditioned, and DOM sample collection were
according to Dittmar et al. (2008), using 10 mL of ultrapure HPLC
grade methanol (Alfa Aesar, Germany). In December 2017, duplicate
DOM samples were collected for comparison of replicates.

The DOM samples stored at 4 °C were later analysed by direct infu-
sion high resolution mass spectrometry with a Synapt G2-S mass spec-
trometer (Waters, Milford USA) using the electrospray ionisation (ESI)
method for both positive and negative modes (ESI+ and ESI-). Leucine
enkephalin with a concentration of 200 ng/mL was used for the
Lockmass correction of exact mass measurements with a flow rate of
10 μl/min. The MS instrument used an electrospray ionisation source
(both ESI- and ESI+), with capillary tip voltage set to 2.25 KV and sam-
ple cone voltage set at 30 V. The source temperature was kept at 120 °C
and cone gas flow regulated to 100 L/h. The desolvation temperature
wasfixed at 350 °Cwith a gas flow rate of 800 L/h. The sampleswere ac-
quired for 2 min each with a sample volume of 5 μl.

The Electrospray Ionisation (ESI) is a soft ionisation technique that
ionises complex molecules, including proteins, with minimal or no
4

fragmentation (Banerjee and Mazumdar, 2012; Smith et al., 1995).
The ESI positive mode detects DOMwith more basic functional groups,
and the ESI negative mode detects DOM with acidic functional groups
(Kujawinski, 2002; Ohno et al., 2016). Some DOM compounds showing
amphoteric character with both acidic and basic functional groups can
be detected in both the modes. The MS total ion chromatogram for
each sample was processed and 40 scans were combined in the maxi-
mum peak area. Ultra-high resolution MS techniques such as FT-ICR-
MS are adopted for better accuracy and precision in assigning DOM
chemical formulas. High resolution MS techniques are widely used in
the field of petroleomics for assigning chemical formulas into various
heteroatom (nitrogen, oxygen, sulphur) combination groups with the
help of PetroOrg (Corilo, 2014; Farenc et al., 2016; Grimm et al.,
2017). PetroOrg was used in DOM studies also to assign molecular for-
mulas as reported by Avneri-Katz et al. (2017), Letourneau and
Medeiros (2019), and McDonough et al. (2020). The results were proc-
essed using PetroOrg SS software (18.0.3), which included the Kendrick
Mass Defect for assigning elemental composition for carbon, hydrogen,
oxygen, nitrogen, sulphur and phosphorus. The N1 class in the close
shellwas selected as reference setting as per PetroOrg recommendation.
The calibration settings were selected to include a maximum error of
10 ppm and further, formulas with a maximum error of 3 ppm were
only considered. The KendrickMass Defect helped to determine homol-
ogous formulas with the same degree of unsaturation, differing only in
CH2 units. The elemental composition ranges assigned for various ele-
ments were C1–60 H1–210 O1–60 N0–4 S0–2 P0–1 (Simon et al., 2018). The
mass spectra obtained after ESI mass spectrometric analysis gave ion
abundance peaks along the mass/charge ratio (m/z) axis. The assigned
chemical formulas were processed for singly charged atoms with m/z
ranging from 150 to 700. The formulas with m/z less than 150 and
more than 700 have higher degrees of uncertainty (Koch and Dittmar,
2006; Stubbins et al., 2010). Only formulas over 10,000 in relative ion
abundances were considered for data processing. Signals below this
limit were considered noise, as under this value it was difficult to differ-
entiate 13C isotopic patterns of the signals from the noise.

The double bound equivalence (DBE), which is a measure of the
number of multiple bonds or ringed structures, was calculated as
(Wagner et al., 2019):

DBE ¼ 1þ 0:5 2C−H−Nþ Pð Þ ð1Þ

The modified aromaticity index (AImod) was calculated as (Koch and
Dittmar, 2006):

AImod ¼ 1þ C−0:5O−S−0:5 Nþ PþHð Þð Þ= C−0:5O−S−N−Pð Þ ð2Þ

The modified aromaticity index (AImod), DBE and ratios of elements
were used to group the determined chemical formulas into “Aliphatic,
Highly unsaturated, Aromatic, Condensed aromatic and CRAM-like
groups” according to Shah Walter et al. (2018) and Wagner et al.
(2019), also referring to classifications used in Hertkorn et al. (2006),
Pracht et al. (2018), Šantl-Temkiv et al. (2013), and Stubbins et al.
(2010). Formulas that could not be grouped into any of the aforemen-
tioned groups were classified as “Others” (Table 1). The formulas in
the different groups may contain some compounds that are labile and
some that are refractory, originating from different sources, including
bacteria. The CRAM formulas are, however, predominantly refractory
and of microbial origin (Koch and Dittmar, 2006; Šantl-Temkiv et al.,
2013; Wagner et al., 2019).

2.9. Data analysis

Principal coordinate analysis (PCoA) of the DOM characterisation
data was performed with all determined formulas between m/z 150
to 700 for both ESI negative and positive modes. The PCoA analysis
with Bray-Curtis dissimilarity, calculated for the relative content of



Table 1
Chemical classification criteria for DOM used in the present study.

Classification of
chemical class
groupsa

Classification
Criteria

Known examples representative of
few chemical class groups

Aliphatic H/C > 1.5 Lipids, carbohydrates, peptides, sulfonic
acids

Highly
unsaturated

AI <0.5; H/C < 1.5;
O/C < 0.9

Humic matter, phenolic compounds

Aromatic 0.5 ≤ AI <0.67 Polyphenols (lignin and tannin)
Condensed
aromatic

AI ≥0.67 Poly cyclic aromatic compounds

CRAM 0.3 < DBE/C < 0.68;
0.2 < DBE/H < 0.95
0.77 < DBE/O < 1.75

Sterols, hopanoids, isoprenoids,
terpenoids, crenarchaeols

a The compounds that did not qualify to be included in any of these five groups were
put separately as "Others".
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each chemical formula in the samples, helped to identify the temporal
and spatial variation of the DOM composition in our study and reduces
the problemwith several zeros in the dataset (Legendre and Gallagher,
2001). The statistical analyses and plots were performed using R-studio
(V.1.2.1335) using the tidyverse and ggplot2 packages (Wickham,
2016).

3. Results

3.1. Hydrographic data

Supplementary Data Fig. 2 shows the in situ temperature, salinity and
density for December 2016, April, September and October 2017. In the
late summer season (September), the surface temperature was around
14 °C and a strong thermocline was present at 50 m and 100 m where
the temperature decreased from13 °C to 8.5 °C. Towards autumn season,
the average temperature was around 12 °C up to a depth of 50 m and
observed a weak thermocline compared to September month. During
April, there was a cooling in the surface temperature and it gradually
increased from 6.3 °C in the surface to 8.1 °C at 50 m. The temperature
below 140 m was 8 °C on average throughout the year (Supplementary
Data Fig. 2A). The original CTD data form 2017 December was
lost, the closest similar seasonal observation from the sampling
station in December 2016 is provide as a reference. The salinity at
surface 3 m ranged between 30 and 31.7 from spring to autumn. In
December 2016, the salinity was 31. The salinity increased to 34.6 at
150 m depth and increased marginally to 34.8 until depth of 440 m.
The salinity remained constant below 150 m depth during the different
sampling periods (Supplementary Data Fig. 2B). The density at surface
ranged between 22.2 and 24.1 in surface 3 m, lowest in summer and
highest in autumn seasons respectively. The density was 27.6 kg/m3

throughout the year at the depth 150m. The density gradually increased
with depth reaching 29.1 kg/m3 at 440m, irrespective of seasonal change
(Supplementary Data Fig. 2C).

3.2. Nutrients

Nitrate was the main form of dissolved inorganic nitrogen, the con-
centrations of nitrite and ammonium were negligible (Supplementary
Data Fig. 3A). Nitrate concentration in the surface waters ranged be-
tween 0.6 μMin late summer and 6.6 μMinwinter, with amean concen-
tration and standard deviation (SD) of 3.6 ± 2.5 μM during the study
period. Nitrate concentration decreased from late spring to late sum-
mer, and increased during subsequent seasons in surface waters,
which was a result of nitrate uptake and depletion by phytoplankton.
In the intermediate and deep waters, nitrate concentrations were
equal and more than twice as high as in surface waters. It varied be-
tween 9.3 μM in deep water and 10.5 μM in intermediate water during
5

late spring andwinter seasons, respectively, and increased slightly tem-
porally. Themean nitrate concentration of 9.9±0.04 SD μMin the inter-
mediate and deep waters was representative of North Atlantic coastal
deep-water and remained similar through the study period.

The concentrations of phosphate showed a similar pattern of varia-
tion to nitrate concentration (Supplementary Data Fig. 3B). The concen-
trations ranged between0.06 μMin late summer and 0.4 μMinwinter in
surface waters. The mean phosphate concentration in surface waters
was 0.22±0.15 SD μM,with the lowest values at the endof the summer
season. The phosphate concentration in intermediate and deep waters
ranged between 0.71 μM in late spring and 0.84 μM in winter seasons,
with a mean concentration of 0.78 ± 0.05 SD μM, representative of
North Atlantic coastal deep-water. The concentrations found in inter-
mediate and deep waters were more than three times higher than the
concentration in surface waters.

3.3. Surface chlorophyll a concentration and bacterial production

The surface chlorophyll a concentration at 3 m depth varied from
late spring to winter seasons (Fig. 1A). The highest mean chlorophyll a
concentration with standard error (SE) was measured in late summer,
reaching 2.07 ± 0.17 μgL−1 and the lowest concentration of 0.05 ±
0.02 SE μgL−1 was found in thewinter season. Themean surface chloro-
phyll a concentration during the study was 1.06 ± 0.85 SD μgL−1. The
late spring season was found to have a lower concentration than late
summer and autumn seasons due to post-spring bloom conditions.
The chlorophyll a concentration followed an inverse trend compared
to the concentrations of nitrate and phosphate, as expected, which
was a result of phytoplankton blooming and the use of inorganic nutri-
ents for growth.

The pattern of variation in bacterial production (BP) for surface wa-
terswas similar to that found for the surface chlorophyll a concentration
(Fig. 1B). The highest and lowest BP rates were measured in the late
summer and winter seasons, respectively. The average BP in the surface
waters during our study was 1.24 ± 0.79 SD μgCL−1d−1. A much lower
BP was found in the intermediate and deep-water samples, showing a
mean bacterial production rate of 0.06 ± 0.02 SD μgCL−1d−1, which
was some twenty times less than in surface waters. The surface water
bacterial production rate was approximately 7 times and over 50
times higher in the winter and the summer seasons respectively, and
about 17 times higher in the other two seasons.

3.4. Total organic carbon

The total organic carbon (TOC) concentration in the surface waters
ranged between 108 μM in late spring and 47.5 μM in winter seasons
(Fig. 1C). The mean concentration measured was 71.7 ± 27.7 SD μM.
The TOC concentration showed a gradual decrease from late spring to
winter seasons. The TOC concentration in the autumn sample was al-
most half the concentration of late spring. As the particulate organic car-
bon concentrations were relatively low, DOC concentrations
determined (TOC-POC) were within the error limits of TOC concentra-
tions (Ogawa and Tanoue, 2003; Olsen et al., 2006).

The late spring TOC concentration was found to be highest for each
depth, and the winter season values were lowest. The temporal
difference in TOC concentrations was, however, reduced with depth.
The TOC concentrations in the intermediate depth showed a decreasing
trend from late spring to winter, similar to the surface waters, with a
mean TOC concentration of 60.8 ± 19.4 SD μM. The mean TOC
concentration for deep water samples during the study period was
50.7 ± 7.8 SD μM.

3.5. Bacterial community composition

The analysis of 16S rRNA gene sequences for the heterotrophic bac-
terial communities in the water samples of our study revealed that the
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phylum Proteobacteria was dominant at all depths and all seasons
(Fig. 2), and constituted between 60% and 78% of the sequences
in any sample. At class level, Alphaproteobacteria (14–41%) and
Gammaproteobacteria (21–48%) were the dominant taxa. Other promi-
nent classes identified in the samples were Flavobacteria (2–13%),
Betaproteobacteria (2–22%) and Actinobacteria (0.3–11%). Other bacte-
rial classes that contributed less during the study, but were still
significant (≥1%), were Deltaproteobacteria, Bacilli, Sphingobacteriia,
Epsilonproteobacteria, Planctomycetia, Verrucomicrobiae and Clostridia.

The highest and lowest abundance of Alphaproteobacteria was ob-
served in the summer deep (41%) and spring surface (14%) waters, re-
spectively. The intermediate and deep samples in spring season had a
similar abundance of 35%, which changed to 28% and 41% respectively
in the summer season. The abundance of Alphaproteobacteria in sum-
mer surface sample was measured as 37%. In autumn, the abundance
decreased along the depth gradient from 36% to 29%. Abundance
throughout the winter season was relatively stable, at 38–37% in the
water column.

The next most dominant class, Gammaproteobacteria, was least
abundant in the spring intermediate sample (21%), and increased to
48% in the summer season. The abundance of surface and deep
samples in the spring season was similar, and the surface sample in
the summer season reached 28%. In autumn samples, the abundance
of Gammaproteobacteria increased with depth from 23% to 32%, the
opposite trend to that of Alphaproteobacteria. Although the surface and
intermediate samples showed a similar abundance of 26% in thewinter,
the deep sample was less and similar in abundance to summer deep
sample (22%).

Abundance of Flavobacteria was high in the intermediate sample,
followed by the surface and deep samples in both spring (10–6%) and
summer (12–4%) seasons. In autumn, the Flavobacteria abundance
was highest in the surface sample (13%), and the intermediate and
deep samples had similar abundances of 4% each. In the winter season,
the abundance decreased from 4% to 2% from surface to deep. In
Fig. 2. Bacterial community composition assessment using 16S rRNA gene amplicon sequencin
period.
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the spring surface samples, Betaproteobacteria and Actinobacteria
abundance were 22% and 11% respectively, while in other samples it
was ≤6%.

In general, Alphaproteobacteria was more abundant than
Gammaproteobacteria. The few exceptions when Gammaproteobacteria
was more abundant than Alphaproteobacteria were the surface sample
in late spring, intermediate sample during late summer and the deep
sample during autumn. The late spring surface sample was very even,
with Betaproteobacteria, Actinobacteria and Flavobacteria fractions con-
tributing, in addition to the dominant class groups mentioned earlier.
At the family taxonomic level, SAR11 Alphaproteobacteria was the
most abundant family. Those bacterial sequences, consistently contrib-
uting less than 1% of the total abundance in all samples, was grouped to-
gether as “Others”. The sequences that could not be identified were
grouped into an “Unassigned” class and ranged between 8% and 28%.
In general, the bacterial community compositions were comparable be-
tween the different depths and seasons, except for surfacewaters in late
spring and intermediate waters in late summer seasons.

Bacterial richness showed an increasing trend in the surface waters
from late spring to winter and ranged between 63 and 929 OTUs
(Fig. 3A). The intermediate waters increased relatively less in richness
during and after the late summer season. The deep water closely
followed the richness of intermediate waters in late spring and autumn
seasons, however, the richness in deep water was lowest in the late
summer and winter seasons.

The diversity of order one, Exp Shannon index,was lower in to inter-
mediate and deep waters during the late spring and autumn seasons
and ranged from 35 to 124 (Fig. 3B). The diversity number observed
for deepwaters reversedwith respect to the surfacewaters in each sam-
ple, and ranged between 34 and 119, being highest in the late spring
season. Intermediate waters showed the least change in the diversity
number with seasons, with only a 1.8 times variation. The diversity
numbers between intermediate and deep waters were more compara-
ble than either were with surface waters.
g at three depths at class level (Sur-Surface; Int-Intermediate; Dep-Deep) during the study



Fig. 3.Bacterial community composition during the study period across thedifferent depths and seasons: (A) richness index; (B) diversity as exponential Shannon index; and (C) evenness
index.
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The evenness in microbial community distribution was lowest in
intermediate waters and highest in surface water during the late
spring season. The evenness ranged between 0.2 and 0.6 (Fig. 3C)
and decreased in surface waters from late spring to winter. The even-
ness of the microbial community in surface and deep waters was com-
parable during late summer. The intermediate water showed marginal
change in evenness according to temporal changes. Microbial even-
ness showed an increasing trend with depth during the autumn and
winter seasons.

3.6. DOM characterisation

The processed mass spectrometric data from DOM samples for each
season was plotted in the Van Krevelen diagram with the oxygen
to carbon ratio on the X-axis and the hydrogen to carbon ratio on the
Y-axis. Fig. 4A-D show Van Krevelen diagrams for each season with
three depths (surface, intermediate and deep) for the individual chem-
ical formulas inDOMnegativemode from late spring towinter classified
and plotted, based on relative intensities, depth and chemical class
groups.

The total number of chemical formulas found in our study was
higher in the late spring season than in the other seasons, both for neg-
ative and positive mode analysis of the DOM samples (Supplementary
Data Tables 2 & 3). In general, the chemical formulas in the Aliphatic,
Highly unsaturated, Aromatic and Condensed aromatic groups de-
creased with season from late spring to winter, however, the number
of chemical formulas in the chemical class group of CRAM increased in
the ESI negative mode with seasons from late spring to winter, and for
ESI positive mode the number of chemical formulas spiked in late sum-
mer, after which it decreased. The number of chemical formulas deter-
mined in the CRAM-like group was higher in surface waters than
intermediate and deep waters.

Even though the ESI mass spectrometric technique is not a
fully quantitative technique, the total ion abundance found in
the samples from mass spectrometric analysis was in accordance
with the measured TOC concentrations, as similarly reported by
Seitzinger et al. (2005). The relative ion abundance, calculated
by dividing individual ion abundance by the total sum of all ion
abundances in the mass spectra, was used to identify and
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determine quantitative differences between DOM samples (Bae
et al., 2011; Persson et al., 2006). The relative ion abundances of
the chemical class groups were calculated and expressed as per-
centage compositions.

The compounds in the different chemical class groups - Aliphatic,
Highly unsaturated, Aromatic, Condensed aromatic and Others - are
produced from various sources, including microbes, and contain both
LDOM and RDOM (Table 1). It is therefore difficult to use the fraction
of these chemical class groups as a potential indicator of microbial
sequestration of LDOM. As in the previous section, formulas included
in the chemical class group CRAM are predominantly of microbial or-
igin and are a function of microbial sequestration producing RDOM.
The relative increase in CRAM percentage is taken as an indication
that the net yield of CRAM was higher as a result of microbial con-
sumption of other DOM chemical class groups, which is explained
below.

The CRAM fractions whichwere predominantly RDOMwere plotted
for comparisonwith each of the chemical class groups (Aliphatic, Highly
unsaturated, Aromatic and Condensed aromatic) during different sea-
sons. In ESI negative mode, the average CRAM content was about 22%
of the total ion abundance in the late spring samples. Its relative content
increased nearly two-fold in late summer and remained the same until
winter (Fig. 5A-D). The relative content of CRAM in surface waters was
lower than that in intermediate and deep waters during the late spring
and late summer seasons, and it increased thereafter in the autumn and
winter seasons.

The chemical class groups of Aliphatic, Highly unsaturated and Aro-
matic dissolved carbon components showed a decrease in their relative
content compared to that of CRAM, included in all panels of Fig. 5A-C to
facilitate comparison with other groups. The Aliphatic chemical class,
constituting about 11% of total ion abundance in late spring, decreased
to almost half in late summer, after which it again increased in winter
samples (Fig. 5A). In the Highly unsaturated group, the late spring sam-
ples were reduced to about 23% from the late summer season onwards
(Fig. 5B). The Aromatic group constituted about 23% of total ion abun-
dance in the late spring sample andwas reduced to almost half the con-
tent in all later seasonal samples (Fig. 5C). In the Condensed aromatic
group, relative content increased to about 17% from late summer on-
wards (Fig. 5D).



Fig. 4. Van Krevelen plots for DOM samples in the ESI negative mode showing the relative intensity of determined chemical formulas under various chemical class groups from three
depths during late spring, late summer, autumn seasons and one winter sample, represented from A-D respectively.
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The average atomic C/N ratio in late spring was similar for the three
depth samples with an average ratio of 35 (Supplementary Data
Fig. 4A). The value found in surface samples almost doubled towards
the late summer and decreased slightly afterwards. The atomic C/N
ratio for intermediate and deep-water samples after late spring was
lower than in surface water samples, ranging between 57 and 52. The
pattern of variation in atomic C/N ratios showed that the chemical for-
mulas determined in the ESI negative mode were affected both by sea-
sons and depths.

In ESI positivemode, the average relative CRAM content was around
13% of total abundance in the late spring season. It roughly tripled to-
wards late summer, afterwhich it decreased gradually towards thewin-
ter (Fig. 6A-D). The relative CRAM content in samples from surface and
intermediate depths in the late summer and autumn seasons was
higher than in the deep-water samples. During other seasons, the rela-
tive CRAM contents were similar at the three depths.

The Aliphatic and Condensed aromatic chemical components
showed decreased fractions compared to CRAM over the study period
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(Fig. 6A & D). The relative content of the Aliphatic group components
was reduced by more than half from late spring to about 11% in other
seasons (Fig. 6A). Similarly, in the Condensed aromatic group, the rela-
tive contentwas reducedmore than three-fold from the late spring sea-
son to fractions as low as 9% in the other seasons (Fig. 6D). The Highly
unsaturated and Aromatic chemical class groups showed a slight in-
crease in their relative content from late spring to winter (Fig. 6B & C).

The average atomic C/N ratio of surface samples were slightly higher
throughout than that found in intermediate and deep waters (Supple-
mentary Data Fig. 4B). The values ranged between 32 and 37 in surface
waters, and between 28 and 32 for intermediate and deep-water
samples.

3.7. Statistical analysis

The first two principal coordinates explained 64.5% of the variability
(PCoA 1 53.3% and PCoA 2 11.2%) in the ESI negative mode data
(Fig. 7A). The variations in late spring samples at three depths



Fig. 5. Relative content in percentage for DOM chemical class groups in ESI negativemode from different sampling seasons and depths; the CRAM fraction is taken as the reference RDOM
and other chemical class groups compared to it: (A) CRAM and aliphatic, (B) CRAM and highly unsaturated, (C) CRAM and aromatics and (D) CRAM and condensed aromatics.
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contributed most to PCoA 1 values and were clustered together. All the
other samples from late summer to winter seasons in all three depths
made no substantial contribution to PCoA 1. PCoA 1 cannot explain
the variability of the samples collected from different depths in late
summer to winter seasons. PCoA 2 mainly explained the variability
from depths within each season. The variability between surface and
deeper waters was higher from late summer to winter seasons while
in spring it was more similar. The intermediate and deep water DOM
samples were clustered together in all seasons except spring with re-
spect to PCoA 2. This is also the case for surface samples except the
spring season. (Fig. 7A). PCoA for ESI negative mode DOM data were
better explained by differences in seasons.

The PCoA explained 51.2% (PCoA 1 39.5% and PCoA 2 11.7%) of var-
iability for ESI positive mode data (Fig. 7B). Similar to the ESI negative
mode, the late spring samples were different from the other seasons
and the variance was along PCoA 1. PCoA 1 could not explain variability
due to the depth differences. The late spring samples did not show var-
iations with depth and were clustered together with respect to both
9

PCoA 1 and PCoA 2. The variation between surface and deeper samples
within each season was better explained by PCoA 2 from late summer
season onwards. While the intermediate and deep samples showed
higher similarity, the surface samples differed from late summer towin-
ter along PCoA 2. In ESI positivemode also, the variations in DOMchem-
ical composition were better described by seasonal changes than
differences in the fjord depth.

The effect of seasons and depth on DOM characterisation in our
study was tested with two-way ANOVA with a significance level of
0.05 on arcsine-transformed relative abundance data. The variation for
each of the different chemical class groups during the study period
was significantly affected by seasons rather than depth (Supplementary
Data Table 1). For ESI negative mode data, the Highly unsaturated, Aro-
matic and CRAMgroups showed significant effect from seasonal succes-
sion. The depth variations showed a statistically important effect only in
the case of Highly unsaturated fractions. The ESI positive mode results
showed statistically relevant correlation with seasons for each of the
five chemical class group fractions. There were no statistically



Fig. 6. Relative content in percentage for DOM chemical class groups in ESI positive mode from different sampling seasons and depths; the chemical class group fractions are compared to
CRAM fractions: (A) CRAM and aliphatic, (B) CRAM and highly unsaturated, (C) CRAM and aromatics and (D) CRAM and condensed aromatics.
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significant differences with depth for each of the chemical class group
fractions. The combined effects of seasons and depth together were
also not statistically valid for chemical class groups in our study for
both positive and negative modes.

4. Discussion

Our study in the Trondheim fjord revealed the unique features of
DOM dynamics in the temperate coastal fjord ecosystems with respect
to DOM chemical class groups-Aliphatic, Highly unsaturated, Aromatic,
Condensed aromatic and CRAM. We found that the variation in DOM
chemical composition was significant with changes in the seasons
rather thanwith different depth in the fjord system. TheDOMproduced
from various biological components of the food web in the surface
water were therefore apparently driven by seasonal succession cycles,
and this difference of DOM composition in surface waters in turn af-
fected the chemical class composition of DOM in intermediate and
deep waters.
10
In our study, we observed a higher number of CRAM-like formulas,
and higher bacterial production in surface waters relative to intermedi-
ate and deep waters. This may indicate that heterotrophic microbes in
the surface waters metabolised labile DOM relatively quickly, and pro-
duced RDOM with lower carbon bioavailability for bacteria. A similar
observation was reported by Amon (2016), who proposed that
microbes sequester carbon as RDOM in the surfacemixed layer. The rel-
ative CRAM content increase in the surface water samples and the in-
crease in CRAM fractions indicated the microbial origin of RDOM, and
supports previous findings reported by Jiao et al. (2018), Koch et al.
(2014), and Lechtenfeld et al. (2015). The relative content of CRAM in
the DOM samples increased from late spring to winter with the chang-
ing season, and were found to represent the major fraction of total iso-
lated DOM (Figs. 5A-D and 6A-D).

The inorganic nitrate and phosphate concentrations followed a sim-
ilar and expected pattern of variation for depths and seasons (Supple-
mentary Data Fig. 3). The nutrient concentrations in the intermediate
and deep waters were higher than in the surface waters, revealing



Fig. 7. PCoA plots of DOM samples in (A) ESI negative mode, (B) ESI positive mode.
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nutrient saturating conditions for bacteria in deeper waters. The re-
duced nutrient concentration in surface waters is a result of the ubiqui-
tous vegetation season characterised by high surface chlorophyll a
concentration and phytoplankton primary production in temperate
oceans (Fig. 1A). The blooming of phytoplankton accumulating inor-
ganic nitrate and phosphate, and the changing phytoplankton commu-
nities in the surfacewaters according to season, contribute to the supply
of dissolved organic matter (Fig. 1C). The production of labile DOM is
mainly from phytoplankton, although other groups of organisms, such
as zooplankton, may contribute with smaller amounts through grazing
and defecation (Olsen et al., 2007). The labile DOM serves as the carbon
source for heterotrophic bacteria, determining its growth and activity,
together with inorganic nutrients. In a nutrient-limited situation, bacte-
ria are believed to be better at scavenging inorganic nutrients compet-
ing with phytoplankton in the marine ecosystem (Olsen et al., 2011).

We found reduced bacterial production (BP) in deep water, even in
the presence of high and biologically saturating inorganic nutrient con-
centrations, which could imply that BPwas not limited by inorganic nu-
trients such as nitrate or phosphate. The TOC concentrations were
higher in April (post-spring bloom condition) andwas probably a result
of higher organic matter production by the phytoplankton. The TOC
concentrations in intermediate and deep waters were generally within
the error limits of the surface waters concentrations. With the weak-
ened thermocline and winter mixing towards autumn and winter
months, the TOC concentrations across the water columns were similar
(Supplementary Data Fig. 2A). This may suggest that majority of the
total DOC in these aphotic depths was refractory DOC which limited
bacterial production. This conclusion is supported by the observation
that the bacterial production (BP) rate followed a very similar pattern
of variation to that of the surface chlorophyll a concentration, showing
a peak in the late summer season (Fig. 1B). Our findings agree with ear-
lier results obtained in marine mesocosm experiments, which showed
reduced bacterial production rates due to limitation by bioavailable car-
bon (Børsheim et al., 2005).

The bacterial activity in surface waters was found to be 6 to over 50
times higher than in the intermediate and deep waters (Fig. 1B), and
was similar to that reported by Arístegui et al. (2009). Thiswas in agree-
ment with higher bacterial respiration reported in the photic layer by
del Giorgio and Duarte (2002). Bacterial production may increase only
2–3 times for every 10 °C increase in temperature (Pomeroy and
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Wiebe, 2001). However, in our sampling site, the temperature of surface
waters differed only up to 8 °C between the sampling times. Within a
season, the difference in temperature was even lesser along the water
column. Hence, it is likely that temperature had only minimal impact
on the bacterial production compared to labile DOM. Kirchman et al.
(2009) also concluded that a lack of labile DOM might be more impor-
tant than temperature in affecting reduced bacterial production rates.

The bacterial richness, diversity and evenness showed variations be-
tween depths and different seasons (Fig. 4 A-C). The richness and diver-
sity were relatively low in the surface waters in the late spring seasons
compared to intermediate and deep waters. In the absence of the ther-
mocline, the particulate matter from spring bloom senescence might
have exported the surface microbial communities increasing the rich-
ness and diversity in the aphotic layer. Similarly, the salinity and density
increase observed in April (Supplementary Data Fig. 2B-C) likely indi-
cated the displacement of the less dense and less saline Norwegian
Coastal Current (NCC) by the denser salineNorth Atlantic waters, a phe-
nomenon common in spring and early summer seasons in the fjord. By
late summer or early autumn, the NCC thickens in the fjord up to nearly
100 m of depth. This agreed with the findings reported by Ellingsen
(2004). The export in spring season thus might be higher than other
seasons in the fjord system (Wassmann, 2005). The differences be-
tween bacterial communities at class level are not statistically signifi-
cant between depths or seasons. The changes in bacterial community
composition, as observed in the richness, diversity and evenness, are
probably driven by the less abundant OTUs, and the major groups that
dominated the overall community composition were not changing sig-
nificantly with seasons and depths. Even at the class level the group of
“Unassigned” OTUs was 7 to 28%. This limits the possibility to deduce
the function of specific OTUs or groups of OTUs in the conversion of
DOM, suggesting the need for further research in this direction.

Lechtenfeld et al. (2015) proposed, based on bioassay experiments,
that coastal bacterial communities quickly assimilated labile DOM and
produced exometabolites that contain refractory molecules predomi-
nantly in the CRAM fractions. The Van Krevelen diagrams of the DOM
samples showed that the chemical class of CRAM components was a
prominent group found throughout the year at all depths (Fig. 4A-D).
The late spring samples contained chemical compounds dispersed
across the different chemical class groups (Fig. 4A) and the total number
of chemical compounds reduced gradually with seasons. Even though
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the total numbers of chemical compounds reducedwith timeduring the
season, both the relative content and the number of chemical com-
pounds in the CRAM group increased in both the positive and negative
modes (Supplementary Data Tables 2 & 3), (Figs. 4A-D; 5A-D; 6A-D). As
shown in these figures, the increase in the number of chemical com-
pounds and the relative content of CRAM was associated with a corre-
sponding reduction in the other chemical class groups. An increase in
relative CRAM content was observed from late spring to winter seasons
for all depths. A simultaneous corresponding decrease in the relative
content was seen for Aliphatic, Highly unsaturated and Aromatic chem-
ical class groups in results obtained using the ESI negativemodemethod
(Fig. 5A-C). A similar increasing trend in CRAM content was also ob-
served in DOM positive mode compounds, however, a reduction in the
DOM relative content was seen for both Aliphatic and Condensed aro-
matic compounds in the positive mode (Fig. 6A & C). The higher
CRAM fractions correlate with higher bacteria production of RDOM, as
concluded byCatalá et al. (2015) and Shen and Benner (2018). The prin-
cipal coordinate analysis indicated that the samples from late spring can
be uniquely identified from other seasons using PCoA 1 in both ESI neg-
ative and positive modes (Fig. 7A & B). The differences in depth could
not explain the variability denoted by PCoA 1 for ESI negative and pos-
itive modes that were 53.3% and 39.3% respectively. While PCoA 2, ex-
plained the DOM variability from different depths in ESI negative
mode, it represented the differences from both depth and seasons
from late summer season onwards in ESI positive mode. Similarly, the
two-way ANOVA suggested that the variation for each of the different
chemical class groups during the study period was significantly affected
by differences in seasons rather than the different depths (Supplemen-
tary Data Table 1).

In general, LDOM is nitrogen rich and has a lower C/N ratio than
RDOM (Amon, 2016; Walker Brett et al., 2016). The late spring samples
showed a relatively lower C/N ratio, and therefore also higher nitrogen
contents than those taken in other seasons. Lønborg and Álvarez-
Salgado (2012) and Davis et al. (2019) concluded that microbes prefer-
entially remineralise P and N faster than C in DOM. The atomic C/N ratio
of CRAM chemical groups ranged between 65 and 1994 for negative
mode analysis (Supplementary Data Table 4). This ratio range was 36
to 361 for positive mode analysis (Supplementary Data Table 5). The
C/N ratio was higher than other chemical class groups with few excep-
tions, and indicated that CRAM was more refractory in nature.
Hopkinson and Vallino (2005) and Jiao et al. (2010) reported that the
C:N:P ratio for LDOM was in the range 199:20:1, and that for RDOM
was much higher and over 3511:202:1. The relatively higher C/N ratio
found in the other seasons therefore agrees with a high fraction of
RDOMthat is represented by a high relative CRAMcontent. Even though
the BP was reduced in the autumn andwinter seasons, the relative con-
tent of RDOM represented by CRAM fractions remained similar to that
in the late summer. The CRAM already produced during the late sum-
mer season was to a large extent resistant to microbial consumption
and remained in the water column with weakened of thermocline
that soon proceeded to winter mixing (Supplementary Data 2A).

Some studies including respiration and apparent oxygen utilisation
measurements have concluded that microbial-derived refractory DOM
production is more dominant in the deeper oceans below the surface
waters (Yamashita and Tanoue, 2008). Most other studies suggest that
RDOM formation and carbon sequestration takes place at all depths
(Jiao et al., 2010; Legendre et al., 2015; Zhang et al., 2018). The relative
fraction of each of the chemical class groups were similar in all the
depths in each season.Meanwhile, therewere higher C/Nvalues for sur-
face water than for intermediate and deep waters. A higher C/N ratio
may suggest the overall higher refractory character of the surface
DOM samples. This may suggest that themajority of the DOM in surface
waters was already converted to RDOMbymicrobes, which is likely be-
cause the bacterial production was higher at the surface than in the
deeper layers of waters, which showed very low production, close to
zero. Similarly, the number of CRAM compounds determined were
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higher in the surfacewaters compared to intermediate and deepwaters
(Supplementary Data Tables 2 & 3). The results that indicated higher
bacterial production, CRAM formulas and C/N ratios in the surface wa-
ters suggest that most of the LDOM fractions are sequestered in surface
waters by microbes producing RDOM. This agrees with the findings of
Kaiser and Benner (2008), that bacteria consumed labile DOM and
produced RDOM. The LDOM that is not microbially degraded in surface
waters is metabolised in deeper waters, supporting reduced microbial
communities along the water column.

Sometimes, RDOMmolecules may be excreted by phytoplankton or
released from zooplankton grazing, but these flows of RDOM are gener-
ally believed to be lower (Kaiser and Benner, 2008; Kragh and
Søndergaard, 2009), than those of bacteria. This may in a way limit
the ability to characterise the RDOM from these sources in the natural
conditions. Virus-mediated lysis of bacteria may also be a major source
of RDOM (Vadstein et al., 2012) as compounds such as peptidoglycan
released from bacterial cell walls are known to be dominant and biolog-
ically inert (Kaiser and Benner, 2008). The bacterial production clearly
shows that much of the bacterial activity was limited to the surface wa-
ters where the majority of the LDOM is used by heterotrophic bacteria
producing RDOM (Ogawa et al., 2001).

The CRAM content was found to be similar at different depths, but
this cannot be explained by bacterial RDOM production at the respec-
tive depths because the DOC in intermediate and deep water did not
support high bacterial production rates. This suggests that the RDOM
produced in surfacewaters are mixed and exported into deeper waters.
Davis and Benner (2007), recorded a similar rapid transport of labile
DOM fractions in the western Arctic Ocean. Romera-Castillo et al.
(2019) has proposed RDOM export from surface waters as a result of
deep convection, turbulent mixing or overturning as a principal means
of RDOM transport to deeper waters.

From a holistic viewpoint, RDOM will reach deeper waters through
the aforementioned physical oceanographic forcing, however, in both
shallow and deep coastal waters with a prominent thermocline,
RDOM transport to deeper water is facilitated by a series of other chem-
ical and biological processes. It is known that CRAM in bacterial
exometabolites, phytoplankton derived polysaccharides rich in trans-
parent exopolymer particles (TEP) and several other DOM molecules,
facilitate the aggregation and formation of marine gels and fast sinking
particles such asmarine snow that increase the export processes of bac-
teria and phytoplankton debris (Fig. 8) (Decho and Gutierrez, 2017;
Engel et al., 2004; Jiao et al., 2010). The rate at which these gels or
particles sink ranged from less than 1 m to more than 1000 m per day
according to their size (Arístegui et al., 2009). The sedimentation rates
of particulate organic carbon in the comparable Norwegian fjords
and coastal locations, with predicted values ranging between 74 and
107 g C m−2 yr−1, suggest that DOM export is important and that com-
parable DOM-compositionmay be found in the three depths (Faust and
Knies, 2019; Wassmann, 1984). The formed aggregates, existing as a
dissolved-particulate matter continuum, may easily disintegrate in the
deeper layers with the release of both RDOM and LDOM into the ambi-
ent waters. The aggregate formation and dynamics of DOM-POM con-
tinuum also pose a challenge that needs further studies. The LDOM
released in the deeper waters may sustain some bacterial production,
however, the amount of LDOM that reaches deeper waters and affects
BP is relatively low (Kattner et al., 2011). The amount may become en-
hancedwhere there is strong diel vertical migration of zooplankton and
mesopelagic fish (Calleja et al., 2018).

The RDOM accumulated in the deeper layers is either deposited into
the sediments or remains as dissolved RDOM in the water column for a
long time, depending on the depths (Hansell and Carlson, 2013;
Watanabe and Kuwae, 2015). These processes, from photosynthesis to
grazing and the release of LDOM and remineralisation to RDOM, repre-
sent the ultimate sink of CO2 from the atmosphere to deepwater and ul-
timately to marine sediments (Fig. 8) (Longhurst, 1991). The RDOM in
surfacewaters undergoes photodegradation (photochemical oxidation)



Fig. 8. Conceptual diagram showing LDOM and RDOM production, removal and export dynamics. Glucose is represented as LDOM and CRAM (Hertkorn et al., 2006) is represented as
RDOM. The dashed lines denote the sink processes of carbon from RDOM.
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and photoenhanced biodegradation processes as the spring seasons ap-
proaches, resulting in RDOM removal from the pool (Shen and Benner,
2018). The photochemical oxidation reactions are complex and proba-
bly produce other RDOM, LDOM, free radicals and toxic chemicals, act-
ing as a CO2 source for the atmosphere (Fig. 8).

5. Conclusion

Temperate coastal fjords are key ecosystems in DOM dynamics and
in particular the formation of refractory DOM that may accumulate
and reside for a long time in the sea, is largely mediated by heterotro-
phic microbes (Fig. 8). The DOM pool receives LDOM and RDOM from
various production and consumption phases of phytoplankton, grazers,
heterotrophic bacteria and bacteriophages. The DOM pool is signifi-
cantly influenced by the seasons changes rather than differences in
the water column depth. In sufficient nutrient concentrations, the sur-
face bacterial communities rapidly sequester carbon as RDOM. The
main sinks that regulate RDOM concentration may be export processes
when adsorbed to particulatematter andmarine gels, ending up in sed-
iments, or photochemical oxidation in surface waters that may release
carbon dioxide/monoxide back into atmosphere. Themicrobial commu-
nities in deep waters may metabolise any remaining traces and newly
formed LDOM.With limited of LDOM as carbon source, the bacterial ac-
tivity in deeper layers is reduced, compared to surface waters.

Considering the changing climate affecting marine environments,
further research is needed for a better understanding of RDOM dynam-
ics involving heterotrophic microbes and photo-oxidation, such as the
action and importance of lysing activities by ubiquitous marine
bacteriophages.
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