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Abstract
Melting glaciers play a substantial role in the Arctic hydrography of Svalbard and the associated bacterial processes. In this 
study, we surveyed the spatial variability in dissolved organic carbon (DOC), fluorescent dissolved organic matter (FDOM), 
and bacterial biogeography (diversity and community composition) using 16S rRNA gene metabarcoding at four fjords in 
Svalbard in August 2019. The environmental heterogeneity of Arctic fjord seawater was represented by the water mass bal-
ance parameters of surface water (SW), subsurface water (SSW), and intermediate water (IW). The DOC concentrations 
in the SW (avg. 67 ± 7 μM), IW (avg. 68 ± 8 μM), and SSW (avg. 68 ± 7 μM) of the surveyed Arctic fjords did not differ 
significantly (P > 0.01). We found that the DOC concentration depended on the microbial community because of the strong 
association between DOC and marine humic-like FDOM (R2 = 0.48 for SW and R2 = 0.45 for SSW), along with the humifica-
tion, biological, and fluorescence indices. Metabarcoding results revealed that six heterotrophic bacteria (Alphaproteobacte-
ria, Gammaproteobacteria, Bacteroidia, Verrucomicrobiae, Actinobacteria, and Acidimicrobiia) were dominant, and their 
population dynamics represented the water mass balance. Furthermore, our statistical results indicated that Actinobacteria 
may significantly affect the DOC distribution during the glacier melt season. Our results confirm that the water mass balance 
shapes the bacterial community composition and suggest that DOC derived from microbial activities warrants significant 
attention considering the effects of climate change during the glacier melt season in the Arctic fjords around Svalbard.

Keywords Arctic glacial fjord · Svalbard · Dissolved organic carbon · Fluorescent dissolved organic matter · 
Metabarcoding · Bacterial community

Introduction

Svalbard consists of various fjords formed by glacial erosion. 
Among the Svalbard fjords, Van Mijenfjorden, Van Keulenf-
jorden, and Hornsund open on the Nordic Sea near the North 
Atlantic Ocean, which is connected to the Arctic Ocean. 
Most glaciers in Svalbard flow along a fjord or extend into 
the sea (tidewater glaciers). When glaciers reach a fjord or 
the sea, they form an ice cliff, which is then detached and 
becomes an iceberg or drift ice. Glaciers transport freshwa-
ter to the Svalbard fjords during the summer melt season, 
and they show high sensitivity to climate change (Noël et al. 
2020). Inflow of surface water (SW) from the North Atlan-
tic (Atlantic inflow) triggers the retreat of glaciers, which 
affects not only the hydrography but also the biological pro-
duction (Hagen et al. 2003).

Biological and physicochemical variability in the Sval-
bard fjords have been investigated owing to concerns about 
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the impact of climate change on the Arctic hydrography 
(Hop et al. 2002, 2019; Svendsen et al. 2002). In general, 
the hydrography of Arctic fjords is affected primarily by 
water mass balance among the Atlantic inflow, Arctic 
coastal waters, and freshwater input from glacial melting, 
and the dominant water masses are identified according to 
the temperature-salinity (TS) diagram (Cottier et al. 2005). 
For example, SW in Arctic fjords depends on the melting 
of glaciers in late spring and summer, whereas subsurface 
water (SSW) is affected primarily by the balance between 
the Atlantic inflow and Spitsbergen currents. In addition, 
mixing between SW and Atlantic water forms intermediate 
water (IW). This hydrographic balance in Arctic fjords is 
susceptible to seasonal changes in oceanic and atmospheric 
conditions (Cottier et al. 2005) and affects the ability of 
marine life to adapt to environmental change in the Arctic 
ecosystem (Rokkan Iversen and Seuthe 2011). In particu-
lar, the melting of glacial ice affects the habitat of bacteria, 
causing organic matter degradation in Arctic fjords (Han 
et al. 2021).

Dissolved organic carbon (DOC) is one of the larg-
est active carbon pools in the ocean. Because it is similar 
in amount to atmospheric  CO2, DOC in the marine envi-
ronment is an important factor in the global carbon cycle 
(Hedges 1992). Most oceanic DOC originates from bio-
logical production by marine organisms, and it is removed 
by either photochemical oxidation (Kieber et al. 1990) or 
microbial degradation (Benner et al. 1995). Most of the fixed 
carbon is released into the dissolved organic matter (DOM) 
pool and channeled into the deep ocean. It is readily remin-
eralized by microorganisms in the microbial loop or persists 
for hundreds to thousands of years (Pomeroy 1974; Azam 
1998; Jiao et al. 2010). In addition, microorganism function 
is strongly associated with the quality and concentration of 
the DOM present (Logue et al. 2016; Osterholz et al. 2016).

The DOC in Arctic fjords has been found to originate 
from glacier melt water, in situ primary production, coastal 
erosion, and glacier-fed riverine runoff (Kim et al. 2011; 
Holding et al. 2017; Müller et al. 2018). One study found 
that the DOC in an Arctic fjord in spring and summer was 
predominantly of autochthonous origin, for example, from 
phytoplankton and microbial communities (Brogi et  al. 
2019). The DOC flux from the Svalbard glaciers was esti-
mated to be 0.02 Tg C  year−1, which is lower than the par-
ticulate organic carbon (OC) flux (0.06 Tg C  year−1) (Zhu 
et al. 2016). The efficiency of OC burial in bottom sediments 
in the Svalbard fjords is 28–98%, indicating that much of the 
OC reaching the sediments is effectively buried (Zaborska 
et al. 2018; Koziorowska et al. 2018). A study using a fluo-
rescence excitation–emission matrix (EEM) revealed that 
tyrosine-like fluorescence dominated the fluorescent DOM 
(FDOM) composition of the Kongsfjorden in Svalbard in 
spring, but humic-like and tryptophan-like fluorescence 

prevailed in autumn (Brogi et al. 2019). Although Arctic 
fjord zones are biogeochemical hotspots for organic matter 
cycling (Bianchi et al. 2020) and carbon burial (Zaborska 
et al. 2018; Koziorowska et al. 2018), the DOC biogeochem-
istry of Arctic fjords is unclear.

Phytoplankton-derived organic matter can attract het-
erotrophic bacteria and thus affect bacterial community 
assembly (Mühlenbruch et al. 2018). Recent metagenomic 
surveys have increased our understanding of the bacterial 
degradation of organic matter in the ocean (Levine et al. 
2012; Varaljay et al. 2012; Choi et al. 2015; Cui et al. 2015; 
Zeng et al. 2016; Kudo et al. 2018). Although heterotrophic 
bacteria are dominant in Arctic glacial fjords during the 
summer melt season, the susceptibility of organic matter 
sources to the overall bacterial composition in this region 
is unknown (Rokkan Iversen and Seuthe 2011). This study 
aimed to determine which DOC source is dominant in four 
Arctic fjords during the glacier melt season and to infer its 
potential effects on bacterial communities. We identified 
the organic matter source using FDOM, an optically active 
component of DOM that absorbs and fluoresces ultraviolet 
and visible light, and surveyed the bacterial biogeography 
(diversity and community composition) using metabarcod-
ing-based sequencing with a bacterial 16S rRNA gene in 
four Arctic glacial fjords.

Materials and methods

Sampling and hydrological measurements

Seawater samples were collected at discrete depths (n = 39) 
from 10 vertical water columns using a conductivity-tem-
perature-depth (CTD) rosette system on the RV Helmer 
Hanssen in August 2019 in Svalbard (Fig. 1). During sample 
collection, fluorescence, oxygen, salinity, and temperature 
were measured using sensors in the CTD system. All sea-
water samples were filtered in the field using a GF/F filter 
(Whatman; pore size: 0.7 μm). DOC samples were trans-
ferred to glass ampoules after filtration and stored at 4 °C 
until analysis. The samples used for FDOM analysis were 
transferred to dark glass bottles after filtration and stored 
in a refrigerator at < 4 °C before analysis. All filters and 
glass bottles were precombusted at 500 °C for 5 h. For the 
metabarcoding analysis, 1 L of seawater sampled at each 
depth was immediately passed through a 0.2-μm pore mem-
brane filter (Merck, Darmstadt, Germany), which were then 
stored in a deep freezer (− 80 °C) until environmental DNA 
(eDNA) extraction.
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Analysis of dissolved organic carbon and fluorescent 
dissolved organic matter

The DOC concentrations were measured using a total OC 
analyzer (TOC-VCPH, Shimadzu, Japan). Five-point standard 
curves for acetanilide were used to standardize the DOC 
measurements. In an injection system, acidified seawater 
samples were bubbled with high-purity air gas (purity: 
99.999%) to completely remove inorganic carbon spe-
cies. The carrier gas was passed at a controlled flow rate 
of 150 mL  min−1 through a combustion tube filled with a 
thermal decomposition catalyst heated to 720 °C. The DOC 
samples were oxidized to form  CO2, which was detected 
by a non-dispersive infrared detector. The reliability of the 
measurements was verified daily by comparing the measured 
values with those of a DOC-certified seawater sample (DSR; 
44–46  μM DOC; University of Miami) and procedural 
blanks, which were all in good agreement (deviation: < 2%).

FDOM fluorescence spectroscopy was performed using 
a spectrofluorometer (FS-2, SCINCO, Korea). The FDOM 
signals were analyzed in scan mode, and only the signal 
from the sample was monitored. The EEMs were recorded 
by repeatedly scanning emission (Em) wavelengths from 
250 to 500 nm at 2 nm intervals and excitation (Ex) wave-
lengths from 250 to 400 nm at 5 nm intervals. On each day 
of analysis, deionized water was used as a blank, and its 
signals were subtracted from the sample spectra to remove 

Raman signals. The fluorescence intensities were normal-
ized using a quinine sulfate standard solution in 0.1 N  H2SO4 
at Ex/Em wavelengths of 350/450 nm and are expressed in 
quinine sulfate units (QSU). Parallel factor analysis (PARA-
FAC) modeling of the 39 EEM data points was conducted 
using the MATLAB R2019b program with the DOMFluor 
toolbox (Stedmon and Bro 2008). Rayleigh and Raman scat-
tering peaks were eliminated and replaced with missing val-
ues using three-dimensional Delaunay interpolation (Zepp 
et al. 2004). The non-negativity constraint was applied in all 
three modes. The model was validated by split-half analy-
sis (Fig. 2) because the corresponding Tucker’s congruence 
coefficients exceeded 0.95.

Deoxyribonucleic acid metabarcoding 
and statistical analysis

eDNA was extracted from the 39 membrane filters using 
a PowerWater DNA Isolation Kit (MoBio Laboratories, 
CA, USA), and its quantity was estimated using a Quant-iT 
PicoGreen dsDNA reagent (Molecular Probes, OR, USA). 
Bacterial community DNA was amplified using the 16S 
rRNA V3–V4 gene region and sequenced using the Illu-
mina MiSeq platform (Macrogen, Seoul, South Korea) via 
two-step (amplicon and index) polymerase chain reactions 
(PCRs) according to Illumina’s instructions regarding PCR 
primers, conditions, and program and metabarcoding library 

Fig. 1  Description of sampling stations and sampling depths in Svalbard fjords
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construction (Illumina 2013). Sequencing data were submit-
ted to the NCBI Sequence Read Archive (https:// www. ncbi. 
nlm. nih. gov/ sra) under accession number PRJNA669167. 
Metabarcoding was preceded by sequence quality filtering 
as follows: (1) singleton removal, (2) correction of amplifi-
cation and sequencing errors, and (3) normalization of the 
sequence number and clustering to operational taxonomic 
units (OTUs) at 97% similarity in mothur (v.1.40.5) (Schloss 
et al. 2009) according to the MiSeq SOP (Kozich et al. 
2013). The OTUs were used to compare the community 
composition with the Silva.seed_v132 database in mothur 
according to the MiSeq SOP, and bacterial diversity was 
visualized by non-metric multidimensional scaling (NMDS) 
in R (v.3.5.3) (https:// www.R- proje ct. org).

Statistical analysis was conducted using packages in R. 
Briefly, the base package (R Core Team 2018) was used 
to perform principal component analysis (PCA) using the 
prcomp function and Pearson correlation analysis using 
the cor function. The vegan package (Oksanen and Blan-
chet 2017) was used to calculate the Bray–Curtis distance 
for permutational multivariate analysis of variance (PER-
MANOVA) using the adonis function and NMDS using the 
metaMDS function. In addition to PERMANOVA, post hoc 
pairwise comparison was performed using the Bonferroni 
method in the pairwise.adonis function (Martinez Arbizu 
2017). Indicator species analysis (ISA) was conducted using 

the indval function of the labdsv package (Roberts and Rob-
erts 2016). A linear regression model was created using the 
lm function of the stats package (R Core Team 2018) or the 
non-parametric Theil–Sen estimator of the mblm package 
(Komsta and Komsta 2013).

Results

Water mass classification in the surveyed Arctic 
fjords

Thirty-nine seawater samples were obtained from distinct 
water columns in the Svalbard fjords [Van Mijenfjorden 
(n = 11): M1–M2–M3; Van Keulenfjorden (n = 8): K1–K2; 
Hornsund (n = 12): H1–H2–H3; Storfjorden (n = 8): S1–S2]. 
The sampling depth of each water column is shown in Fig. 1. 
The seawater samples were classified as SW (n = 23), IW 
(n = 6), and SSW (n = 10) according to the TS reference for 
Svalbard seawater (Cottier et al. 2005); these water types 
exhibited remarkable separation on the salinity gradient 
(Fig. 3a). PCA (Fig. 3b) distinguished SW, IW, and SSW on 
the basis of environmental factors (fluorescence, oxygen, 
salinity, temperature, and eDNA), primarily by salinity and 
temperature on the principal component 1 axis (44.09%). 
The PCA clustering patterns from SW to SSW via IW 

Fig. 2  Excitation–emission matrix (EEM) contour plots of three com-
ponents (upper row) and the loadings of components (lower row) 
determined by the parallel factor analysis (PARAFAC) model. The 
gray and black lines indicate the excitation and emission wavelengths, 

respectively. The solid lines represent loading plots for the PARA-
FAC model, and the dotted lines represent loading plots for the split-
half validation results

https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra
https://www.R-project.org
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appeared to follow the variation in the maximum fluores-
cence intensity of each component and eDNA (arrows in 
PCA plot). In addition, PERMANOVA revealed a signifi-
cant difference between SW and SSW (P < 0.01) (Fig. 3b), 
whereas pairwise comparisons of SW and SSW with IW 
revealed no significant differences (Fig. 3b).

Distributions of dissolved organic carbon 
and fluorescent dissolved organic matter

The DOC concentration in the Arctic fjord water ranged from 
56 to 84 μM (avg. 67 ± 7 μM) in SW, from 60 to 83 μM (avg. 
68 ± 8 μM) in IW, and from 60 to 83 μM (avg. 68 ± 7 μM) in 
SSW (Fig. 4a). The distributions did not differ significantly 
between water types according to PERMANOVA (R2 = 0.01, 
P > 0.01). Scatter plots of DOC concentration and salinity 
in the Arctic fjord water showed no significant relationship 
(Cor.: 0.28, R2 = 0.05, P > 0.05) (Fig. 4b), although there 
was a weak correlation within SW (Cor.: 0.43, R2 = 0.15, 
P < 0.05).

Three fluorescent components were characterized 
using the PARAFAC model (Fig. 2). The peaks of com-
ponent 1 (C1), component 2 (C2), and component 3 (C3) 
showed Ex and Em spectra at Ex/Em = 310/408, 285/344, 
and 370/476 nm, respectively (Table 1). According to the 

OpenFluor database, these peaks indicated a marine humic-
like substance (C1), a protein-like substance (C2), and a ter-
restrial humic-like substance (C3) (Coble 1996; Henderson 
et al. 2009). The intensity of C1 in the Arctic fjord water 
ranged from 0.47 to 1.34 QSU (avg. 0.82 ± 0.30 QSU) in 
SW, from 0.64 to 1.01 QSU (avg. 0.82 ± 0.13 QSU) in IW, 
and from 0.55 to 0.99 QSU (avg. 0.77 ± 0.15 QSU) in SSW. 
The intensity of C2 in the Arctic fjord water ranged from 
0.61 to 2.23 QSU (avg. 0.96 ± 0.34 QSU) in SW, from 0.75 
to 1.03 QSU (avg. 0.90 ± 0.12 QSU) in IW, and from 0.66 to 
1.08 QSU (avg. 0.91 ± 0.11 QSU) in SSW. The intensity of 
C3 in the Arctic fjord water ranged from 0.34 to 0.73 QSU 
(avg. 0.50 ± 0.10 QSU) in SW, from 0.42 to 0.61 QSU (avg. 
0.48 ± 0.07 QSU) in IW, and from 0.44 to 0.60 QSU (avg. 
0.49 ± 0.05 QSU) in SSW.

Bacterial community composition and beta diversity

A total of 5,174,322 bacterial 16S rRNA gene sequences 
were obtained from the Arctic fjord water after sequence 
quality filtering (singleton removal and correction of ampli-
fication and sequencing errors) according to the MiSeq SOP 
(Kozich et al. 2013). These raw sequences were subsampled 
to 10,000 sequences per sample for normalization across 
samples, yielding a total of 390,000 sequences for the 39 

Fig. 3  Physicochemical properties of the Arctic fjord waters. a Water 
mass classification by temperature-salinity (TS) reference (Cottier 
et al. 2005). b Environmental heterogeneity in the Arctic fjord waters 

visualized by principal component analysis (PCA) and permutational 
multivariate analysis of variance (PERMANOVA)
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samples. The normalized sequences were clustered into 1640 
OTUs at a 97% similarity level to analyze the bacterial com-
munity composition and beta diversity. The bacterial com-
munities in the Arctic fjord water comprised 53 taxa at the 
class level (Online Resource 1) and were represented mainly 
by a few major taxa such as Alphaproteobacteria (30.90%), 
Gammaproteobacteria (28.29%), Bacteroidia (24.31%), 

Verrucomicrobiae (8.17%), Actinobacteria (2.96%), and 
Acidimicrobiia (2.36%) (Fig. 5a). Box plot analysis revealed 
that the relative abundances of major bacterial taxa, except 
for Gammaproteobacteria, showed a depthwise distribution 
between SW and SSW via IW (Fig. 5b). Furthermore, PER-
MANOVA revealed that the variation in Alphaproteobacte-
ria, Verrucomicrobiae, Actinobacteria, and Acidimicrobiia 

Fig. 4  Variation in dissolved organic matter (DOM) in the Arctic fjord waters. a Concentration of dissolved organic carbon (DOC) at different 
sampling depths and in each water type. b Pearson correlation and simple linear model between DOC and salinity in each water type

Table 1  Spectral information 
and description of the 
fluorescent components 
identified in the Arctic fjord 
using the parallel factor analysis 
model

Three components were compared with previous studies using the OpenFluor database (Murphy et  al. 
2014a, b)

Comp Max. wavelength 
(Ex/Em, unit: nm)

Comparison with Coble (1996) #Matches Previous studies

1 310/408 M peak
Marine humic-like
Microbial activity

22 C1: Wünsch et al. (2018)
C2: Dainard and Guéguen (2013)
C2: Yamashita et al. (2010)

2 285/344 T peak
Protein-like
Biological production

9 C4: Wünsch et al. (2018)
C5: Yamashita et al. (2013)
C3: Catalá et al. (2015)

3 370/476 C peak
Terrestrial humic-like
Plant and soil

2 C1: Liu et al. (2019)
C3: Kim et al. (2020)
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differed significantly among water types (SW–IW–SSW, 
P < 0.05) (Table 2). In particular, the relative abundances of 

Alphaproteobacteria and Actinobacteria appeared to gradu-
ally decrease from SW (median 32.33% and 3.64%, respec-
tively) to SSW (median 23.13% and 1.51%, respectively) 
via IW (median 29.82% and 2.27%, respectively), whereas 
those of Verrucomicrobiae and Acidimicrobiia were lower 
in SW (median 3.68% and 1.82%, respectively) compared 
with those in IW (median 12.79% and 3.43%, respectively) 
and SSW (median 12.63% and 3.12%, respectively). Fur-
thermore, ISA indicated that Actinobacteria had an SW-
specific distribution (P < 0.05), whereas Verrucomicrobiae 
was SSW-specific (P < 0.05) (Table 2).

The bacterial beta diversity shown by the NMDS plots 
(Fig. 6) revealed that the entire bacterial community (53 
taxa) in the Arctic fjord water was clustered into SW, 
IW, and SSW types. In particular, bacterial communities 
assigned to the IW type overlapped some of those assigned 
to the SW and SSW types (green dashed lines in the NMDS 
plots) and were surrounded by the remaining SW and SSW 
types. As in the NMDS results, the local bacterial communi-
ties showed significant differences among SW, IW, and SSW 
(P < 0.01); however, pairwise comparisons of SW and SSW 

Fig. 5  Metabarcoding analysis with the bacterial 16S rRNA gene. a 
Bacterial community composition. b Relative abundance of major 
taxa at the class level. Bacterial taxa with a lower relative abundance 

(< 1% of the sample) were assigned as minor. Relative abundance 
values of bacterial taxa in each sample are shown in the Supplemen-
tary Data (Excel file)

Table 2  Statistics of the variation in major bacterial taxa with permu-
tational multivariate analysis of variance (PERMANOVA) and indi-
cator species analysis

Asterisk indicates significance at 0.05

Taxa PER-
MANOVA 
(SW–IW–
SSW)

Indicator species analysis

R2 P value Type Indicator value P value

Alphaproteobac-
teria

0.34  < 0.05* SW 0.39  > 0.05

Gammaproteobac-
teria

0.03  > 0.05 SSW 0.35  > 0.05

Bacteroidia 0.05  > 0.05 SW 0.34  > 0.05
Verrucomicrobiae 0.28  < 0.05* SSW 0.49  < 0.05*
Actinobacteria 0.29  < 0.05* SW 0.46  < 0.05*
Acidimicrobiia 0.30  < 0.05* SSW 0.40  > 0.05
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with IW using PERMANOVA revealed no significant differ-
ences. The significant separation between SW and SSW in 
the NMDS plots was also observed in the variation in seven 
bacterial taxa of all the communities (R2 > 0.5, P < 0.01). 
For example, the distribution of Actinobacteria showed 
a negative correlation with increasing depth from SW to 
SSW, whereas Acidimicrobiia, Planctomycetacia, OM190, 
Deltaproteobacteria, Phycisphaerae, and Kiritimatiellae 
showed positive correlations with increasing depth.

Discussion

Hydrography and its influence on bacterial 
biogeography in Svalbard fjords

The hydrography of Arctic fjords in summer and the sub-
sequent bacterial DOC degradation process depend on the 
fate of Arctic water and freshwater input from the discharge 
of glacial melt (Han et al. 2021). We surveyed four fjords in 
Svalbard (Van Mijenfjorden, Van Keulenfjorden, Hornsund, 
and Storfjorden) and classified their water as SW, IW, and 
SSW according to the TS reference for Arctic fjord seawa-
ter (Cottier et al. 2005). PCA and PERMANOVA results 
(Fig. 2b) confirmed that the SW, IW, and SSW types repre-
sent the variation in environmental heterogeneity in Arctic 
fjord seawater. In addition, the bacterial beta diversity identi-
fied by NMDS revealed a more apparent separation of SW, 
IW, and SSW. Alphaproteobacteria was predominant among 

the bacterial sequences observed in this study. Previous sur-
veys of Arctic fjords revealed that heterotrophic Alphapro-
teobacteria are dominant in the glacier melt season (Zeng 
et al. 2009; Piquet et al. 2010, 2016; De Corte et al. 2013; 
Jain and Krishnan 2017). However, we determined that the 
relative abundances of the major bacterial taxa represent 
the depthwise variation from SW to SSW in the Arctic fjord 
rather than spatial variation among Van Mijenfjorden, Van 
Keulenfjorden, Hornsund, and Storfjorden. These bacterial 
variations and the beta diversity indicate a gradual change 
in bacterial habitat that is mediated by the water mass bal-
ance, as suggested by the bacterial diversity of Kongsfjorden 
(Han et al. 2021).

Factors affecting dissolved organic carbon 
distributions in Svalbard fjords

The DOC concentrations in the Svalbard fjords were compa-
rable to those in the surface layer (< 200 m) of major world 
oceans (60–80 μM), but lower than those in Arctic rivers 
(600–990 μM) (Raymond et al. 2007; Stedmon et al. 2011) 
and in an Arctic fjord in October, which was determined 
by different authors to be approximately 82–112 μM (Brogi 
et al. 2019). The major DOC sources in the Arctic Ocean 
are freshwater-associated DOC inputs (riverine inputs, sea 
ice melting, and glacial melting), and thus DOC concentra-
tion decreases with increasing salinity (Amon et al. 2012). 
According to previous studies, higher DOC concentrations 
(165–426 μM) were observed in the meltwater rivers in 

Fig. 6  Beta diversity calculated by the Bray–Curtis distance with 
bacterial operational taxonomic units (OTUs). The envfit function in 
the vegan package (Oksanen and Blanchet 2017) was used to prepare 
non-metric multidimensional scaling (NMDS) ordination plots of 
significant bacterial populations. There was a significant difference 

between bacterial communities in each water type according to per-
mutational multivariate analysis of variance (PERMANOVA) (SW–
IW–SSW; P < 0.01), and a significant difference between water types 
was determined by the post hoc pairwise comparison (P < 0.01)
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Svalbard (Tye and Heaton 2007; Stibal et al. 2008), whereas 
the DOC concentration (73 μM) in the Bayelva River, Sval-
bard, during summer was similar to that in our study. If the 
main sources of DOC in this area during summer are river 
and ice-melt (sea ice and glacier) water, DOC should be 
negatively correlated with salinity. However, we found no 
significant or strong correlation between DOC and salinity 
in the Arctic fjord water (Fig. 4b). In addition, the high-
est DOC concentrations were found in SW, where salinity 
ranges from 33 to 34 (Fig. 4b), indicating that the increase in 
DOC could be related to autochthonous biological produc-
tion, for example, primary production or microbial activity. 
Therefore, these results indicate that river and ice-melt water 
are not the primary sources of DOC in the study area.

To evaluate the DOC sources in this study, we compared 
the DOC concentrations with the fluorescence proper-
ties of DOM (Fig. 7). These fluorescent components were 
significantly correlated with DOC in Arctic fjord water. 
The relationship between DOsC and C1 in the Svalbard 
fjords showed significant positive trends in SW and SSW 
(R2 = 0.48, P < 0.05 and R2 = 0.45, P < 0.05, respectively), 
whereas the relationships between DOC and C2 and C3, 
except for that with C2 in SW (R2 = 0.37, P < 0.05), were 
weak and widely scattered (Fig. 7). Marine humic-like 
FDOM, which may reflect the recalcitrant nature of organic 
matter derived from various microbes, including hydrocar-
bon-oxidizing bacteria (Shimotori et al. 2009), can be an 
important component of DOC. To examine whether micro-
bial activity is the origin of DOC in Arctic fjords, we calcu-
lated the fluorescence index (FI), humification index (HIX), 

and biological index (BIX) from the EEM spectral data. 
The FI has been used to identify the source of humic DOM 
originating from terrestrial (approximately 1.4) or micro-
bial activity (approximately 1.9) (McKnight et al. 2001). 
In this study, the FI ranged from 1.7 to 4.9 (avg. 3.5 ± 1.0) 
in SW, from 2.2 to 3.0 (avg. 2.6 ± 0.3) in IW, and from 2.1 
to 5.2 (avg. 3.7 ± 1.0) in SSW (Fig. 8), indicating that the 
DOC in the water column was of microbial origin. The HIX, 
an indicator of the degree of DOM humification (Bai et al. 
2015), ranged from 0.4 to 1.5 (avg. 0.8 ± 0.3) in SW, from 
0.4 to 1.0 (avg. 0.7 ± 0.3) in IW, and from 0.6 to 1.9 (avg. 
0.9 ± 0.4) in SSW (Fig. 8). These low values (< 4.0) indi-
cate that the DOM in Arctic fjords is related to autochtho-
nous DOM rather than terrestrial DOM (Birdwell and Engel 
2010). The BIX, an indicator of autochthonous biological 
production (Huguet et al. 2009), ranged from 0.9 to 2.0 (avg. 
1.4 ± 0.3) in SW, from 1.3 to 2.6 (avg. 1.6 ± 0.5) in IW, and 
from 0.7 to 2.1 (avg. 1.4 ± 0.4) in SSW (Fig. 8). The aver-
age BIX value was higher than 1.0 and thus corresponded to 
freshly produced DOM (Huguet et al. 2009). According to 
PERMANOVA, the water masses did not differ significantly 
in HIX (R2 = 0.03, P > 0.05), BIX (R2 = 0.06, P > 0.05), or 
FI (R2 = 0.12, P > 0.05). According to a previous study, the 
concentration of particulate OC (POC) in Svalbard fjords 
was lower in October 2017 than in April 2018, and decou-
pling of the DOC concentration was observed (Brogi et al. 
2019). In addition, the annual POC flux (0.06 ×  106 t  year−1) 
of Svalbard glaciers was higher than the annual DOC flux 
(0.02 ×  106 t  year−1) (Zhu et al. 2016). Because most POC 
in Kongsfjorden, Svalbard, during the summer season 

Fig. 7  Three fluorescent components (C1, C2, and C3) in the parallel factor analysis (PARAFAC) model. Pearson correlation and simple linear 
model between dissolved organic carbon (DOC) and the fluorescent component in each water type
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originates from terrestrial organic matter (D’Angelo et al. 
2018), the POC degraded by microbial activity is changed 
to DOC, including humic substances. Similarly, the main 
source of DOC in the East China Sea during summer was 
associated with microbial activity according to the optical 
properties of DOM (Kim et al. 2020). Thus, because sub-
glacial microbial activity (Sharp et al. 1999) and cryoconite 
and supraglacial microbial contributions are well-known to 
be the main sources of OC in glacial meltwater (Sharp et al. 
1999; Anesio et al. 2010; Irvine-Fynn et al. 2012), micro-
bial activity can significantly affect the DOC distribution in 
Arctic fjords during the glacier melt season.

Bacterial population dynamics with dissolved 
organic matter degradation in the glacier melt 
season

Our metabarcoding results revealed that six heterotrophic 
bacterial groups/taxa (Alphaproteobacteria, Gammaproteo-
bacteria, Bacteroidia, Verrucomicrobiae, Actinobacteria, 
and Acidimicrobiia) are predominant in Arctic fjord water; 
this finding is similar to the results of previous surveys of 
the Svalbard fjords (Cardman et al. 2014; Han et al. 2021). 
ISA indicated that the bacterial population dynamics were 
partially mediated by the water mass balance in these Arctic 
fjords. For example, Actinobacteria and Verrucomicrobiae 
showed water-type-specific distributions in SW and SSW, 
respectively. By contrast, Alphaproteobacteria, Bacteroidia, 
and Acidimicrobiia had insignificant indicator values, sug-
gesting that they are ubiquitously distributed in Arctic 
fjord water. Among these major heterotrophic bacteria, the 

relative abundances of Actinobacteria and Acidimicrobiia, 
both of which are assigned to the phylum Actinobacteria, 
were significantly representative of the beta diversity pattern 
identified by NMDS.

Overall, our results suggest that specific bacterial groups 
and DOM components covary by water mass, although there 
was no direct evidence supporting microbial utilization as 
a factor affecting DOM quality. Actinobacteria generally 
contributes to the decomposition of organic matter in the 
environment (Bao et al. 2021). Considering the possibility 
of bacterial production by marine humic-like FDOM, we 
assumed that marine bacteria such as hydrocarbon-oxidizing 
Actinobacteria may be associated with direct or indirect pro-
cesses affecting the prevalence of microbiologically refrac-
tory DOM in SW and SSW. On the basis of the combined 
statistical results of PERMANOVA, ISA, and NMDS, we 
propose that Actinobacteria are ecologically significant in 
these Arctic fjords. We neither argue that other heterotrophic 
bacteria can also contribute to the production of recalci-
trant organic compounds nor explain how bacteria interact 
ecologically with DOM. We considered only which type of 
oceanic DOM is commonly found in these Arctic fjords dur-
ing the glacier melt season and how the ecological statistics 
can indicate its relationship with key bacterial populations.

In conclusion, the significant relationships between 
DOC and the microbial FDOM component, fluorescence 
index values (FI, HIX, and BIX), and bacterial biogeog-
raphy (diversity and community composition) suggest that 
heterotrophic microbial activity is associated with the main 
source of DOC in Arctic fjords during the glacier melt sea-
son. However, the findings of this study will improve the 

Fig. 8  Box plots of the humification index (HIX), biological index (BIX), and fluorescence index (FI) in each water type (SW–IW–SSW)
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understanding of the fate of DOM in these Arctic fjords. 
Given that Arctic hydrography is mediated by the water 
mass balance during the glacier melt season, the bacterial 
contribution to oceanic DOM deserves consideration owing 
to concerns related to climate change and its impacts on 
Arctic fjords.
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