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A B S T R A C T   

The concentration of n-alkanes (C17–C35) and sterols in marine particulate matter were investigated to trace the 
origin of organic carbon in Kongsfjorden in early spring (April). The spatial distributions of environmental 
factors (seawater temperature, salinity, density, turbidity, chlorophyll a (chl. a) and particulate organic carbon 
(POC) concentrations) and the cell density of phytoplankton differed between the inner and outer fjord regions. 
In addition, brassicasterol, diatom biomarker, showed a high concentration in the outer fjord and positive 
correlations with the chl. a and POC concentrations in the water column. In contrast, some sterols originating 
from terrestrial organic matter (OM), such as stigmasterol and campesterol, showed relatively higher concen
trations in the inner fjord than in the outer fjord. Based on the distance-based redundancy analysis (db-RDA) 
result, the distributions of organic compounds are predominantly controlled by the water density and the POC 
and chl. a concentrations, and these distributions allowed us to divide the inner and outer fjord regions. How
ever, the hierarchical clustering of principal components (HCPC) results obtained based on principal component 
analysis (PCA) using lipid biomarkers (C17–C35 alkanes and sterols) and environmental factors indicated that the 
clusters were distinguished by surface (0 m) and subsurface (>4 m) seawater samples rather than by any regional 
division. Notably, the concentration of relatively short-chain alkanes (average chain length (ACL): 24.6 ± 3.7) 
without a carbon preference for odd numbers (carbon preference index (CPI): 0.97 ± 0.11) in the sea surface 
layer was significantly higher than that of subsurface seawater (ACL: 31.1 ± 0.5 and CPI: 1.06 ± 0.03) in the 
early spring. This suggests the potential of these compounds as indicators for tidewater glacier-derived OM and 
freshwater input by snow melt into the fjord system. Hence, these results demonstrate that the distributions of 
lipid biomarkers in the water column possibly provide important information for a comprehensive understanding 
of the origin and transport of OM in an Arctic fjord.   

1. Introduction 

The retreat of tidewater glaciers has been observed in the Arctic and 
Antarctic fjord systems over the past decades (Moon et al., 2015; 
Schellenberger et al., 2015; Vieli et al., 2002). According to climate 
prediction models, the effects of climate warming could involve the 
release of large amounts of stored water via the removal or melting of 
Arctic permafrost, snow and glaciers (Syvitski et al., 1998, 2003; Box 
et al., 2019; Randers and Goluke, 2020). In particular, fjord systems 
which end from the glacier to the sea are susceptible to climate change. 
The increases in meltwater outflow resulting from tidewater glacier 

retreat lead to changes in sea temperature, salinity, and freshwater 
runoff and also support terrestrial OM in the marine environment 
(Hopwood et al., 2020; McGovern et al., 2020). 

Previous studies have suggested the potential effect of labile dis
solved organic carbon (DOC) derived from glaciers on marine food webs 
via microbial activity (Han et al., 2020; Hood et al., 2009; Smith et al., 
2017). In contrast, POC is mainly deposited in front of glaciers, and the 
labile proportion of POC is relatively less than that of DOC, but 
glacier-derived POC fluxes into the marine environment were found to 
be larger than those of DOC (Lawson et al., 2014). The dynamics of 
glaciers in polar regions are the dominant processes that transport 
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particles into the sediments (Alley et al., 1997; Stein et al., 1994). 
Therefore, the recently observed rapid retreat of Arctic glaciers makes 
POC an important factor in the carbon budget changes of fjord systems. 
Nevertheless, evaluations of the biogeochemical effects of 
glacial-derived POC inputs into the marine environment are insufficient 
because it is difficult to identify and assess the origin of freshwater 
entering a marine environment. Consequently, understanding the 
composition and cycle of POC in fjord systems derived from glaciers 
could be a key factor in understanding global climate change and the 
carbon cycle. 

Lipid biomarkers, such as n-alkanes and sterols, are useful indicator 
to provide evidence for the distribution and origin of OMs in marine 
environments. Especially, n-alkanes are produced by terrestrial plants, 
aquatic plants and algae. In general, short-chain alkanes are originated 
from algae and bacteria, whereas long-chain alkanes are originated from 
terrestrial plants representing a higher value of average chain length 
(ACL; Cranwell et al., 1987; Poynter and Eglinton, 1990). Carbon pref
erence index (CPI) is calculated by the relative abundances of 
odd-to-even number n-alkanes in a certain carbon number range (Bray 
and Evans, 1961; Matsuda and Koyama, 1977; Marzi et al., 1993). In the 
distribution of alkane, the odd carbon preference for even number is 
different depending on the producer. For instance, terrestrial higher 
plants have a typical value of CPI (>5), whereas CPI of petrogenic al
kanes shows no carbon preference, close to 1, with a smooth distribution 
(Eglinton and Hamilton, 1967; Bush and McInerney, 2013). Therefore, 
ACL and CPI provide valuable information on n-alkane sources. 

Sterols are also useful molecular biomarkers to identify the origin of 
OMs. Brassicasterol and dinosterol are known as phytosterols produced 
by marine diatoms and dinoflagellate, respectively (Boon et al., 1979; 
Volkman, 1986). Moreover, campesterol, stigmasterol, and β-sitosterol, 
which are predominantly contained in terrestrial plants, have been used 
as indicators of terrestrial OM (Huang and Meinschein, 1976; Volkman, 
1986). Therefore, n-alkanes and sterols are suitable tracers of OM in the 
Arctic environments, which includes mixtures of OM from the glacier, 
snow, terrestrial and marine environments (e.g. Yunker et al., 1995; Kim 
et al., 2011; Rontani et al., 2018). 

The Kongsfjorden system, a high-latitude Arctic fjord, is a very 
suitable experimental place for organic material circulation research 
involving glacial melting because active changes in the marine envi
ronment can be observed in this region depending on the season. The 
seasonal variations in Kongsfjorden introduce an ideal natural labora
tory that can serve as a biogeochemical and functional indicator of 
climate change. There are five tidewater glaciers in the inner fjord that 
mainly support the input of freshwater into the fjord by seasonal glacial 
melting starting in early spring (April) (Pramanik et al., 2018). The 
estimated mean annual glacial POC input into Kongsfjorden is approx
imately 760 tons per year according to the mean freshwater volume and 
POC concentration measured in the water column (Kuliński et al., 2014). 
In the Arctic early spring, large quantities of OM begin to enter the fjord 
system; these inputs can lead to massive turbid water in the inner fjord, 
limiting the light in the water column and possibly decreasing the pro
duction of phytoplankton (Hopwood et al., 2020). However, few studies 
have been conducted on the distributions of organic compounds or their 
origins using in situ seawater samples in high Arctic fjord systems due to 
the difficult access to field sites being hampered by floating ice and 
fragmented glaciers in early spring (e.g. Brogi et al., 2019; McGovern 
et al., 2020). 

In the present study, we investigated (1) spatial variations in lipid 
biomarkers, such as n-alkanes and sterols, to identify the origin of OM 
using seawater samples from the Kongsfjorden in early spring (April). 
Furthermore, (2) we tested the potential of lipid biomarkers as an in
dicator of glacier-derived and/or terrestrial OMs in an Arctic fjord sys
tem by comparing them with phytoplankton cell density and 
environmental factors (seawater temperature, salinity, density, 
turbidity, chl. a and POC concentrations). 

2. Materials and methods 

2.1. Sample collection 

Sample collection was conducted at 8 stations onboard the R/V 
Teisten in early spring (April 2018) when the tidewater glaciers started 
to melt at Kongsfjorden, Svalbard (Fig. 1). During this period, a large 
number of large glaciers floated on the water surface, and adverse 
weather conditions allowed the collection of seawater samples only over 
a limited timeframe. Moreover, we have to use all of seawater samples 
for a single injection for chemical analysis, such as POC, chl. a, and lipid 
biomarkers, due to the low concentration in the seawater samples. 
Therefore, only a single dataset could be obtained for this study. 

A conductivity-temperature-depth (CTD) system (RBR concerto 3) 
was used to obtain the water temperature, salinity, turbidity, and den
sity measurements. Here, temperature and salinity data were published 
in Choi et al. (2020), wherein the data were obtained by the same CTD 
logger system in this study. 

To determine sample collection, density gradient and autochthonous 
sources, especially terrestrial sources, were considered for comparison 
with water mass, which major control factor in the ambient environ
mental setting, and phytoplankton cell density. Onboard observation 
using the CTD logger system showed significant temperature and 
salinity gradient from surface to 10 m water depth (Fig. 2). Therefore, 
the collection of seawater samples was concentrated from the surface to 
euphotic depth, and bottom water (10− 20 m above the bottom). The 
seawater samples were collected using a Niskin water sampler according 
to the light penetration depth estimated by a Secchi disk using the 
vertical attenuation coefficient (Kd = 1.7/Secchi depth) as described by 
Kim et al. (2020). Seawater samples were collected at depths up to 100 
m at 100, 30 and 5% light intensities compared to that of the surface 
seawater (100%) (Table 1). To identify phytoplankton species, 100-mL 
seawater samples were collected at each water depth and stored in 
125-mL bottles preserved with glutaraldehyde (at a final concentration 
of 1%). The samples that had been fixed by glutaraldehyde were filtered 
by Gelman GN-6 Metricel filters (pore size of 0.45 μm; Gelman Sciences, 
USA). 

The seawater samples were filtered by a precombusted glass fiber 
filter (GF/F, pore size of 0.7 μm, Whatman, UK) to analyze the POC, 
chlorophyll a (chl. a), sterol and n-alkane concentrations. The filter 
samples used for the POC, sterol and n-alkane analyses were immedi
ately stored at − 20 ◦C, freeze-dried and moved to the laboratory. The 
filters used for the chl. a analysis were immediately stored at − 80 ◦C 
until the analysis was conducted. 

Fig. 1. Map of the study area in Kongsfjorden, Svalbard.  

J.-K. Gal et al.                                                                                                                                                                                                                                   



Environmental Research 205 (2022) 112469

3

2.2. POC, chl. a and phytoplankton species 

The samples used to determine the POC concentrations were acidi
fied by HCl fuming overnight in a desiccator to remove inorganic car
bon, as described by Jung et al. (2020). After acidification, the samples 

were neutralized using NaOH pellets and silica gel was placed in a 
desiccator with samples and was kept in vacuum. The samples were then 
enveloped in a tin capsule, and the POC concentrations were measured 
with an elemental analyzer (vario MACRO cube, Elementar, Germany). 
The analytical precision (1 σ; standard deviation) was obtained by 
running the standard (acetanilide), and the precision was ±4%. 

The filter samples used for the chl. a analyses were extracted using 
90% acetone at 4 ◦C for 12 h within 24 h after sample collection (Parsons 
et al., 1984). The chl. a concentrations were determined using a Trilogy 
fluorometer (Tuner Designs, USA). The fluorometer calibration was 
performed with a liquid primary chl. a standard (Turner designs, USA). 

The phytoplankton pretreatment, identification and counting details 
are described in Kim et al. (2020). Briefly, a filter was mounted on a 
microscope slide in an aqueous embedding medium (2-hydroxypropyl 
methacrylate, HPMA). Phytoplankton was identified from HPMA slides 
with an optical microscope (BX53TR-32FB3F0 microscope, Olympus, 
Inc., Tokyo, Japan). The genera identification and cell counts were 
conducted as described by Kang et al. (1993), Round and Mann (1990) 
and Tomas (1997). 

2.3. Lipid extraction and analysis 

Internal standards (squalane and 5-α-androstan-3β-ol (Sigma- 
Aldrich, USA)) were added to the freeze-dried samples prior to lipid 
extraction. The samples were extracted by sonication with dichloro
methane:methanol (2:1, v:v) according to the method described by Gal 
et al. (2018b). The total lipid extracts were separated into two fractions 
over a SiO2 column. The apolar and polar fractions were eluted using 
hexane and dichloromethane:methanol (1:1 v:v), respectively. The polar 
fraction was silylated with N,O-bis(trimethylsilyl)trifluoroacetamide 

Fig. 2. T-S diagram in the study area.  

Table 1 
Concentrations of n-alkanes and carbon preference index (CPI) and average chain length (ACL) values. The hierarchical clustering of principal component (HCPC) 
clusters indicates the detailed values shown in Fig. 5B. Groups were defined in consideration of the results of principal component analysis (PCA) and nonmetric 
multidimensional scaling (NMDS) shown in Fig. 4.  

Site Depth Total n-alkanes Sum [C19–C21] Sum [C27–C29] Sum [C31–C33] CPI ACL HCPC cluster Group 

[m] [ng/L] [ng/L] [ng/L] [ng/L] 

St.1 0 44 27 0 0 1.12 21.0 1 IN 
St.1 10 1208 16 214 550 1.06 31.0 2 IN 
St.1 30 1685 0 341 764 1.04 31.4 2 IN 
St.1 50 900 0 168 403 1.06 31.4 2 IN 
St.2 0 81 0 15 24 0.90 31.5 3 IN 
St.2 4 458 0 93 207 1.05 31.3 2 IN 
St.2 9 882 0 145 404 1.05 31.3 2 IN 
St.2 35 827 0 137 383 1.08 31.3 2 IN 
St.4 0 90 42 0 0 0.84 21.9 1 IN 
St.4 5 97 0 21 41 1.11 31.1 2 IN 
St.4 10 346 0 64 152 1.04 31.1 2 IN 
St.5 0 1375 584 102 47 0.88 23.7 1 IN 
St.5 5 965 0 176 447 1.04 31.6 2 IN 
St.5 12 295 0 54 130 1.04 31.1 2 IN 
St.5 80 195 0 39 88 1.06 31.5 2 IN 
St.7 0 160 77 0 0 0.89 23.6 1 OUT 
St.7 7 278 0 46 137 1.09 31.4 2 OUT 
St.7 18 718 0 128 323 1.04 31.5 2 OUT 
St.7 80 201 0 37 85 1.03 30.8 2 OUT 
St.8 0 272 153 0 0 1.11 21.0 1 OUT 
St.8 10 103 0 21 44 1.04 31.1 2 OUT 
St.8 40 116 0 20 49 1.03 31.2 2 OUT 
St.8 100 151 0 28 71 1.08 31.2 2 OUT 
St.9 0 285 35 82 43 1.01 27.1 3 OUT 
St.9 10 81 0 19 31 1.05 30.5 2 OUT 
St.9 30 234 0 46 104 1.06 31.2 2 OUT 
St.9 50 261 0 51 118 1.07 31.3 2 OUT 
St.9 100 210 0 36 96 1.08 31.2 2 OUT 
St.10 0 673 59 211 107 0.98 27.2 3 OUT 
St.10 5 1157 0 226 457 1.00 30.7 2 OUT 
St.10 12 541 0 103 242 1.05 31.2 2 OUT 
St.10 50 176 5 34 56 1.12 29.4 2 OUT 
St.10 100 168 0 43 65 1.02 30.2 2 OUT  
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(BSTFA) and heated at 70 ◦C for 1 h. 
The sterols in the polar fraction and n-alkanes in the apolar fraction 

were analyzed using an Agilent 5977 E GC/MSD (Agilent Technologies, 
Santa Clara, CA) with an HP-5 column (30 m × 0.25 mm, 0.25 μm, 
Agilent). The oven temperature was programmed to change from 40 ◦C 
to 300 ◦C at a rate of 10 ◦C/min and maintained at 300 ◦C for 10 min. 
The electron ionization energy was 70 eV, and helium was used as a 
carrier gas (1 mL/min). Scanning was performed in full-scan mode (m/z 
50–650) and in the selected ion monitoring (SIM) modes of m/z 99 (n- 
alkanes), m/z 333 (5-α-androstan-3β-ol), m/z 370 (coprostanol and epi- 
coprostanol), m/z 382 (stigmasterol), m/z 396 (β-sitosterol), m/z 484 
(stigmasterol), m/z 458 (cholesterol) and m/z 470 (Brassicasterol). 

Individual n-alkane compounds (C17–C35) were identified based on a 
comparison of the relative retention times of analytical standards 
(Supelco 502,065, AccuStandard, USA) (Kim et al., 2017). The identi
fication of sterols was conducted based on the retention times and mass 
spectra of the analytical standards (Sigma-Aldrich, USA). The quantifi
cation of individual compounds was performed based on the relative 
response factors of standard compounds compared with those of internal 
standards (squalane for n-alkanes, 5α-androstan-3β-ol for sterols). The 
limit of detection was calculated as 3 times the signal to noise ratio and 
the limit of quantification applied 10 times the signal to noise ratio (ca. 
80 pg alkane and 20 pg sterol). The precision of the sterol and n-alkane 
analyses was obtained by an in-house reference standard (Gal et al., 
2018a), and the precisions for each compound and relative standard 
deviation (RSD) are displayed in Table 2 and S3. RSD was calculated as 
follows: 

RSD= 100 ×
s
x  

where s is the standard deviation of the in-house reference standard. x is 
the mean value of concentration of the in-house reference standard. 

The ACL (Cranwell et al., 1987; Poynter and Eglinton, 1990) and CPI 
(modified from Bray and Evans, 1961) were calculated on the entire 
carbon range as follows: 

ACL=

∑
(n × Cn)17 − 35
∑

(C17 − 35)

CPI=
1
2
×

[(∑
odd ​ C17 − 33

∑
even ​ C18 − 34

)

+

(∑
odd ​ C19 − 35

∑
even ​ C18 − 34

)]

where Cn is the concentration of the n-alkane containing n carbon 
atoms. 

2.4. Statistics and data analysis 

To determine the presence of general relationships among the spatial 
distributions of phytoplankton species, lipid compounds (sterols and n- 
alkanes) and environmental parameters (temperature, salinity, 
turbidity, density, and POC and chl. a concentration), principal 
component analysis (PCA) was performed using the R program (R 
Development Core Team, 2015). We also performed hierarchical clus
tering of principal components (HCPC) on the PCA results using the R 
program. A distance-based redundancy analysis (db-RDA) was per
formed to identify the major component of the spatial distribution of 
lipid compounds in the water column. Nonmetric multidimensional 
scaling (NMDS) was performed to identify the differences between inner 
and outer fjords based on the phytoplankton cell density and environ
mental factors using the R program. PCA and RDA were performed on 
the fractional abundances of sterols and n-alkanes, which were obtained 
by normalizing each sterol and n-alkane concentration to the summed 
concentration of all of the sterols and n-alkanes considered in this study, 
respectively. The statistical analyses (two sample t-test) of the differ
ences in data between the inner and outer fjord regions and among 
different depths were performed using the R program. 

3. Results 

3.1. Environmental conditions 

The potential temperature (θ) and salinity in Kongsfjorden ranged 
from − 1.4− 1.1 ◦C and 34.1–34.8, respectively (Fig. 2). The vertical 
profiles of temperature and salinity indicate low temperatures and a 
weak pycnocline in this season (Choi et al., 2020). However, according 
to the T-S diagram, the thin upper layers (up to 5 m) were slightly colder 
and fresher than other layers (Fig. 2). In particular, the temperatures and 
salinities measured at sites 1 and 2 were lower than those measured at 
the other sites. The density of the surface seawater ranged from 27.58 to 
27.72 kg/m3 (27.72 ± 0.11 kg/m3), and these density values were 
slightly lower than those measured at depths above 4 m, where the 
water densities ranged from 27.76 to 28.39 kg/m3 (average 28.02 ±
0.20 kg/m3) (Fig. 3A). In particular, the inner fjord sites had relatively 
lower measured densities due to the collapse of the tidewater glaciers in 
this season. The turbidity values measured at sites 1 and 2 (ranging from 
1.72 to 2.90 FTU, average 2.35 ± 0.41 FTU) were relatively higher than 
those measured at other sites (0.32–2.94 FTU, average 1.01 ± 0.86 FTU) 
(t-test, t = 5.9379, df = 25.814, p-value = 2.97E− 06) (Table 1). 

3.2. POC, chl. a, and phytoplankton 

POC concentration ranged from 0.22 to 0.31 mg/L (average 0.26 ±
0.02 mg/L) at all depths in the study area (Table S1). In most sites, the 
POC concentrations were highest in the surface seawater except sites 4 
and 5, where have the lowest sea surface POC concentrations compared 
to other sites. POC concentrations in sites 4 and 5 were high at 10 m and 
12 m water depth, respectively (Fig. 3B). Chl. a concentration ranged 
0.01–0.09 mg/m3 (average 0.04 ± 0.02 mg/m3) at all depths in the 
study area. The concentration of chl. a showed a high value in the upper 
layer within 5 m of the water depth and showed a low concentration as 
the water depth increased (Fig. 3C). Spatial distribution of chl. a con
centration was similar to POC (R2 = 0.61, Fig. S1). Bacillariophyceae 
was dominant at all sites in the study area (Table S2). The cell density of 
Bacillariophyceae in the inner fjord was not significantly different from 
that of the outer fjord (t-test, t = − 0.505, df = 19.628, p-value = 0.619). 
Dinophyceae and Chlorophyceae were identified in the outer fjord, 
however, Prymneosiophyceae was identified only in the inner fjord. 

3.3. Concentrations of n-alkanes and sterols 

The concentration of brassicasterol ranged 2.71–19.94 ng/L (average 
of 7.70 ± 3.71 ng/L) at all depths in the study area (Table 2). Similar to 
the chl. a concentrations, the brassicasterol concentrations were high in 
the inner fjord sites and the surface layers of the outer fjord sites 
(Fig. 3D). On the other hand, the concentrations of β-sitosterol and 
stigmasterol were high in the inner fjord sites, ranging from 2.17 to 
28.95 ng/L (average 8.92 ± 7.26 ng/L) and 0.00–9.54 ng/L (average 
2.89 ± 2.61 ng/L) at all depths, respectively (Fig. 3E and Table 2). 
Campesterol had a similar distribution to β-sitosterol, with slightly 
higher concentrations measured in the middle depths (approximately 
30–50 m) of the euphotic zone (Fig. 3F). The correlation coefficient 
between the concentrations of brassicasterol and chl. a was (R2 = 0.64) 
higher than that between the brassicasterol and POC concentrations (R2 

= 0.32) (Fig. S1). The correlation coefficient value between stigmasterol 
and β-sitosterol was 0.98, indicating that these compounds have the 
same source in the study area (Fig. S1). 

Long-chain alkanes (>C27) showed higher concentrations in the 
inner fjord than in the outer fjord (Fig. 3G and H). However, unlike the 
chl. a concentrations, the long-chain alkane concentrations were slightly 
higher at sites 5–8 and subsurface depths (5–30 m). Interestingly, short- 
chain alkanes (<C23) showed a distinctly high concentration in the 
surface layer (Fig. 3I). The sum of the C19–C21 concentrations ranged 
from 0.00 to 584.42 ng/L (average 112.23 ± 192.20 ng/L) and from 
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0.00 to 15.90 ng/L (average 0.85 ± 3.31 ng/L) in the surface seawater 
and below the surface (>4 m), respectively (see Table S3). Statistically, 
the sum of the C19–C21 concentrations was significantly higher in the 
surface seawater than in the subsurface seawater (t-test, t = 1.786, df =
7, p-value = 0.117). 

3.4. PCA and HCPC results 

The PCA results indicated that POC, chl. a, and cell density of Dic
tyochophyceae and Bacillariophyceae (the dominant species in the 
study area) were positively loaded on PC1, explaining 41.41% of the 
variance (Fig. 4A). Prymneosiophyceae and turbidity were negatively 
loaded on PC2, explaining 16.19% of the variance. Sites close to the ice 
wall (sites 1–5) were negatively loaded on PC2, while sites (sites 7–10) 

far from the ice wall were positively loaded on PC2. Moreover, the HCPC 
results showed that sites close to the ice wall belonged to Cluster 1, 
which is associated with relatively low water densities, high turbidities 
and high Prymneosiophyceae cell density. Most sites far from the ice 
wall belonged to Clusters 2 and 3, which are associated with relatively 
high densities, high POC and chl. a concentrations and high cell density 
of Bacillariophyceae (Fig. 4A and Table S2). 

POC, chl. a and brassicasterol were positively loaded on PC2, 
explaining 13.82% of the variance, while stigmasterol and β-sitosterol 
showed negative loading on PC2 (Fig. 5A). The β-sitosterol, campesterol, 
and stigmasterol concentrations were negatively loaded on PC2. The 
C17–C25 alkanes showed strong positive loading on PC1, explaining 
42.01% of the variance. In contrast, long-chain alkanes (>C26) were 
negatively loaded on PC1. Notably, the C29–C33 alkanes showed strong 

Fig. 3. Cross-section along with the inner− outer stations in Kongsfjorden: density (A), POC concentration (B), chlorophyll a concentration (C), brassicasterol (D), 
β-sitosterol (E), campesterol (F), and sum of alkanes (C27–C29 (G), C31–C33 (H), and C19–C21 (I)). The group of n-alkanes was selected according to the hierarchical 
clustering of principal components on the principal component analysis (see Table S3). 
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Table 2 
Concentrations of individual sterols and analytical precision of each compound from the in-house reference (cf. Gal et al., 2018a).  

Site Depth Coprostanol Cholesterol Cholestanol Brassicasterol Campesterol Stigmasterol β-Sitosterol Total 
sterols 

HCPC 
cluster 

Group 

[m] [ng/L] [ng/L] [ng/L] [ng/L] [ng/L] [ng/L] [ng/L] [ng/L] 

St.1 0 LOD 6.9 1.3 3.6 0.4 0.6 2.2 14.9 1 IN 
St.1 10 4.4 12.1 1.3 10.6 2.6 9.5 29.0 69.4 2 IN 
St.1 30 12.7 13.3 1.6 11.1 2.8 6.6 16.2 64.3 2 IN 
St.1 50 0.7 15.0 2.8 10.5 1.8 2.8 11.0 44.7 2 IN 
St.2 0 9.2 15.1 LOD 13.5 LOD LOD 3.1 41.0 3 IN 
St.2 4 0.3 7.9 1.0 7.3 LOD 2.3 6.0 24.6 2 IN 
St.2 9 1.2 10.9 2.4 9.5 LOD 5.9 17.6 47.4 2 IN 
St.2 35 1.0 24.6 3.7 12.6 LOD 4.3 11.6 57.9 2 IN 
St.4 0 LOD 21.2 3.1 13.0 1.9 1.4 7.4 48.1 1 IN 
St.4 5 0.2 21.6 1.9 8.2 1.5 1.6 4.7 39.7 2 IN 
St.4 10 LOD 12.9 2.1 9.6 0.9 2.0 7.2 34.7 2 IN 
St.5 0 0.3 42.7 3.1 6.1 0.8 1.0 3.9 57.9 1 IN 
St.5 5 0.2 12.8 1.5 5.4 0.7 2.2 6.0 28.8 2 IN 
St.5 12 0.4 12.6 1.7 4.2 0.7 1.8 4.8 26.2 2 IN 
St.5 80 0.3 7.4 1.3 4.5 0.7 1.2 3.2 18.5 2 IN 
St.7 0 0.1 7.3 1.6 6.3 0.5 0.6 1.5 17.9 1 OUT 
St.7 7 0.4 7.2 1.1 5.0 LOD LOD 2.0 15.5 2 OUT 
St.7 18 0.1 8.1 0.9 4.9 0.7 1.7 5.3 21.7 2 OUT 
St.7 80 0.3 8.6 1.0 3.7 0.7 1.3 4.2 19.9 2 OUT 
St.8 0 LOD 7.4 1.3 5.6 0.6 0.8 2.4 18.1 1 OUT 
St.8 10 0.3 16.4 3.1 9.3 1.3 1.5 5.5 37.3 2 OUT 
St.8 40 0.5 12.6 1.7 9.9 1.2 2.0 7.2 35.2 2 OUT 
St.8 100 0.5 4.9 1.5 4.4 LOD 1.5 4.2 17.0 2 OUT 
St.9 0 LOD 5.0 1.2 6.8 0.4 0.2 1.1 14.7 3 OUT 
St.9 10 0.2 5.8 1.3 8.1 LOD 0.9 2.6 18.8 2 OUT 
St.9 30 LOD 5.3 1.0 6.3 LOD 0.8 2.9 16.3 2 OUT 
St.9 50 LOD 5.6 0.7 5.5 0.5 0.8 2.8 15.8 2 OUT 
St.9 100 0.5 4.8 1.3 4.2 LOD 2.2 6.6 19.6 2 OUT 
St.10 0 LOD 18.0 2.0 19.9 1.3 LOD 2.6 43.9 3 OUT 
St.10 5 LOD 5.3 0.7 9.4 LOD 2.4 7.8 25.5 2 OUT 
St.10 12 0.2 4.7 0.6 8.8 LOD 0.7 2.4 17.3 2 OUT 
St.10 50 0.3 3.7 0.6 3.5 LOD 0.8 2.0 10.9 2 OUT 
St.10 100 0.5 13.9 0.3 2.7 LOD LOD 1.1 18.6 2 OUT 

In- 
housea 

Avr (ng/g) 32.3 173.4 163.1 223.2 252.9 89.8 307.8    
STD (±1 σ) 4.1 35.9 23.1 44.4 43.7 27.7 55.9    
%RSD 13 21 14 20 17 31 18     

a In-house reference sediment (cf. Gal et al., 2018a), LOD: below limit of detection (ca. 20 pg sterol). 

Fig. 4. Biplot of the results of principal component analysis (PCA) and hierarchical clustering of principal components (HCPC) of the fractional abundances of 
phytoplankton and environmental parameters (A). Nonmetric multidimensional scaling (NMDS) result showing the groups of inner and outer fjord sites considering 
the PCA and HCPC results (B). POC: Particulate Organic Carbon, Chl. a: chlorophyll a, Dino: Dinophyceae, Baci: Bacillariophyceae, Dict: Dictyochophyceae, Chlo: 
Chlorophyceae, Prym: Prymneosiophyceae. 
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negative loading on PC 1. 
Three clusters were distinguished by HCPC based on the PCA results 

(Fig. 5B). Notably, clusters 1 and 3 consist only of surface seawater 
samples in the study area. Clusters 1 and 3 had significantly lower 
concentrations of stigmasterol (t = − 3.6004, df = 29.592, p-value =
0.00057) and β-sitosterol (t = − 2.7668, df = 30.968, p-value = 0.00473) 
than that of cluster 2; additionally, clusters 1 and 3 had higher sums of 
C31–C33 alkanes than that of cluster 2 (t = − 4.6135, df = 28.604, p- 
value = 3.82E-05). In contrast, the sums of C19–C21 alkanes of clusters 1 
and 3 were higher than that of cluster 2 (t = 1.7862, df = 7.0013, p- 
value = 0.0586). 

4. Discussion 

4.1. Zonation of phytoplankton distribution 

The cell density of phytoplankton and primary production in the 
inner fjord sites were lower than those of the outer fjord sites due to light 
inhibition and nutrient availability attributed to glacial melting (Hal
bach et al., 2019; Kim et al., 2020). According to the HCPC results of the 
environmental conditions and phytoplankton cell density, we defined 
the inner (sites 1–5) and outer fjord (sites 7–10) regions in this study 
(Fig. 4A and Table 2). The NMDS results also showed a distinction be
tween the inner and outer fjord sites, which were defined based on the 
cluster results (2D stress = 0.080, Fig. 4B). This zonation is consistent 
with the separation between the inner and outer fjords obtained by the 
regional distribution of zooplankton collected during the same period 
(Choi et al., 2020). 

Based on the fluorescence spectroscopy analysis conducted in 
Kongsfjorden, the influx of labile dissolved OM due to the melting of sea 
ice and glaciers in early spring determines the dissolved OM properties, 
which showed a high total fluorescence and a high proportion of 
tyrosine-like compounds of approximately 58% of the total fluorescence 
in surface seawater (Brogi et al., 2019). On the other hand, according to 
the 6-year flux data in Kongsfjorden, the opal which indicate diatom 
production (autochthonous) and POC fluxes measured in early spring 
were increased compared to those measured in the winter season due to 
the contribution of autochthonous carbon sources (D’Angelo et al., 
2018). These factors might be caused by high sedimentation rates and 

resuspension in front of the tidewater glaciers of Kongsfjorden 
(Koziorowska et al., 2017). Later, in summer, primary production is 
enhanced by solar radiation during the bloom period, while the opa
l/organic carbon ratio is decreased by the mixture of OM sources from 
autochthonous and terrestrial inputs (D’Angelo et al., 2018; Iversen and 
Seuthe, 2011). Combining the results of PCA obtained in this study with 
those of previous studies, as glaciers and sea ice melt in early spring, the 
influxes of particulate and dissolved matter increase in the inner part of 
Kongsfjorden. As a result, the region shows a low contribution of 
autochthonous sources to POC resulting from the lower primary pro
ductivity caused by the increased turbidity and light penetration in the 
water column. In conclusion, it appears that clusters according to the 
distance from the ice wall during the glacial melting period by the 
change of light conditions and primary production in Kongsfjorden. 

4.2. Spatial distribution and origin of OM 

The similar distributions and loadings on the PCA plots of the POC, 
chl. a and brassicasterol concentrations indicate that these components 
may have had the same factors controlling their distributions in the 
water column (Fig. 5A). Considering the PCA results obtained based on 
the cell density of phytoplankton (Fig. 4A), the controlling factor for 
their spatial distribution was considered to be an abundance of marine 
diatoms (Bacillariophyceae), which are considered to be the main pro
ducers of brassicasterol (Volkman et al., 1998). This means that the 
relatively high POC concentration observed in the outer fjord consisted 
of autochthonous OM originating from diatoms. Moreover, the regional 
distinctions (between the inner and outer fjord) obtained based on the 
distributions of phytoplankton and environmental factors imply that the 
distribution of autochthonous sources in the study area is determined by 
the distance of the measurement site from the glaciers as well as by their 
influences. 

The clustering result of HCPC obtained based on the lipid composi
tion data was different from that obtained using the phytoplankton cell 
density, which showed the clustering of the inner and outer fjord sites 
(Table 1). In the db-RDA result, the main factors determining the spatial 
distribution of the lipid compounds were the water density and the POC 
and chl. a concentrations (Fig. 6). The db-RDA results showed no dif
ference between the inner and outer fjord sites classified as 

Fig. 5. Results of the principal component analysis (PCA) (A) and hierarchical clustering of principal components (HCPC) (B) of the fractional abundances of n- 
alkanes (black lines), sterols (blue lines) and environmental parameters (red lines). The detailed clustering results are shown in Table 1 and S2. Chl. a: Chlorophyll a, 
POC: Particulate Organic Carbon, Temp: Temperature, Sal: Salinity, Dens: Density, Turb: Turbidity, Bras: brassicasterol, Copr: Coprostanol, Chole: Cholesterol, Stan: 
Cholestanol, Camp: Campesterol, Sito: β-sitosterol, Stig: Stigmasterol. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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phytoplankton-based HCPC. However, in the case of sterols, which had a 
weak load in PCA, a tendency to be divided into inner and outer regions 
was observed (see Fig. 3D–F). In particular, terrestrial sterols, such as 
stigmasterol, coprostanol and β-sitosterol, showed high concentrations 
in the inner fjord, whereas high concentrations of autochthonous com
pounds were found in the outer fjord (Hörner et al., 2016; Volkman, 
1986; Yunker et al., 1995). Moreover, long-chain alkanes (>C27) also 
showed a similar distribution in the water column compared to that of 
terrestrial sterols (Fig. 3G and H). This means that the distribution of 
organic compounds in the subsurface layer is controlled by primary 
production, which can be represented by the cell density of phyto
plankton and chl. a in the water column. In conclusion, terrestrial OM, 
along with the particulate matter that increased turbidity, would have 
been introduced into the inner fjords along the subsurface by the 
collapse of tidewater glaciers and melting of sea ice (Torsvik et al., 
2019). In the outer fjord where relatively high phytoplankton and 
chlorophyll concentrations were measured, autochthonous sources 
appear to be the main factors controlling the distribution of organic 
compounds in the water column of Kongsfjorden (Choi et al., 2020; Kim 
et al., 2020). 

The distribution of organic compounds in each cluster is shown in 
Fig. 5B. In detail, short-chain alkenes dominated in cluster 1 (ACL: 22.3 
± 1.3, CPI: 0.97 ± 0.13) and cluster 3 (ACL: 28.6 ± 2.5, CPI: 0.96 ±
0.06), consisting of the surface layer (average 24.6 ± 3.7 and 0.97 ±
0.11 in ACL and CPI, respectively) (Fig. 7A and C); however, long-chain 
alkenes predominated in cluster 2 (ACL: 31.1 ± 0.5, CPI: 1.06 ± 0.03), 
which consisted of the subsurface layers (Fig. 7B). In the surface layers, 
it is interpreted that freshwater introduced by melting sea ice and gla
ciers was moving out of the fjord along the weak pycnocline, ignoring 
the inflow from terrestrial streams. In marine environments, short-chain 
alkanes are predominantly produced by aquatic algae, including 
phytoplankton and microorganisms, while long-chain alkanes are 
mostly produced by the waxes of higher plants (e.g., Brassell et al., 1978; 
Eglinton et al., 1962; Han and Calvin, 1969). These biogenic sources 
tend to be dominant with odd-carbon-number alkanes, but these sources 
were not found to be dominant in this study (Fig. 7). Therefore, the 
seawater sampled in this study showed low CPI values (see above). Pe
troleum and petroleum-sourced rocks can also be major alkane sources 

(Brassell and Eglinton, 1980; Wang et al., 1999). However, the results of 
this study do not follow the normal pattern of petroleum-derived al
kanes, which are uniformly distributed from short-to long-chain alkanes. 
Considering the effect of large amounts of freshwater input from glaciers 
in early spring, atmospheric sources via snow seem to be more reason
able than petroleum,-based sources. Additionally, this idea is consistent 
with the predominance of C18–C20 alkanes obtained from aerosol sam
ples collected in Ny Ålesund, in which no carbon preference for odd 
numbers of carbons was found (Cecinato et al., 2000). On the other 
hand, this idea contrasts with measured sea spray samples that indicated 
abundant C27–C30 alkenes in the air masses of the Arctic Ocean from 
Tromsø to Svalbard in the Summer ARctic Expedition (AREX) (Ferrero 
et al., 2019). Therefore, it indicates that the n-alkanes may introduced 
from the atmospheric sources accumulated in the snow and tidewater 
glacier. Moreover, in a previous study, homologous series of n-alkanes 
from C22 to C33 were identified in the soil and marine sediment around 
the Kongsfjorden (Kim et al., 2011). They reported that the average 
CPIC25–C31 values for soil and sediment were 12.6 ± 6.5 (n = 15) and 1.4 
± 0.3 (n = 29), respectively. Moreover, the ACLs in soil and sediment 
were 29.0 ± 0.8 (n = 15) and 28.1 ± 0.2 (n = 29), respectively. This is 
distinguished from the CPIC17–C35 (0.97 ± 0.11, n = 8) and ACL (24.6 ±
3.7, n = 8) of the surface layer in this study. It means that the n-alkane 
composition of surface seawater in this study reflects the influence of the 
snow and glacier rather than the soil, which is also the terrestrial source. 
Therefore, the n-alkane composition may have potential as a specific 
indicator for the influx of freshwater by tidewater glaciers and snow 
melting in the fjord system. In addition, these indicators will help 
evaluate the influence of the amounts of inflowing particulate and dis
solved OM on the melting of tidewater glaciers. 

Fig. 6. Results of the distance-based redundancy analysis (db-RDA) of the 
fractional abundances of n-alkanes, sterols and environmental parameters. The 
red and blue dots indicate samples collected from the inner and outer sites, 
respectively. The red and blue circles indicate the ranges of the inner and outer 
sites at 90% prediction. POC: Particulate Organic Carbon, Chl. a: chlorophyll a. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 7. Average concentrations of individual n-alkanes from samples of (A) 
cluster 1 (n = 5), (B) cluster 2 (n = 25), and (C) cluster 3 (n = 3) corresponding 
to the HCPC results shown in Fig. 5B. 
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4.3. Changes in marine environment with tidewater glacial melting 

The measured POC flux in Kongsfjorden peaked when glaciers and 
sea ice melted in the spring when the total mass flux increased (D’Angelo 
et al., 2018). This suggests that organic carbon originating from glaciers 
plays an important role in this season. In addition, in a previous report, 
the enriched δ13C (abnormal trend due to soil-derived bound inorganic 
nitrogen) and high C/N ratios identified in the surface sediments indi
cated that terrestrial OM is a major carbon source in the inner fjord, 
while a mixture of marine-terrestrial signals appeared in the outer fjord 
(Kim et al., 2011; Kumar et al., 2016). Higher organic carbon contents of 
the sediments were found in the outer fjord than in the inner region 
(Koziorowska et al., 2017; Kumar et al., 2016). Moreover, the results of 
an analysis of the concentrations of inorganic carbon in fjord sediments 
revealed that biogenic carbon predominates in the outer bays and that 
carbonates in the glacier front originate from terrestrial sources by 
tidewater glaciers (e.g., Forwick et al., 2010; Koziorowska et al., 2017). 
Recently, in future circulation predictions conducted using the Regional 
Ocean Modeling System (ROMS), the length of Kongsfjorden is predicted 
to increase from 27 km to 39 km, and the total area is also predicted to 
increase from 227 km2 to 286 km2 due to the retreat of tidal glaciers 
(Torsvik et al., 2019). Torsvik et al. (2019) also predicted that as the 
residence time of particles in the water column increases from an 
average of 10.7 days–12.9 days in the Ny-Ålesund to Blomstrandhalvøya 
transect, the supply of terrestrial OM provided by the internal circula
tion of Kongsfjorden will increase in importance as an OM source. 

Based on the environmental conditions of Kongsfjorden, the 
following hypothesis can be proposed by considering the results of this 
study. The retreat of tidewater glaciers due to climate change occurring 
in the high Arctic fjord during the melting season could lead to the 
enhancement of the organic and inorganic carbon fluxes, the enhance
ment of the internal circulation of organic carbon and the increase of the 
sedimentation rate in the inner fjord. Even if the area of drift ice 
covering the sea surface decreases, the light will be blocked as the gla
ciers melt and the particle concentrations increase. Thus, it seems that 
rather a share of autochthonous OM will decrease, and the carbon cycle 
in fjords will change dramatically. In particular, the strong influence on 
phytoplankton and zooplankton caused by marine environmental 
changes will allow the regional ecosystem to be more clearly distin
guished between the inner and outer fjord regions. Furthermore, these 
changes could be accelerated in fjord systems that are very susceptible to 
climate change. 

5. Conclusions 

In this study, we investigated the spatial distributions of organic 
compounds (sterols and n-alkanes) in the seawater of the high Arctic 
fjord system Kongsfjorden in Svalbard. The phytoplankton cell density 
spatially distinguished between the inner and outer fjord sites. More
over, the distribution of the lipid biomarkers indicated that particulate 
OM derived from allochthonous sources was predominant in the inner 
fjord, while autochthonous sources were predominant in the outer fjord. 
The db-RDA results indicated that the major controlling factors for the 
distribution of organic compounds were the density and POC, including 
chl. a, concentrations in the study area. Notably, the concentration of 
short-chain alkenes was significantly high in the surface layer, sug
gesting the possibility of the use of these compounds as indicators for 
tidewater glaciers and snow melting. Consequently, the lipid biomarker 
approach could provide hints on the behavior and influence of POC in 
glaciers and the snow melting in Arctic fjord systems. 
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