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Abstract: The sea bottom acts as a key natural archive where the memory of long-term timescale
environmental changes is recorded. This study discusses some ecological and chemical features of
fjord sediments that were explored during the AREX cruise carried out in the Svalbard archipelago
in the summer of 2021. The activity rates of the enzymes leucine aminopeptidase (LAP), beta-
glucosidase (GLU), and alkaline phosphatase (AP) and community-level physiological profiles
(CLPPs) were studied with the aim of determining the functional diversity of the benthic microbial
community, while bacterial isolates were screened for their susceptibility to antibiotics in order
to explore the role of these extreme environments as potential reservoirs of antibiotic resistance.
Enzyme activity rates were obtained using fluorogenic substrates, and CLPPs were obtained using
Biolog Ecoplates; antibiotic susceptibility assays were performed through the standard disk diffusion
method. Spatial trends observed in the functional profiles of the microbial community suggested
variability in the microbial community’s composition, presumably related to the patchy distribution
of organic substrates. Complex carbon sources, carbohydrates, and amino acids were the organic
polymers preferentially metabolized by the microbial community. Multi-resistance to enrofloxacin
and tetracycline was detected in all of the examined samples, stressing the role of sediments as a
potential reservoir of chemical wastes ascribable to antibiotic residuals. This study provides new
insights on the health status of fjord sediments of West Spitsbergen, applying a dual ecological
and biochemical approach. Microbial communities in the fjord sediments showed globally a good
functional diversity, suggesting their versatility to rapidly react to changing conditions. The lack of
significant diversification among the three studied areas suggests that microbial variables alone cannot
be suitable descriptors of sediment health, and that additional measures (i.e., physical–chemical
characteristics) should be taken to better define environmental status.

Keywords: sediments; heterotrophic bacteria; carbon substrate utilization profiles; antibiotic resistance;
Svalbard fjords; functional diversity; health status

1. Introduction

The Svalbard archipelago is one of the regions on Earth most vulnerable to climate
warming, but it is still unexplored regarding its microbiological features [1]. Fjord ecosys-
tems are considered sensitive sentinels of climate change, affected by melting glaciers
and warming seawater [2]. Fjords influenced by active glacier freshwater inputs are key
hotspots for the burial of organic matter in sediments and subsequent microbial miner-
alization [3]. Both the freshwater supply and sedimentary processes drive the physical
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characteristics of fjords, making them natural laboratories where the effects of environmen-
tal changes can be detected and monitored. Particularly, fjord systems where temperature,
salinity, nutrient, and light gradients occur can serve as suitable models for studying the
response of microbial communities to environmental variability [4].

Being an extreme polar environment, the Svalbard archipelago has traditionally been
considered as a pristine environment; however, in its continental area, mining, sewage
wastes and dumpsites have been reported to be the main sources of terrestrial contam-
ination, which runoff may discharge into the surrounding water bodies (including the
sea), making the whole region particularly vulnerable to potential impacts of anthropic
activities [5,6]. Marine sediments act as significant environmental archives, playing a key
role as reservoirs of organic carbon [7] and contaminants that may accumulate into the
benthic zone. Indeed, over the last few decades, the presence of pollutants in Svalbard
marine sediments has been documented [8–11], providing a picture of a widespread phe-
nomenon. Several studies indicate moderate enrichments of Svalbard marine sediments
with heavy metals [12–15] and organic pollutants [8,16–18], resulting in bioaccumulation
and biomagnification in the trophic chain [17,19,20]. The Svalbard archipelago receives
pollutants mainly from global remote transport (air masses, ocean currents, ice drift, river-
ine discharge, etc.) (e.g., [21]). The rapid climate warming experienced by the Arctic
region is expected to result in the mobilization/transport of freshwater through glacier
systems, although currently only fragmentary data are available on the possible effects
caused by the transport of contaminants stored in glaciers and permafrost. Local pollu-
tion sources connected mainly to human settlements as well as former and present coal
mining can be important too [16,22,23]. The level of human impact on Svalbard fjords
differs geographically. Kongsfjorden is influenced by high touristic activity (large cruise
liners) [24], its marina, and its big research station. Isfjorden is exposed to intense human
activity connected to marine and air traffic. Particularly, Adventfjorden is impacted by its
town (having a permanent population of 2500 people, but being a very important touristic
destination), harbors and docks’ shipments of coal [25], and the discharge of untreated
sewage [26]. Hornsund is a less popular touristic destination with a small research station;
this fjord is characterized by important sedimentary concentrations of some metals [15,27]
discharged by melting glaciers as well as organic contaminants [20]. Not only legacy but
also emerging pollutants have been found in Svalbard. The presence of pharmaceutical
residues introduced mainly by untreated sewage in Kongsfjorden [28] and Isfjorden [29]
has been reported. In Isfjorden, many pharmaceuticals (carbamazepine, diclofenac, caffeine,
paracetamol, ciprofloxacin, and tetracycline) have been found to effectively accumulate in
the tissues of biota, while some others (e.g., citalopram) have shown even biomagnification
potential [30].

Anthropogenic activities, causing the release of wastewater effluents and chemical
pollutants, may affect the abundance, distribution, and taxonomic and functional diversity
of the bacterial community [22,31]. Chemical pollution generally leads to increased micro-
bial abundance and diversity, altering community functioning, and causing, in turn, severe
impacts on human health, for example through the spread of pathogens and antibiotic-
resistant bacteria in polluted marine environments [32]. On the other hand, bacteria drive
the transfer of toxic compounds to higher trophic levels, affecting the environmental fate of
several pollutants [33].

In the benthic domain, microbial communities are major drivers of the cycling of nutri-
ents, enabling efficient organic matter turnover and affecting the biogeochemical properties
of sediments, like that reported in terrestrial soil [34]. Moreover, microorganisms respond
quickly to environmental changes, modulating their composition and consequently their
metabolic spectra. Thus, microbial enzymes’ activities—both in terms of activity rates
and community profiles—can provide useful information for assessing environmental
health [35,36]. As stated by Maher et al. [37], a healthy sediment “may be defined as one
that supports an active and diverse biological population, and functions satisfactorily”. Sed-
iments host biological communities, including algae, macrophytes, benthic invertebrates,
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and bacteria, and sediment health can be described through biological measurements,
including species abundance and biomass, richness and similarity, and functional mea-
surements such as the rates of organic matter production and decomposition, community
respiration, or nutrient uptake. The concept of sediment health encompasses both biological
and chemical properties, and the aforementioned authors [37] underlined how chemical
measurements can be used as a surrogate for assessing sediment health. Insights gained at
the microbial community level can be helpful for proposing new indicators of ecosystem
health or developing new environmental health indices [38]. In this context, heterotrophic
microorganisms are a significantly active fraction of the microbial community, playing
a pivotal role in biogeochemical and energy fluxes [39]. The composition and structure
of microbial communities in marine sediments is affected by several biotic and abiotic
factors, such as temperature, the availability and quality of organic matter and nutrients,
variations in the redox gradient, and the interactions and selective pressure among different
microbial taxa [40]. In Svalbard marine sediments, a clear knowledge of the patterns of
microbial taxonomical and functional diversity and their environmental drivers is still lack-
ing, although assessing how microbial structure and function are modulated by freshwater,
terrestrial, and marine organic carbon inputs would be critical for understanding the role
of microbial communities in the whole fjord ecosystems’ functioning. Characterizing and
quantifying the metabolic potential of microbial communities in benthic environments is of
great interest for obtaining insights on the physiological role of prokaryotic assemblage in
the carbon cycle. To this end, the Biolog Ecoplate method provides a simple and rapid tool
for determining carbon substrates’ utilization patterns, and to get a picture of physiological
profiles at a community level, as documented by previous studies performed in temperate
and polar ecosystems [41–43]. This information on the biogeochemical role of microbial
communities might be crucial for understanding how future changes in benthic communi-
ties’ dynamics may influence the efficiency of biological carbon pumping and, ultimately,
the overall ecosystem functioning; in fact, evidence that sediment bacterial community
structure and function are controlled through local processes such as increased transport of
terrestrial organic matter and increased riverine discharge has recently been provided [44].

During the summer of 2021, a survey (AREX) was carried out in Svalbard by the Insti-
tute of Oceanology PAS (Sopot, Poland) and a multidisciplinary set of physical–chemical
and biological variables were measured. In the light of the above-reported considerations
and to get an updated picture of the environmental state, a quantitative and qualitative
microbiological study was carried out in fjords differently affected by natural and anthro-
pogenic factors. Particularly, two main hypotheses were tested:

(i) Since there were differences in the intensity of human activity and the sediment
pollution within the selected fjords [45], a higher abundance of antibiotic-resistant
bacteria was expected to be found within the benthic microflora in human-impacted
areas (e.g., Adventfjorden);

(ii) As a glacier–marine transition occurs from the inner part to the outer part of the fjords,
we hypothesized that this spatial gradient would be reflected in a greater complexity
of carbon substrate utilization, with a potential shift from simple to complex carbon
metabolism when moving from glacier to open-sea environments.

To verify this last hypothesis, the patterns of microbial metabolism were determined,
focusing on the study of extracellular enzymatic activity rates and community-level physi-
ological profiles (CLPPs); the potential impact of the pollution gradient on the abundance
of antibiotic-resistant bacteria was tested by assessing the susceptibility of isolated bac-
terial strains to commonly used antibiotics, in order to detect the possible occurrence of
(multi-)antibiotic-resistant bacteria.

Moreover, a presumptive identification of the benthic heterotrophic microbial commu-
nity was performed, based on its phenotypic and biochemical characteristics.
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2. Materials and Methods
2.1. Study Area and Sample Collection

Several fjords of the Svalbard archipelago on the western side of Spitsbergen covering
the northernmost to the southernmost areas were investigated in this study: In the northern
area, Krossfjorden (with stations KR1 to KR3, from the inner to the outer areas) and Kongs-
fjorden (stations KO1–KO3) were studied. In the central area, sampling was performed in
Dicksonfjorden (station D1) and Isfjorden (stations IS1–IS3), with its branches of Nordfjor-
den (station N1), Sassenfjorden (station S1), Dicksonfjorden (station D1), Adventfjorden
(station A1), and Grønfjorden (station G1). In the southern area, Hornsund (stations H1 to
H3, from the inner part to the outer part of the fjord) was studied.

Krossfjorden and Kongsfjorden are two fjords located in the northern area on the west-
ern side of Spitsbergen. During summer, both receive sediment inputs from glacial meltwa-
ter, leading to decreased surface salinity and increased turbidity; all of these variables were
found to affect the distribution of the bacterial community in the water column [1,46].

Isfjorden, with a mean width of 24 km, and a length of 107 km, is the largest fjord in
western Spitsbergen; it receives freshwater from tidewater glaciers as well as from rivers
fed by alpine glaciers and precipitation. Isfjorden seawater is of both Atlantic and Arctic
origin. In this fjord, local processes produce the Local Water and the Winter- Cooled Water;
mixed water masses such as the Intermediate Water and the Transformed Atlantic Water
are also found [47].

Hornsund is a large 200 m deep fjord located in the southernmost area of Spitsbergen,
opening to the Greenland Sea; it receives seasonal sediment inputs through melting water
discharge from eight major tidewater glaciers. This fjord is affected by the Atlantic Core
Water, Transformed Atlantic Water and Arctic Water [48].

The geographical coordinates of the sampled stations and the main characteristics of
the sediments are shown in Table 1 and Figure 1. Surface (1–2 cm) sediment samples were
collected using the Van Veen grab method by the researchers of the Institute of Oceanology
PAS (Sopot, Poland); for the microbiological study, aliquots of the samples were stored in
50 mL sterile Falcon tubes at −20 ◦C for further processing, carried out upon their arrival
at the CNR-ISP laboratories in Messina (Italy).

Table 1. Geographical coordinates of the sampled stations and characteristics of the sediments.

Station Area Latitude Longitude Depth (m) Sediment Type Sediment Color

KR1 Krossfjorden inner 79.3282 11.6341 174 Clay Gray
KR2 Krossfjorden central 79.2015 11.7395 282 Clay Gray
KR3 Krossfjorden outer 79.1261 11.8177 60 Clay Gray
KO1 Kongsfjorden inner 78.8933 12.4722 74 Mud Brown
KO2 Kongsfjorden central 78.965 11.8994 347 Clay Gray
KO3 Kongsfjorden outer 79.0112 11.4058 369 Mud Black
IS1 Isfjorden central 78.2657 15.1257 248 Mud Black
IS2 Isfjorden central 78.395 15.5663 202 Mud Black
IS3 Isfjorden inner 78.4479 16.078 94 Mud Black
D1 Dicksonfjorden inner 78.8097 15.3842 16 Mud Brown
N1 Nordfjorden central 78.5152 14.9392 144 Mud Black
B1 Billefjorden inner 78.6090 16.4805 141 Clay Gray
S1 Sassenfjorden central 78.4003 16.3756 31 Mud Black
A1 Adventfjorden central 78.2372 15.6360 58 Mud Black
G1 Grønfjorden outer 78.0873 14.1221 122 Mud Black
H1 Hornsund inner 76.9664 15.7297 242 Mud Black
H2 Hornsund central 77.0019 16.0846 84 Mud Black
H3 Hornsund outer 77.0021 16.4646 125 Mud Black
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Figure 1. Locations of the sampling sites (https://toposvalbard.npolar.no/ [49], accessed on
5 July 2024).

2.2. Heterotrophic (Marine and Non-Marine) Bacterial Abundance

Volumes (100 µL) of sediment suspension (obtained through sediment dilution in a
0.9% sodium chloride sterile physiological saline in a ratio of 1:10 w/v) were spread onto
Marine Agar 2216 and Tryptic Soy Agar (Difco) + 2% sodium chloride plates in duplicate,
which were incubated at +5 ◦C for at least 14 days in order to allow the growth of marine
and non-marine bacteria, respectively. The colonies grown on both culture media were then
counted. Bacterial strains were isolated by streaking them on plates of the same culture
media until axenic cultures were obtained. During the isolation, colonies showing different
phenotypic characteristics (i.e., morphology, size, and pigmentation), with at least one
colony per each typology, were streaked in order to obtain a collection of bacterial isolates
as representative as possible of the whole culturable bacterial community present in each
sample.

2.3. Extracellular Enzymatic Activities (Leucine Aminopeptidase, LAP, Beta-Glucosidase, GLU,
and Alkaline Phosphatase, AP)

Microbial ectoenzymatic activity measurements were performed to estimate the poten-
tial activity rates of leucine aminopeptidase (LAP), beta-glucosidase (GLU), and alkaline
phosphatase (AP), enzymes involved in the decomposition mediated by the microbial
community of proteins, polysaccharides, and organic phosphates, respectively [1]. These
enzymatic assays relied on the hydrolysis of specific fluorogenic substrates, L-leucine-7
amido-4-methylcoumarin hydrochloride (Leu-MCA), 4-methylumbelliferyl-b-d-glucoside,
and methylumbelliferyl phosphate, respectively, which are derivatives of methylcoumarin
(MCA) and of methylumbelliferone (MUF), following the method reported by Hoppe [50].
Increasing amounts (from 20 to 400 µmol) of substrates were added to 10 mL sub-volumes
of sediment supernatant and fluorometric measurements were performed at the initial
time and after incubation at an “in situ” temperature for 2 h. Through calibration with
the standard curves obtained with known amounts of MCA for LAP and MUF for GLU
and AP, the enzymatic values were expressed in terms of maximum velocity of hydrolysis
(Vmax, in nmol of substrate hydrolyzed per gram and per hour, nmol/g/h).

https://toposvalbard.npolar.no/
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2.4. Community-Level Physiological Profiles (CLPPs) via Biolog Ecoplates

Microbial community metabolism was studied through the analysis of the carbon
substrate utilization patterns [51–53]. Biolog Ecoplates (Rigel Life Sciences, Rome, Italy)
were used to determine the differences in the metabolic potentials of microbial assemblages
hosted in the samples. Each plate was a 96-well microtiter plate containing 31 carbon
substrates and a control in triplicate together with the redox dye tetrazolium violet. The
Biolog plates were inoculated with 150 µL of sample and incubated at 22 ◦C in the dark
under aerobic conditions. The oxidation of the carbon substrates into formazan was
quantified through absorbance measurements at 590 nm using the compact plate reader
Byonoy Absorbance 9 (Hamburg, Germany). The optical density (OD) of the reaction
product was measured at time zero (T0, namely immediately after inoculation), and at fixed
time intervals until 35 days of incubation. The color development as a violet pigment in
each plate well was expressed in terms of the averaged well color development (AWCD),
which was calculated using the following formula:

AWCD = Σ [(R − C)/31], (1)

where R is the averaged absorbance of three wells with the substrate and C is the averaged
absorbance of the control wells (without substrate) (according to Sala et al. [52]).

The absorbance percentages of each substrate were determined in agreement with
Sala et al.’s method [53], setting a value of 2% absorbance of the total absorbance measured
per plate as a threshold for substrate utilization.

The carbon substrates were grouped into the following six guilds: complex carbon
sources (polymers); carbohydrates; phosphate–carbon sources; carboxylic and acetic acids;
amino acids; and amines.

2.5. Phenotypic and Biochemical Characterization of Bacterial Isolates

Bacterial isolates were phenotypically characterized for their presumptive identifica-
tion and classified according to cell morphology, Gram’s staining, pigment production,
oxidase production, colony morphology, and catalase testing [54]. Biochemical characteri-
zation of the isolates, using methods such as sugar fermentation tests on Triple Sugar Iron
agar for glucose, lactose, and sucrose utilization, was also performed.

2.6. Antibiotic Susceptibility Profiles of Bacterial Isolates

The screening of bacterial isolates for their susceptibility to antibiotics was performed
according to the procedure reported by Laganà et al. [55]. Briefly, the bacterial isolates
were screened for their antibiotic susceptibility using the Bauer’s test [56], performed with
three replicates per isolate. The isolates were grown for 48 h on plates of Tryptic Soy Agar
(TSA, Oxoid, Thermo Fisher Diagnostics S.p.A., Rodano, Milan, Italy), harvested, and then
suspended in sterile water adjusted to a 0.5 McFarland turbidity standard (bioMérieux,
Marcy-l’Etoile, France), corresponding to 1.5 × 108 CFU mL−1. The inoculum was streaked
onto plates of Mueller–Hinton agar using a cotton swab; the produced diameters of inhibi-
tion were measured after 48 h of incubation at 5 ◦C and averaged. Commercially available
antibacterial disks (Oxoid) were used to determine the resistance patterns of the isolates
against 34 different antibacterials (dose/disk as found in the common reagents), grouped
into the following categories according to their mechanisms of action:

- Cell wall antibiotics such as beta-lactams, including penicillins [ampicillin (10 µg, code
CT0003B)];

- Nucleic acid inhibitors, including fluoroquinolones [enrofloxacin (5 µg, CT0639B)];
- Protein synthesis inhibitors, including (1) aminoglycoside antibiotics [gentamycin

(10 µg, CT0024B)], (2) lincosamides [clindamycin (2 µg, CT0064B)], and (3) tetracy-
clines [tetracycline (30 µg, CT0054B)].



Environments 2024, 11, 148 7 of 26

The diameter of the zone of inhibition around each antibiotic disk was measured
with a precision caliper (Mitutoyo, Andover, UK). Each bacterial isolate was classified as
resistant (R) or sensitive (S) according to the breakpoints established by EUCAST [57].

2.7. Statistical Analyses

Pearson correlation coefficients among the abundance, metabolic, and biodiversity
indices were computed after logarithmic transformation of the data that failed to follow
a normal distribution. Non-parametric Multi-Dimensional Scaling (nMDS) analysis was
performed on the data resemblance matrix generated according to the Euclidean distance.
ANOSIM (analysis of similarities) and SIMPER (similarity percentage) assessments were
computed on the whole dataset, including average values of bacterial abundance, enzyme
activity rates, and CLPPs absorbance values, to detect whether there were significant spatial
differences among the benthic microbial communities. Based on the Euclidean distance
matrix (D), the variables responsible for the significant dissimilarities among the stations
were identified. Moreover, the dataset was verified through two-way PERMANOVA
analyses using 2 fixed variables (areas, stations) to assess the statistical significance of the
differences observed among different areas (northern, central, and southern) and among
the different stations within each area. Only the Pseudo-F values reaching a significance
threshold of at least p = 0.05 were considered to be statistically significant. All of these
analyses were carried out using the software Primer version 7 (Plymouth Marine Laboratory,
Rodborough, UK).

3. Results

According to the spatial scale, the results of this microbiological characterization of
fjord sediments are reported referring to northern, central, and southern areas separately.

3.1. Culturable Heterotrophic Bacterial Abundance and Organic Matter Decomposition by
Enzyme Activities

Heterotrophic bacterial abundance varied between 9.6 × 103 and 7.64 × 104 CFU/g
of sediment for marine bacteria (MA) and between 4.05 × 103 and 7.44 × 104 CFU/g
of sediment for non-marine bacteria (TSA), with mean ± standard deviation values of
4.56 × 104 ± 1.71 × 104 CFU/g and 2.43 × 104 ± 2.28 × 104 CFU/g, respectively (Figure 2).
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Figure 2. Marine (MA) and non-marine (TSA) bacterial concentrations (in Colony-Forming Units
per g of sediment) recorded in the sediments collected in northern, central, and southern Svalbard
regions, separately.
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The spatial distribution of marine and non-marine bacteria pointed out high abun-
dances of microorganisms in both the northern and central areas (increasing from B1 to
IS2), while lower abundances were detected in the Hornsund region. Within Krossfjorden
and Kongsfjorden, non-marine bacteria increased from the outer zone to the inner zone
of the fjords (stations KR1 and KO1, respectively). While marine and non-marine bacteria
occurred in similar quantitative ratios in the sediments of the northern and central areas
(1.07 ± 0.08 and 1.06 ± 0.05, respectively), an abrupt decrease in the abundance of ma-
rine bacteria was observed in the southern Hornsund fjord (with a ratio of 0.74 ± 0.07),
especially at its outer fjord station H3.

The measured enzyme activity rates (Figure 3a–c) were generally in the following
order of magnitude: LAP > AP > GLU, with average values ± sd of 4.618 ± 6.058 µmol/g/h,
1.574 ± 4.198 µmol/g/h, and 0.021 ± 0.027 µmol/g/h, respectively.
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Figure 3. (a–c) Leucine aminopeptidase (LAP, (a)), beta-glucosidase (GLU, (b)), and alkaline phos-
phatase (AP, (c)) activity rates measured in the sampled sediments.

LAP ranged from 0.296 to 21.27 µmol/g/h, measured at stations IS1 and IS3, re-
spectively. Enhanced proteolytic activity was observed in the central area at the inner
Isfjorden stations B1 and IS3, while similar levels of proteolytic activity were found in the
Krossfjorden–Kongsfjorden and Hornsund fjords, where LAP peaked at station KR2 and
at the inner station (H2), respectively. An abrupt decrease in microbial metabolism was
recorded in the central area at stations IS1, IS2, A1, N1, and D1.

The GLU activity rates were comprised between 0.0011 and 0.109 µmol/g/h, recorded
at stations IS2 and B1, respectively. Like LAP, the spatial patterns of this glycolytic enzyme
depicted high metabolic rates in the central area at the inner Isfjorden stations B1 and
IS3, and a decreasing trend moving towards stations IS2 and N1. Low activity rates were
measured in the southern Hornsund fjord, where GLU decreased across a western–eastern
gradient, as well as in the northern area at Kongsfjorden. At the entrance and in the central
part of Krossfjorden, GLU was still more active, while this enzyme reached its minimum at
the stations in the central area (IS1, A1, D1).

AP varied from 0.008 to 17.54 µmol/g/h, measured, respectively, at stations A1 and
KR2. Except for the high activity rates observed in the northern and central areas at stations
KR2 and IS3, respectively, AP values were generally <1 µmol/g/h, with minimal enzyme
activity at stations IS1, A1, and D1. In the southern Horsund area, the eastern station was
characterized by the lowest AP activity, as was observed for LAP and GLU.

Significant Pearson correlations were found in the northern area between LAP, AP,
and bacterial abundance (Supplementary Table S2). In the central area, the number of
significant correlations decreased and only LAP correlated significantly with GLU and AP.

3.2. Community-Level Physiological Profiles (CLPPs) via Biolog Ecoplates

The average well color development (AWCD) values, expressed as absorbance values
(Supplementary Figure S1a–c), showed that during the incubation, the absorbance values
gradually increased, reaching after 25 days a peak value sometimes followed by a plateau
until the end of the readings (35 days).

To compare the levels of microbial metabolism recorded at the different stations, only
the peak values of absorbance recorded during the incubation were considered. The CLPPs
pointed out a generalized spatial variability (Figure 4a–c), with the lowest activity levels
recorded at station D1 and the highest ones recorded at stations G1, A1, and IS1. In the
northern area (Kongsfjorden), microbial metabolism decreased from inner to outer stations.
In Hornsund, the inner station displayed the highest microbial metabolism. Considering
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the main guilds of carbon substrates, complex carbon sources, carbohydrates, and amino
acids were the substrate sources preferentially metabolized, while amines, carboxylic acids,
and phosphate–carbon compounds were less utilized (Figure 4a–c).
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Heatmap graphs (Figure 5a,b) highlighted the occurrence of peaks in the utilization of
complex C sources at stations IS2, H3, and KO1, as well as in the utilization of carbohydrates
at stations H3 and KO1. Amino acid utilization was moderate in all three areas, peaking
at stations H2 and KO2. Carboxylic acids were metabolized at stations KR2 and KO2,
everywhere in the central area (Isfjorden), and at station H2. Amines were also utilized
with high efficiency at stations KO1 and D1, while a limited utilization of phosphate–carbon
compounds was recorded, with these compounds being utilized mostly at stations H1, IS3,
and S1. In the northern area, marine heterotrophic bacteria correlated significantly with the
utilization of complex carbon sources and amino acids; LAP activity also correlated with
amino acid utilization. In the southern area, significant negative relationships between the
utilization of carbohydrates and complex carbon sources and LAP and GLU were observed
(Supplementary Table S2).

At a single-substrate level, within complex carbon sources, tween 80 was the preferen-
tially metabolized substrate, with peaks of utilization at stations KO1, IS2, and H3 in the
northern, central, and southern areas, respectively. Within the carbohydrates, D-cellobiose
was utilized mostly at stations KO1 and D1, while a-D-lactose was utilized mostly at station
H1. With respect to amino acids, L-threonine was the amino acid preferentially utilized at
stations KO2 and H2 in the northern and southern areas, respectively, while L-asparagine
was the one utilized in the central area at station IS2. Within the phosphate–carbon com-
pounds, glucose-1-phosphate was the most metabolized substrate, especially at stations
IS2 and IS3 in the central area and H1 in the southern one. Within the carboxylic acids,
y-hydroxy butyric acid was actively used at stations KO2 and IS1 in the northern and
central areas, respectively. Putrescine was the most metabolized amine at station VI in the
northern area.

The diversity indices calculated from the CLPPs (Table 2) suggested that microbial
communities in the sediments were highly metabolically active, being able to utilize more
than 29 carbon sources in the northern area (in Krossfjorden and at Kongsfjorden station
KO3), as well as in the inner and outer parts of the central area (Isfjorden stations S1, G1,
and IS3). High nutritional versatility was observed at the inner station of the southern
Hornsund area (station H2). The Shannon–Weaver diversity index reflected this trend too.

Table 2. Diversity indices. Richness indicates the total number of substrates that could be metabolized.

Richness Shannon–Weaver

Northern area
KR2 28 3.054
KR3 28 3.171
KO1 19 2.875
KO2 24 3.012
KO3 29 3.162

Central area
IS1 26 3.001
IS2 21 2.935
IS3 29 3.191
D1 23 2.965
N1 25 3.108
B1 28 3.127
S1 31 3.251
A1 28 3.180
G1 31 3.251

Southern area
H1 26 3.048
H2 31 3.177
H3 27 2.999
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Figure 5. (a,b) Heatmaps showing the utilization patterns of different groups of organic substrates
(carbohydrates, phosphate–carbon sources, carboxylic and acetic acids, amino acids, and amines)
(a) and of individual substrates (b) assayed using Biolog Ecoplates in the sediments of the examined
areas in the Svalbard archipelago.
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3.3. Statistical Elaboration of the Whole Abundance and Metabolic Dataset

The outputs of the ANOSIM pointed out that the three areas examined in this study
were not significantly different, as shown by a Global R of 0.1 (with a significance level
of 0.45) and pairwise test R statistics values of 0.001, 0.012, and 0.014 computed when
comparing the northern area vs. the central area, the northern area vs. the southern one,
and the central area vs. the southern area, with significance levels of 42.7, 40.5, and 45.9%,
respectively.

The nMDS analysis confirmed the lack of significant spatial discrimination among
the stations; five main clusters were identified, with three of them having a heterogeneous
composition (Cluster 1, mostly composed by outer stations KO3, K3, S1, and G1, plus the
central stations AI and H2; Cluster 2, with the central stations KR2, KO2, IS1, and N1, the
inner ones KR1 and H1, and one outer station, namely H3; Cluster 3, consisting of inner
and outer stations H1 and H3, respectively) (Figure 6). Consistent results were obtained
from the PERMANOVA analyses (Table 3); this non-parametric assessment underlined that
there were no significant differences among the areas and the stations for each of the tested
variables, with the exception of carbohydrates. Within this category, pairwise comparisons
computed between the central and southern areas showed that the utilization patterns of
D-cellobiose, a-D-lactose, and N-acetyl-D-glucosamin were significantly different.

Nevertheless, the SIMPER outputs (Table 4) showed that main distinctive traits char-
acterized some stations, such as high levels of AP (at station KO3), putrescine (at station
KO1), N-acetyl-D-glucosamin, complex carbon sources, and LAP (at stations IS1, IS2, and
IS3, respectively). GLU, amino acids (i.e., threonine), and MA were the variables more
frequently contributing to the total variance at stations B1, D1, and H1, respectively.
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Table 3. Results of two-way PERMANOVA tests for differences in sediment characteristics among
the three areas and among the stations within each area. Tests were performed on log-transformed
data for each measured parameter. The Pseudo-F (PsF) and Probability (P, in brackets) values are
reported. Significant effects are marked with asterisks (***, p < 0.001; **, p < 0.01).

GLOBAL LAP GLU AP MA TSA

Factors df PsF (P) PsF (P) PsF (P) PsF (P) PsF (P)

Areas 2 0.01 (0.98) 0.074 (0.09) 1.74 (0.13) 0.84 (0.35) 0.42 (0.58)

Stations 17

GLOBAL AWCD Richness Shannon–
Weaver

Complex
carbon sources Carbohydrates

Phosphate–
carbon
sources

Carboxylic
acids

Amino
acids Amines

Factors df PsF (P) PsF (P) PsF (P) PsF (P) PsF (P) PsF (P) PsF (P) PsF (P) PsF (P)

Areas 2 0.44 (0.57) 0.25
(0.72) 0.33 (0.65) 0.09 (0.88)

60.14 (8 ×
10−11 ***)

1.46
(0.18)

0.95
(0.31) 0.71 (0.41) 0.07 (0.90)

Stations 17

Carbohydrates D-cellobiose A-D-lactose B-methyl-D-
glucoside D-xylose i-erythritol D-mannitol

N-acetyl-
D-

glucosamin

Factors df PsF (P) PsF (P) PsF (P) PsF (P) PsF (P) PsF (P) PsF (P)

Areas 2 0.13 (0.83) 2.12
(0.15) 0.17 (0.80) 0.04 (0.95) 1.93 (0.18) 1.18

(0.24)
0.06

(0.91)

Stations 17

PAIR-
WISE D-cellobiose A-D-lactose B-methyl-D-

glucoside D-xylose I-erythritol D-mannitol N-acetyl-D-
glucosamin

Areas 4.91 (0.01 **) 3.98 (0.03 **) 4.60 (0.02 **) 1.02 (0.37) 2.59 (0.09) 3.14 (0.06) 5.13 (0.01 **)

Table 4. SIMPER analysis showing the percentage contribution of each variable within each station.
D, Euclidean distance.

D Variable (% Contribution)

KR1 vs. KR2 0.08 Shannon-Weaver (32.55%)
KR3 92.22 Glycyl-L-glutamic acid (10.41%)
KO3 80.43 AP (12.55%)
KO3 51.96 AP (17.86%)
KO1 147.57 Carboxylic acids (10.03%)

KR2 vs. KR3 91.91 Glycyl-L-glutamic acid (10.45%)
KO3 80.84 D-galactonic acid y-lactone (12.22%)
KO2 50.87 AP (17.64%)
KO1 145.05 Putrescine (10.03%)

KR3 vs. KO3 49.87 A-ketobutyric acid (13.99%)
KO2 78.33 L-arginine (11.82%)
KO1 143.27 Putrescine (8.02%)

KO2 vs. KO1 121.19 Amines (17.53%)
KO3 vs. KO2 56.92 I-erythritol (15.78%)

KO1 164.41 Putrescine (10.43%)
IS1 vs. A1 87.24 N-acetyl-D-glucosamin (14.34%)

G1 87.62 N-acetyl-D-glucosamin (12.52%)
IS2 vs. N1 94.28 Complex C sources (13.69%)

IS1 110.18 Complex C sources (8.96%)
A1 152.84 Tween 40 (13.16%)
G1 158.65 Complex C sources (11.69%)

IS3 vs. S1 44.71 LAP (14.81%)
N1 60.15 LAP (19.94%)
IS1 101.57 LAP (11.85%)
IS2 139.92 Complex C sources (10.55%)
A1 62.01 LAP (18.74%)
G1 49.95 LAP (19.76%)

A1 vs. G1 41.59 Itaconic acid(8.29%)



Environments 2024, 11, 148 15 of 26

Table 4. Cont.

D Variable (% Contribution)

B1 vs. IS1 105.99 GLU (14.79%)
IS2 153.11 GLU (10.69%)
IS3 53.68 Itaconic acid (18.76%)
S1 67.13 GLU (16.88%)
N1 72.67 GLU (22.26%)
A1 66.16 GLU (23.88%)
G1 70.16 GLU (20.48%)

D1 vs. IS1 111.98 Amino acids (11.67%)
IS2 192.02 D-mannitol (9.33%)
IS3 142.49 L-threonine (9.51%)
B1 119.01 GLU (12.26%)
S1 116.14 L-threonine (12.15%)
N1 102.85 Amino acids (11.41%)
A1 94.46 N-acetyl-D-glucosamin (8.83%)
G1 115.04 L-threonine (12.26%)

N1 vs. IS1 58.32 N-acetyl-D-glucosamin (18.64%)
A1 61.30 Tween 40 (12.65%)
G1 45.88 Phenylethyl-amine (12.13%)

S1 vs. IS1 88.62 N-acetyl-D-glucosamin (12.38%)
IS2 157.13 Complex C sources (11.81%)
N1 46.31 Phenylethyl-amine (12.02%)
A1 644.73 TSA (9.41%)
G1 1.92 MA (71.09%)

H1 vs. H2 105.09 MA (10.24%)
H3 83.55 MA (20.25%)

H2 vs. H3 77.07 L-phenylalanine (14.43%)

3.4. Antibiotic Susceptibility Profiles of Bacterial Isolates

Phenotypic and biochemical tests of the bacterial isolates (n = 66 in total) pointed
out that the bacterial isolates were mostly oxidase- and catalase-positive microorganisms.
Glucose-fermenting strains were also found (accounting for <30% of the total isolates).
From the presumptive identification test, most of the bacterial isolates were assigned to
Pseudomonas spp. glucose-nonfermenting bacteria), followed by Flavobacterium spp. (pig-
mented bacteria) and Vibrio spp. (glucose-fermenting bacteria); only six strains produced
hydrogen sulfide and were identified as Pseudomonas putrefaciens (Figure 7).
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With respect to the spatial distribution of bacterial species, a lower diversity of species
composition was observed in Krossfjorden compared to the other sites (Table 5).

Table 5. Presumptive identification of the bacterial strains isolated in each sampling area according
to phenotypic and biochemical tests.

Pseudomonas
spp.

Pseud.
putrefaciens

Flavobacterium
spp. Vibrio spp. Total Isolates

Northern area Krossfjorden 4 5 9
Kongsfjorden 3 5 1 3 12

Central area Isfjorden 17 4 13 34
Southern area Hornsund 2 1 7 1 11

Total isolated strains 26 6 17 17 66

The antibiotic susceptibility profiles of the bacterial isolates are shown in Supplemen-
tary Table S1 and Figure 8 where the percentage of the strains resistant to the assayed
antibiotics was calculated. Most of the strains were sensitive to ampicillin, clindamycin,
and gentamycin; all of the isolates were resistant to enrofloxacin; and a great percentage
(95% of the total) were also resistant to tetracycline. Regarding the geographical distribution
of antibiotic-resistant bacteria, the highest occurrence of strains resistant to tetracycline
was observed in the central area, particularly in Adventfjorden (100% of the total isolates),
followed by Dicksonfjorden (80%) and Sassenfjorden (60%). Multi-resistance to all of
the tested antibiotics was detected in the bacterial strains isolated from the Hornsund
sediments.
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4. Discussion

This study’s contribution aims to depict for several different fjords of west Spitsbergen
a comprehensive picture of the benthic microbial community and to elucidate its potential
role as a descriptor of fjord sediment health. To this end, a dual ecological and biochemical
approach was used, looking at the metabolic activity rates and physiological profiles of the
benthic microbial community and at the presence and distribution of antibiotic-resistant
bacteria as potential bioindicators of pollution. The microflora hosted in sediments is
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driven by complex processes affecting both the microbial community’s composition and its
structure [58]. Besides ocean currents [59], important factors in shaping benthic microbial
communities include the sediment age and its diagenetic state [3], as well as terrestrial
inputs and human activity [60]. The role of marine sediments as organic carbon reservoirs
is crucial in fjords with active glacier discharges, which act as hotspots for organic matter
burial in the benthic domain and subsequent microbial mineralization [61]. Glacial bays
in inner fjords receive terrestrial organic carbon inputs from soils and rocks eroded by
glaciers. A high contribution (up to 40%) of glacier-derived petrogenic organic matter
(ice-rafted debris and coal-derived matter) was found to be buried in marine sediments
of the Kongsfjorden–Krossfjorden system [62]. An even higher contribution of petrogenic
carbon to the sedimentary carbon pool (up to 84%) was found in Hornsund [63].

Bacterial communities associated with Arctic sediments show different physiological
properties and metabolic functions, driven by the availability of substrates [64,65]. Through
microbial extracellular enzymatic activity measurements and measurements of carbon
substrate utilization (with Biolog Ecoplates), new quantitative and qualitative insights into
the metabolism of the benthic microbial community were obtained in our research.

Moreover, our survey gave us the opportunity to assess whether microbial variables
were suitable descriptors of the health of Svalbard marine sediments, according to the
bioindicators suggested by Nielsen and Winding [66]. Particularly, in our study, we focused
on three potential bioindicators, namely the enzyme activity rate (as a surrogate measure
of carbon cycling), the CLPPs (as an indicator of community functional diversity), and
the abundance of antibiotic-resistant bacteria (as a bioindicator of contaminants’ bioavail-
ability). To this regard, it is important to bear in mind that caution must be taken in data
interpretation, since the definition of a healthy sediment ecosystem relies, generally, on
a comparison with a reference sediment (control) chosen among a pristine or minimally
impacted area [37]. Also, the use of microbes as bioindicators of environmental health
involves many related potential advantages and limitations that cannot be neglected, like
those reported for soils [67].

4.1. Culturable Heterotrophic Bacterial Abundance and Organic Matter Decomposition by
Enzyme Activities

A fairly homogeneous abundance of viable heterotrophic bacteria was observed in the
fjord sediments examined in this study, suggesting that these fjords host a heterotrophic
component capable of utilizing a broad range of organic substrates. The abundance of viable
heterotrophic bacteria measured in our sediment samples (9.6 × 103–7.64 × 104 CFU/g) was
about two orders of magnitude lower than that found within Kongsfjorden by Conte et al. [5]
(mean value of 60.7 × 105 CFU/g, range of 1.1–184.8 × 105 CFU/g). The increase in
non-marine bacterial abundance towards the inner parts of Krossfjorden and Kongsfjorden,
although not statistically significant, suggests the presence of allochthonous organic matter
as a substrate for these microorganisms.

Svalbard fjord sediments are affected by the different physical–chemical properties
(temperature, nutrient content, light, and dissolved oxygen) and hydrodynamic patterns of
the overlaying water column, which in turn affect the species composition of the bacterial
community [68,69]. In the water column of the Hornsund fjord, bacterial numbers and
biomasses higher than those found in Kongsfjorden have been reported [70], suggesting a
better adaptation of Arctic bacteria to the low water temperatures and low availability of
organic substrates. Unlike the findings of our study, where bacterial distribution did not
show statistically significant spatial variability, in a previous study [71], the quantitative
differences found at the sediment level were explained to be due to an Arctic-derived
microbial community in Hornsund compared to the one inhabiting the Kongsfjorden
sediments, more affected by the Atlantic influence [2,72].

Benthic microbial communities play a critical role in driving biogeochemical processes,
including carbon, nitrogen, phosphorus, and sulfur cycles [73,74]. Therefore, measuring the
organic matter turnover mediated by hydrolytic enzymes, although in terms of potential



Environments 2024, 11, 148 18 of 26

activities, is a key step towards understanding the organic matter processing carried out
by these microbial assemblages [1]. The fjord sediments examined in the present study
were characterized by a predominance of LAP and AP compared to GLU. The spatial
enzyme activity patterns recorded in these sediments suggested that in the central area,
especially at the inner Isfjorden stations (stations IS3 and B1), the organic matter pool was
rich in proteins and mucopolysaccharides, as shown by high LAP and GLU activity rates
compared to those observed in the other stations within Isfjorden. Inner areas of Arctic
fjords were found to be characterized by high levels of dissolved organic matter (DOM)
and a prevalence of Bacteroidetes [1,75]; this microbial group, especially with Cytophaga–
Flavobacteria members, is known to contribute effectively to the turnover of detritus and,
more generally, to carbon cycling within aquatic ecosystems [76]. Diversified spectra of
polysaccharide hydrolases were detected in Svalbard sediments by Teske et al. [77], who
attributed the occurrence of these enzyme activities to members of the Chloroflexi genus.
Conversely, low GLU activities (around 0.01 mmol ml−1 d−1) were measured in surface
sediments from the LTER Hausgarten station, in the Fram Strait [78].

Organic phosphate esters were more abundant in the northern (Krossfjorden station
KR2) and central areas of Svalbard. The southern Hornsund area and the outer stations of
Isfjorden (A1 and G1) were characterized by low activity rates for all of the three examined
enzymes; this could indicate that the sediment organic pool was quite refractory or hardly
prone to active microbial decomposition, as was also suggested by the low heterotrophic
bacterial abundance found in this area.

4.2. Microbial Community Metabolism (CLPPs)

While extracellular enzyme activities provide information on the microbial ability
to hydrolyze complex molecules, Biolog Ecoplates give additional information on the
utilization of single monomers or oligomers (i.e., amino acids, sugars, complex carbon
substrates) at a community level, providing an index of the metabolic complexity of the
microbial community [52,53]. Complex carbon sources, carbohydrates, and amino acids
were the main categories of organic substrates preferentially metabolized by the benthic
microbial assemblage in our fjord sediments. Complex carbon sources were actively
metabolized in all three areas, particularly in the central and southern areas; amino acids
were mainly metabolized in the northern and southern areas and carbohydrates were
mainly metabolized in the southern Hornsund fjord. Variable metabolic patterns suggested
an active role played by the microbial community in driving carbon and nutrient cycling,
as well as the quality of the benthic organic matter pool. Indeed, in Arctic fjords, terrestrial
runoff, water mass exchanges, and glaciers’ melting waters coexist, creating contrasting
environmental conditions, and their interplay is complex, especially during the summer
season, when biological activities are more enhanced and detritus released from melting
ice accumulates into deep matrices [1,46,79]. Furthermore, on a spatial scale, the metabolic
diversification probably reflected a variable community structure, as it has been reported in
other Svalbard fjord sediments, strongly affected by changing glacial, marine, and terrestrial
inputs [5].

The diversity indices suggested that in the sediments of the central area (Isfjorden,
stations S1 and G1) and in the southern area (Hornsund fjord, station H2), the microbial
community was able to metabolize the highest number of carbon substrates, although
no statistically significant differences were detected among the areas and stations in the
PERMANOVA assessment. The presence of a muddy sediment was a common trait of these
three stations; nevertheless, even where clay sediments were found (i.e., in Krossfjorden,
at station KO2 in Kongsfjorden, and at station B1 in Isfjorden), the CLPPs showed the
presence of a metabolically active microbial community in the sediments regardless of their
granulometry, in agreement with the results reported by Hargrave et al. [80]. Moreover,
functional spectra of the benthic microbial community did not seem to relate to a glacial–
marine transition pattern; indeed, the functional diversity of the sediments collected from
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outer fjord stations did not differ significantly from that of sediments collected from
inner ones.

The use of a wide range of organic compounds as carbon sources—as shown by the
Biolog Ecoplate data—confirmed the metabolic complexity and versatility of the microbial
community; on the other hand, the latter is closely linked to the synthesis of extracellular
enzymes. From an ecological point of view, the presence of a complex metabolism indicates
the high nutritional versatility of the microbial community and its large adaptation to
diversified ecological niches; conversely, a simple metabolism suggests that microorgan-
isms have a limited capacity of adaptation and thus can colonize only specific ecological
niches [81].

Looking at the single substrates metabolized by the microbial community, within the
complex carbon sources, the widespread utilization of tween 80 was related to the presence
of specific enzymes like lipases or esterases; lipases are, after proteinases, one of the most
widespread enzymes in marine ecosystems [82]. Within the carbohydrates, α-D-glucose
was preferentially used by the microbial community; this result was not surprising, since
this sugar is the principal substrate utilized to obtain pyruvate [81]. Other well-metabolized
carbohydrates were mannitol and a-D-lactose.

Within carboxylic acids, which are normal constituents of hydrophobic molecules,
hydroxybutyric acid is involved in the metabolism of fatty acids and amino acids. With
respect to amino acids, L-threonine and L-asparagine were the most metabolized molecules;
both of these amino acids play a key role in cell metabolism.

The diversity indices (both richness and Shannon–Weaver) suggested that the micro-
bial assemblage was metabolically well adapted to cope with changing conditions such as
variable nutrient inputs coming from terrestrial runoff and glacier melting. Nevertheless,
comparing the inner stations with the outer stations, the PERMANOVA results showed
that there were no distinctive spatial characteristics; the presence of refractory substrates,
not available to the microbial community, could explain this finding.

4.3. Antibiotic-Resistant Bacteria

The screening of bacterial isolates for susceptibility to antibiotics showed that in the
examined fjord sediments, bacterial resistance to tetracycline (in a percentage ranging from
33 to 100% of the total isolates) and enrofloxacin (in all of the isolates) was a widespread
phenomenon. Since the first detection of multidrug-resistant bacteria in the Arctic [83],
reports on the spread of antibiotic resistance have exponentially increased. Bacterial isolates
showing multi-antibiotic resistance patterns have been detected in the Pasvik river (Arctic
Norway [55]).

A high prevalence of antibiotic resistance was observed in aerobic heterotrophic
bacteria and coliform bacteria isolated from the water and sediment of Kongsfjorden,
suggesting that drug-resistant mutants were preferentially selected in sediments compared
to in water [84]. Kalinowska et al. [85] evidenced the role of wastewater discharge in
the dissemination of antibiotic-resistant Enterococcus spp. in two Arctic lakes (a water
supply system affected by birds and a wastewater close to the Polish Polar Station) in the
Hornsund area. In our study, the low percentage of tetracycline-resistant bacteria found in
Hornsund compared to that found in the central area was probably related to the lower
human impact found in this fjord. In ice, water, and sediment samples from Longyearbyen
and Adventfjorden, the most populated area of Svalbard, class 1 integrons—as markers
of anthropogenic pollution—were detected in ARB isolates. Antibiotic resistance and
virulence genes were found in the variable regions of integrons; the relative abundance of
intI1 genes was higher in the wastewater outflow site and correlated also with an abundance
of heavy-metal genes, suggesting that the Svalbard resistome was affected by both natural
(melting glaciers) and human (wastewater discharge) drivers [85].

In bacterial strains (237 in total) isolated from the sediments of Kongsfjorden and
Krossfjorden, Visnupriya et al. [86] reported high percentages of bacteria resistant to the
Extended-Spectrum β-lactam antibiotic (ESBL), including ceftazidime (45.56%) followed
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by trimethoprim (27%) and sulphamethizole (24.05%); resistance against tetracycline and
gentamycin was observed in only a limited percentage of strains (2.53% and 2.95% of the
total isolates, respectively). Unlike our results, the distribution of antibiotic-resistant bacte-
ria was reported to differ significantly between inner and outer stations of Kongsfjorden
and Krossfjorden. The authors related this finding to the potential release into the fjords of
antibiotic-resistant bacteria from the preserved permafrost due to the melting of glaciers,
horizontal gene transfer, and human presence.

The presence of ARB and integrons in the marine environment may potentially cause
a threat due to the potential transfer of ARB and integrons to humans and the environment.

Antibiotic resistance genes have frequently been found in natural environments due
to a range of both anthropogenic and natural selective pressures causing the development
and dissemination of more antibiotic-resistant bacteria [87,88]. Extreme environments
represent important pristine ecosystems for studying the evolution of antibiotic resistance
genes (ARGs) and the spread of antibiotic-resistant bacteria (ARB) in the presence/absence
of pollution from antibiotics [89]. Several studies have reported the occurrence in polar
environments of both ARB and ARGs; this has been related to the mobilization of antibiotic
residues as chemical contaminants accumulated in sediments or sea ice because of climate
warming [84,90]. Due to the melting of glaciers, ice cover, and permafrost, contaminants ac-
cumulated on glacier surfaces over many decades can be discharged to marine ecosystems.
Ciprofloxacin is the only antibiotic that has been detected in the Kongsfjorden sediments,
with concentrations ranging from 6.85 to 684.5 ng/g, indicating the presence of antibiotics
in the Arctic marine ecosystem [91]. Moreover, plastic debris, frequently sinking into
sediments, may act as a reservoir of ARB and ARGs [92], and wild migratory birds can
introduce many drug-resistant strains over long distances [93].

Contaminants may be transported in the Arctic from several remote and local sources
across different pathways, including biological transport driven by migrating animals,
in addition to sea ice, riverine, and groundwater discharge, and atmospheric transport
pathways [94]; however, data on the presence and impact of contaminants in polar regions
are still fragmentary. Marine sediments represent natural reservoirs of pollutants originat-
ing from global (mostly oceanic transport and atmospheric deposition) and local sources.
Antibiotic residuals present in sediments may directly influence the structure of natural
microbial communities, often causing a reduction in microbial biodiversity or functional
stability [95]. Most antibiotics can also undergo transformation processes along the trophic
web, accumulating into organisms. Previous studies from Svalbard and Bjørnøya have
documented pollutants’ presence in sediment cores going back more than 100 years in
time [96,97]. The co-occurrence of antibiotic and metal resistances has also been shown [98].
A better understanding of the distribution of contaminants within fjord environments is
important since global changes are affecting the strength and directions of contaminant
transport processes. On the other hand, the ability of microorganisms to metabolize xenobi-
otics, including antibiotics, makes them suitable candidates for the remediation of polluted
environments [99].

Although antibiotic resistance is a global problem, it appears evident that compared
to other environments, in Arctic regions, the diversity and spread of ARB and ARGs, and,
generally, of the aquatic resistome, are strongly understudied [100]. Even though Norway
is characterized by a lower use of antibiotics for human health, animal husbandry, and food
production compared with many other countries [101,102], there is still a lack of current
data on the usage of antimicrobial agents in humans and animals [103], making it not
possible to predict the effects of these pollutants on the environment and the local wildlife.

5. Conclusions

The metabolic potential of microbial communities is a helpful criterion for understand-
ing their role in complex environments like Arctic marine sediments. Globally, the CLPPs
determined in our research indicate a nutritional versatility of the benthic microbial com-
munity to adapt to changing scenarios, and this characteristic is of paramount importance
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to enable microbial survival under extreme conditions. Although the functional spectra of
sediment bacterial communities occurring in the fjords of the Svalbard archipelago did not
seem to clearly reflect a glacial–marine transition, on a spatial scale, community metabolism
was more diversified in the inner central Isfjorden area, probably in response to the organic
detritus made available by glacier melting and terrestrial inputs.

Multi-resistance to enrofloxacin and tetracycline was detected in all of the sampled
sediments, and in the southern Hornsund area, multi-resistance to all of the assayed
antibiotics was observed, stressing the role of sediments as a potential reservoir of chemical
wastes ascribable to antibiotic residuals; although, no evident environmental risks were
pointed out from this preliminary screening given the widespread occurrence of a resistome
in many natural environments. A higher percentage of tetracycline-resistant bacteria
characterized the benthic microflora of the central area in comparison to the other ones,
although no statistically significant differences were found among the areas. This finding
was therefore not consistent with our first working hypothesis, suggesting the need for
further studies to investigate potential links between human-related activities and the
spread of antibiotic resistance.

From this combined analysis of microbial enzyme activity rates, community functional
profiles, and antibiotic-resistance patterns, no solid discrimination between healthy and
unhealthy sediments was achieved. This probably depended on the local availability of
resources, affecting microbial dynamics, as well as the ability of microbes to adapt and grow
well in environmental unhealthy conditions. Taking into consideration that the concept
of sediment health varies with the specific environmental context, our findings provide
evidence that microbial variables alone cannot be universally used to assess sediment
health and that additional criteria—such as organic carbon pool characterization or physical
properties affecting microbial functions—could be helpful for the Svalbard environment,
stressing the need for further studies addressing this specific issue.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/environments11070148/s1: Supplementary Figures S1a–c: Trends
in the Average Well Color Development (as absorbance values) recorded during the incubation period
in the sediments collected from the northern (a), central (b), and southern (c) areas of the Svalbard
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scored as 1. Supplementary Table S2: Pearson correlation coefficients computed in the three examined
Svalbard areas. Values reported in bold are significant at a p < 0.05 level.

Author Contributions: Conceptualization, G.C., A.Z.; methodology, G.C., G.M., A.C.R.; software,
G.C., A.C.R.; validation, G.C., G.M., G.Z.; formal analysis, A.C., G.Z.; investigation, M.S., A.Z.;
resources, G.C., A.Z.; data curation, G.C.; writing—original draft preparation, G.C., G.M.; writing—
review and editing, G.C., G.M., A.Z.; visualization, G.Z.; supervision, G.C.; project administration,
A.Z.; funding acquisition, A.Z. All authors have read and agreed to the published version of the
manuscript.

Funding: This study was funded by IO PAN activities (Theme 2.2), and project n. 2020/39/B/ST10/01504
funded by the National Science Centre, Poland. The APC was funded by G.C.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of this study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

https://www.mdpi.com/article/10.3390/environments11070148/s1
https://www.mdpi.com/article/10.3390/environments11070148/s1


Environments 2024, 11, 148 22 of 26

References
1. Caruso, G.; Madonia, A.; Bonamano, S.; Miserocchi, S.; Giglio, F.; Maimone, G.; Azzaro, F.; Decembrini, F.; La Ferla, R.; Piermattei,

V.; et al. Microbial Abundance and Enzyme Activity Patterns: Response to Changing Environmental Characteristics along a
Transect in Kongsfjorden (Svalbard Islands). J. Mar. Sci. Eng. 2020, 8, 824. [CrossRef]

2. Svendsen, H.; Beszczynska-Møller, A.; Hagen, J.O.; Lefauconnier, B.; Tverberg, V.; Gerland, S.; Ørbaek, J.B.; Bischof, K.; Papucci,
C.; Zajaczkowski, M.; et al. The physical environment of Kongsfjorden–Krossfjorden, an Arctic fjord system in Svalbard. Polar
Res. 2002, 21, 133–166. [CrossRef]

3. Pelikan, C.; Jaussi, M.; Wasmund, K.; Seidenkrantz, M.-S.; Pearce, C.; Kuzyk, Z.Z.A.; Herbold, C.W.; Røy, H.; Kjeldsen, K.U.; Loy,
A. Glacial runoff promotes deep burial of sulfur cycling-associated microorganisms in marine sediments. Front. Microbiol. 2019,
10, 2558. [CrossRef]

4. Tobias-Hünefeldt, S.P.; Wing, S.R.; Baltar, F.; Morales, S.E. Changes in microbial community phylogeny and metabolic activity
along the water column uncouple at near sediment aphotic layers in fjords. Sci. Rep. 2021, 11, 19303. [CrossRef]

5. Conte, A.; Papale, M.; Amalfitano, S.; Mikkonen, A.; Rizzo, C.; De Domenico, E.; Michaud, L.; Lo Giudice, A. Bacterial community
structure along the subtidal sandy sediment belt of a high Arctic fjord (Kongsfjorden, Svalbard Islands). Sci. Total Environ. 2018,
619–620, 203–211. [CrossRef]

6. Granberg, M.; Winberg von Friesen, L.; Bach, L.; Collard, F.; Strand, J.; Gabrielsen, G.W. Anthropogenic Microlitter in Wastewater
and Marine Samples from Ny-Ålesund, Barentsburg and Signehamna, Svalbard; Report Number C 373; IVL Swedish Environmental
Research Institute: Stockholm, Sweden, 2019; pp. 1–28. ISBN 978-91-7883-020-6.

7. Hedges, J.I.; Keil, R.G. Sedimentary organic matter preservation: An assessment and speculative synthesis. Mar. Chem. 1995, 49,
81–115. [CrossRef]

8. Evenset, A.; Leknes, H.; Christensen, G.N.; Warner, N.; Remberger, M.; Gabrielsen, G.W. Screening of New Contaminants in Samples
from the Norwegian Arctic: Silver, Platinum, Sucralose, Bisphenol A, Tetrabrombisphenol A, Siloxanes, Phtalates (DEHP), Phosphororganic
Flame Retardants; SPFO-Report: 1049/2009; Norwegian Pollution Control Authority: Oslo, Norway, 2009.

9. Jiao, L.; Zheng, G.J.; Minh, T.B.; Richardson, B.; Chen, L.; Zhang, Y.; Yeung, L.W.; Lam, J.C.W.; Yang, X.; Lam, P.K.S.; et al.
Persistent toxic substances in remote lake and coastal sediments from Svalbard, Norwegian Arctic: Levels, sources and fluxes.
Environ. Pollut. 2009, 157, 1342–1351. [CrossRef]
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