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Indeed, by all standards, tidal flat ecologists appear somewhat backward: they have neither 
ship nor diving gear at their disposal, but walk out in rubber boots with a spade in one hand 
and a bucket in the other as if to collect potatoes; and when they come back from their field 
work, they are besmeared all over with the sticky mud and yet confess they love it.  

– Karsten Resie, Tidal Flat Ecology 
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Abstract 

The substantial influx of freshwater to High Arctic coastal ecosystems influences nutrient, 

organic matter, and sediment dynamics, stratification, and light availability throughout the melt 

season. These changes shape pelagic microbial community composition and functioning, 

though little is known about impacts on nearshore benthic bacteria. Globally, mudflats are 

hotspots for biogeochemical cycling, and expected climate change driven increases in terres-

trial runoff to coastal areas have highlighted a need to understand the influence these inputs 

from land might have on Arctic estuarine tidal flat bacteria. In this study, I investigated micro-

bial community composition and function in an estuarine tidal flat through a full melt season, 

using a combined approach of metabarcoding and carbon-source utilization assays under dif-

ferent salinity treatments. I found that bacterial communities varied through both space and 

time, as environmental conditions shifted due to riverine inputs and local processes, with sa-

linity as a key structuring gradient. Arctic freshwater bacteria demonstrated higher capacities 

for degrading a wider range of carbon substrates than Arctic marine microbial communities, 

indicating higher potential for degradation of complex terrestrially derived organic material in 

freshwater systems. Terrestrial and riverine taxa were transported with melt water and depos-

ited in sediments, composing up to 60% of sequences in downstream communities. However, 

their unique functional capabilities appear to be inhibited by the high salinities found in subtidal 

mudflats, and the highest potential for utilization of terrestrially derived organic matter may be 

limited to areas where sediments are permeated by freshwater. With anticipated increases in 

riverine discharge and permafrost thaw in a warming Arctic, tidal flats will likely be more 

frequently inundated with freshwater and the resident bacteria will have increased access to 

bioavailable terrestrial organic matter, extending the region where terrestrial organic matter 

can be readily utilized by microbial communities further towards the sea.    
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1 Introduction  

1.1 High influence of freshwater on Arctic coastal ecosystems 

The Arctic Ocean receives a substantial volume of riverine water (approximately 4,200 

km3) every summer (Haine et al. 2015). Freshwater’s influence extends beyond the coastal 

domain, regulating circulation, sea ice formation, nutrient distributions, primary production, 

and more, with clear regional differences across the Arctic Ocean (Carmack et al. 2016; Solo-

mon et al. 2021; Brown et al. 2020; Terhaar et al. 2021). Rivers act as links between terrestrial 

and marine systems, bridging the boundary between land and sea by contributing freshwater 

and terrestrial materials flushed from their catchments. In coastal systems, riverine inputs shape 

nutrient dynamics, organic matter availability, stratification, light availability, and temperature 

(Mann et al. 2016; Pavlov et al. 2019; Torskvik et al. 2019; McGovern et al. 2020). Sources of 

melt shift throughout the season, changing riverine biogeochemistry and the ways discharge 

impacts coastal systems (Nowak and Hodson 2015; Koziol et al. 2019; McGovern et al. 2020). 

Approximately 60% of this freshwater enters through the large Arctic rivers, (Grabs et al. 

2000), and the strong influence these inputs have on the ecology of surrounding coastal areas 

is well documented (Macdonald and Yu 2006; Casper et al. 2015; Arashkevich et al. 2018; 

Pasternak et al. 2022). However, less is known about the seasonal impact of riverine inputs 

from small catchments, which dominate a large portion of the Arctic coastline, and contribute 

the other half of freshwater inputs (Kellogg et al. 2019; McGovern et al. 2020).  

Riverine inputs carry with them variable quantities and qualities of terrestrially derived 

particulate and dissolved organic matter (Terr-OM) (Mann et al. 2016; O’Donnell et al. 2016; 

Kaiser et al. 2017; McGovern et al. 2020), that has traditionally been considered largely refrac-

tory (Kattner et al. 1999; Guay et al. 1999; Köhler et al. 2003; Jørgensen et al. 2015). However, 

recent work has identified that certain portions of this pool might be highly labile, including 
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that from glacial melt (Hood et al. 2009; Kellerman et al. 2021) and permafrost degradation 

(Vonk et al. 2013; Mann et al. 2015). Increasing glacial melt, permafrost thaw (Christiansen et 

al. 2005), and precipitation (Hanssen-Bauer et al. 2019; McCrystall et al. 2021) with climate 

change are expected to lead to higher riverine discharge (Peterson et al. 2002; McClelland et 

al. 2006; Haine et al. 2015; Hanssen-Bauer et al. 2019) and, potentially, a subsequent increase 

in influx of Terr-OM to coastal systems, although the potential future fluxes remain unclear 

(Parmentier et al. 2017).  

Arctic rivers can carry a high volume of fine particular matter, originating from glacial 

erosion (Bogen and Bønsnes 2003; Overeem et al. 2017). Much of this particulate material 

often deposits very close to the shoreline (MacDonald 1998; Lisitzin 1999; Weslawski et al. 

1999; Zajączkowski et al. 2010; Jong et al. 2020), including particulate organic matter, which 

can be largely permafrost derived in Arctic rivers (Guo et al. 2007; Schreiner et al. 2014; Wild 

et al. 2019). Dissolved organic matter can also be removed rapidly from the water column at 

the land-ocean interface (Kipp et al. 2020) — molecules flocculate to form aggregates or bind 

to inorganic sediments with salinity changes, with both processes increasing settling velocity 

(Sholkovitz 1976; Mulholland 1981; Meslard et al. 2018; Lasareva et al. 2019). Arctic coastal 

ecosystems can therefore be hotspots for burial and cycling of organic matter (Bianchi et al. 

2020). With low wave action, high rates of particle deposition can create a river delta with a 

tidal flat (Klein 1985).  

Mud flats are common coastal features across the High Arctic, where environmental lim-

itations on vegetation growth often prevent tidal marshes from establishing (Church and Ryder 

1972; Martini et al. 2019). These Arctic estuarine tidal flats house a range of invertebrate 

macrofauna (Weslawski et al. 1999; Churchwell et al. 2016; Churchwell et al. 2018; Martini et 

al. 2019) and can be important feeding grounds for migratory shorebirds (Smith and Connors 

1993; Taylor et al. 2010; Brown et al. 2012; Varpe and Bårdsen 2014; Churchwell et al. 2018). 
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Yet Arctic nearshore environments, shaped by riverine inputs, remain understudied, both due 

to the traditional divisions between terrestrial and marine science and the logistical difficulties 

of accessing these shallow regions (Brown et al. 2011; Jong et al. 2020; Klein et al. 2021). 

 

1.2 Estuarine tidal flats are globally important for biogeochemical cycling 

Globally, tidal flats are among the most highly productive (Heip et al. 1995; Underwood 

and Kromkamp 1999) and widespread of coastal ecosystems (Wang et al. 2002), covering over 

125,000 km2 (Murray et al. 2019). At the interface between land and sea, their sediments often 

contain a combination of Terr-OM (transported through rivers), marine detritus, and organic 

matter (OM) from in-situ biological processes (Wang et al. 2002; Volkman et al., 2000; Cole 

et al. 2007). Microphytobenthos on the sediment surface can contribute high rates of primary 

Figure 1. Diagram displaying biogeochemical processes in mudflat sediments (Reise, 1985). The dark shading 
denotes anaerobic processes, while the white region shows aerobic processes. The vertical wedge shows the influx 
of dissolved and particulate matter from above. Some microbes can exhibit different trophic modes under differ-
ent conditions, contributing to multiple biogeochemical processes depending on their environment.  
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production to mudflats as well (Underwood and Kromkamp 1999; Paterson et al. 2003; Under-

wood et al. 2005; Billerbeck, 2007).  

With this high input of OM and strong biogeochemical gradients in the tidally influenced 

sediments, tidal flats play a key role in global biogeochemical cycling, including cycling of 

carbon, nitrogen, and sulfur (Figure 1) (Alongi, 1998; Epstein, 1997; Jassby et al., 2002). For 

example, denitrification in estuarine tidal flats has been shown to reduce nitrate loading from 

rivers to coastal oceans (Trimmer et al., 1998; Ogilvie et al., 1997; Cabrita and Brotas, 2000). 

Furthermore, mineralization of OM deposited in sediments can release key nutrients for pri-

mary producers to the water column (Zou et al. 2016; Mayor et al. 2018; Mougi 2020), along 

with climate-active gasses, like carbon dioxide, methane, and nitrous oxide, at significant quan-

tities for global climate budgets (Bange et al. 1994; Frankignoulle et al. 1998; Mosier et al. 

1998; Mayor et al. 2018).  

Bacteria are the main actors in sediment biogeochemical processes in estuarine tidal flats. 

They play an important role in shaping the overall ecology, with effects cascading up trophic 

levels — they can, for example, consume a large fraction of the available OM, in turn becoming 

food for protists or microfauna (Warwick et al. 1979; Kuipers et al. 1981; Schutte et al. 2019). 

 

1.3 Environmental conditions shape sediment bacterial communities 

Bacterial communities are structured by environmental conditions, especially by biogeo-

chemical gradients (Baas-Becking, 1934; Allison and Martiny, 2008; Gilbert et al., 2012; 

Shade et al., 2012; Fierer 2017), and these different communities can strongly impact func-

tional capacity (Strickland et al. 2009; Fierer et al. 2012). For example, certain taxa are more 

involved with the degradation of specific types of organic molecules: !-Proteobacteria are as-

sociated with consumption of amino acids, while the Cytophaga-Flavobacterium group is more 

associated with chitin, N-acetylglucosamine, and proteins (Cottrell and Kirchman 2000). 
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In tidal flat sediments, environmental gradients are both vertical, through sediment depth, 

and horizontal, across the surface sediments. Microbial communities show strong patterns with 

sediment depth, impacting functional capacity (Köpke et al. 2005; Wilms et al. 2006; Böer et 

al. 2009). For example, aerobic heterotrophs are responsible for high rates of OM degradation 

in the upper oxic zone of the sediments (Schutte et al. 2019), while denitrifiers tend to degrade 

matter more slowly in deeper low oxygen environments (Reise 1985).  

Estuarine tidal flats can be divided laterally into three main regions with distinct environ-

mental conditions that shape their ecology: supratidal, intertidal, and subtidal (Reineck and 

Singh 1973). Recent work has found that salinity differences along this tidal gradient can be 

an important factor for structuring microbial communities (Lv et al. 2016; Zhang et al. 2017; 

Zhao et al. 2019; Li et al. 2021; Niu et al. 2022), and associated grain size gradients are often 

correlated with bacterial abundances (Dale 1974; Schroder and Van Es 1980). Community 

composition can also be affected by nitrogen loading (Yan et al. 2018; Li et al. 2021; Niu et al. 

2022), sulfate concentration (Zhang et al. 2017), pH (Mohapatra et al. 2021), and phosphorous 

concentration (Mohapatra et al. 2021). In temperate regions, changes in environmental condi-

tions that restructure microbial communities are often connected with seasonality, including 

salinity (Wang et al. 2021), nitrogen availability (Guo et al. 2021), and temperature (Lv et al. 

2016; Cheung et al. 2018), though shifts in community composition are not always linked to 

seasonality (Li et al. 2019). However, longitudinal patterns in tidal flat sediment microbial 

communities are generally less well understood than vertical gradients. A better understanding 

of the environmental factors that drive surface sediment communities, where most degradation 

of organic molecules occurs (Kristensen et al. 1995, Holmer 1999), is key for improving our 

knowledge of processes in estuarine tidal flats.  

Recent research has found that the environmental impact of terrestrial inputs can shape 

coastal Arctic microbial communities. Community composition responds to physicochemical 
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changes in the water column (Han et al. 2015; Marquardt et al. 2016; Underwood et al. 2019; 

Thomas et al. 2020; Delpech et al. 2021) or to shifts in OM availability (Sipler et al. 2017; 

Paulsen et al. 2017; Müller et al. 2018c, Kellogg et al. 2019). Similar effects have been found 

in Arctic lake sediments, where increases in terrestrial runoff have been connected to decreases 

in microbial diversity and functionality (Colby et al. 2020). Furthermore, Arctic rivers can 

deliver allochthonous terrestrial or freshwater microbial taxa into coastal environments (Haupt-

mann et al. 2016; Paulsen et al. 2017; Morency et al. 2022). However, these studies have largely 

focused on pelagic or lacustrine environments, leaving terrestrial impacts on nearshore benthic 

microbial communities, which likely receive high inputs through sedimentation, an open ques-

tion. Despite their importance, current understanding of the microbial communities in Arctic 

estuarine tidal flats and their role in biogeochemical processes is limited.  

 

1.4 Project aims 

I studied the influence of riverine inputs on surface sediment microbial communities in an 

Arctic estuarine tidal flat, in Adventfjorden, Svalbard from May to September. The main aim 

of this study was to identify how terrestrial runoff influences the structure and function of 

Arctic mudflat microbial community throughout the melt season. To investigate microbial 

community composition, I used high-throughput sequencing of the 16S rRNA gene. Functional 

potential was addressed through two avenues: metabolic pathway prediction from taxonomic 

assignment and carbon-source substrate utilization experiments. I hypothesized that riverine 

inputs would shape microbial communities and their functionalities either directly through de-

livery of riverine taxa or indirectly through changes in downstream environmental conditions. 

To my knowledge this study presents the highest seasonal and spatial resolution data on mi-

crobial communities in a High-Arctic estuarine mudflat. 
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2 Materials and Methods 

2.1 Study Area 

Samples were collected from May to September during the 2021 melt season in the Ad-

ventdalen and Adventfjorden system. Adventfjorden is an inner arm of the Isfjorden complex 

on the West coast of Spitsbergen, Svalbard. The fjord is heavily influenced by the Adventelva 

river and other smaller rivers throughout the melt season (Klein et al. 2021, Nowak et al. 2021, 

Wesławski et al. 2011, Zajaczkowski and Włodarska-Kowalczuk 2007). The braided Adven-

telva river is one of the largest rivers in Spitsbergen, with approximately 18% of its catchment 

area covered by glaciers (Ziaja 2005). A large tidal flat extends from the mouth of the river to 

the fjord, covering approximately 2.5 km2, and shaped by shallow river branches. Just beyond 

the delta rim, the depth of the fjord rapidly increases to about 40m. Adventelva carries high 

sediment loads to the tidal flat and fjord, resulting in sedimentation rates in July from  

10 g m-2 d-1 near the mouth to 1000 g m-2 d-1 just beyond the edge of the tidal flat, where river 

water slows as it enters the fjord (Weslawski 1999, Zajaczkowski and Włodarska-Kowalczuk 

2007). Riverine inputs influence this estuarine ecosystem, from microbial communities in the 

pelagic (Delpech et al. 2021) to amphipods in the tidal flats (Skogsberg et al. 2022), though to 

my knowledge no studies have yet explored the bacterial communities of the tidal flats. Typi-

cally, Adventelva melts and begins flowing in late May to early June, and the river begins to 

freeze again in late September to early October (Nowak et al. 2021).  
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2.2 Sample Site Selection 

To investigate the impact of riverine inputs on sediment microbial communities, four dis-

tinctly different sampling areas were established along a gradient from river to fjord in Adven-

telva and Adventfjorden: river, intertidal delta, subtidal delta, and inner fjord (Figure 2). The 

two delta stations were chosen to explore variation within the large tidal flat – one intertidal 

station where the sediments are exposed at low tides, exposing organisms to high variability in 

their physical environment, and one subtidal station where the environment was more stable 

but still susceptible to high influence from riverine inputs. The intertidal station was placed in 

an area that experiences pronounced tidal variation, based on personal communication with M. 

Figure 2. Map of target sampling sites within each station throughout the season. Green line demarcates medium 
high tide level (Norwegian Mapping Authority). Satellite image from August 14, 2021 retrieved from Sentinel 
EO Browser. The intertidal station was placed in a region with pronounced tidal variation based on personal 
communication with M. Jensen (2021). Circles denote sediment sampling stations while triangles denote adjacent 
water samples. High frequency in-situ NIVA operated sensors were located approximately 100 m upstream from 
the river station and 200 m towards shore from the fjord station. Exact coordinates for each month varied slightly, 
see Figure A1 and Table A1.  

 

N 
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Jensen (2021), who has worked extensively on sediment transport in the region. The subtidal 

station was placed near the delta rim, where the water was less than 2 m deep at low tide 

(personal communication, M. Jensen and R. Eilertsen, 2021). The fjord station was placed ap-

proximately 200 m offshore from the bottom of a steep submerged slope, to avoid turbidity 

currents that cause high disturbance along the slope (personal communication, R. Eilertsen, 

2021). The two endpoints (river and inner fjord) were located near NIVA-operated seasonally 

deployed in-situ sensor-based moorings. At the river station, sensors monitored conductivity, 

pH, temperature, turbidity, and water level, and in the inner fjord, the same variables were 

measured with the addition of chlorophyll-a fluorescence and dissolved oxygen (personal com-

munication, A. Poste/NIVA).  

Within each sampling region, I collected surface sediment samples and porewater from 

three sites (Figure 2). In the heterogeneous braided river and intertidal delta, sampling sites 

were chosen based on multiple criteria: “island” edges adjacent to river channels, fine grain 

size, and accessibility. With these requirements, I aimed to sample areas influenced by the 

river, but with higher stability and finer sediments than could be found in river channels. Fine 

sediments were targeted to maintain comparability with fjord and subtidal stations, where the 

sediments were very fine. As submerged channels continued to the subtidal region, I placed 

sampling sites along ridges for the subtidal station as well. In the inner fjord, sites were located 

in proximity to the in-situ sensor, near the center of the fjord. 

  

2.3 Field Sampling 

Samples were collected using three approaches to access sampling sites: walking (river 

stations), kayak-catamaran (intertidal stations), and small Polarcirkel research vessel (subtidal 

and fjord stations) (Figure 3). Samples were collected monthly from May 7, 2021 to September 

14, 2021 (Table A1) — however, only the intertidal and fjord stations were sampled in May. I 
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sampled the intertidal station near low tide as the tide was rising, so that channels and islands 

were visible and sampling sites accessible with kayak catamaran to decrease the risk of getting 

stuck in the tidal flat. Subtidal samples were also collected during rising tide to prevent the 

Polarcirkel from becoming grounded.  

 

2.3.1 River and Intertidal sampling 

At river and intertidal sites, I used a 0.25 m2 PVC frame to demarcate the sampling region 

(Figure 3). Sediment temperature was measured with an analog thermometer and general con-

ditions (including cloud cover, overlying water depth, and wind speed and direction) were rec-

orded. For all campaigns aside from May, a pre-bleached (0.5% NaOCl, 20 minutes) standard 

plastic spoon (15 mL) was used to collect the top 1cm of sediments in a sterile Whirl-Pak 

plastic bag. In May, sediment samples were collected using pre-bleached cut-tip BD Plastipak 

100mL syringes (Becton Dickinson Norway AS, Oslo, Norway). Approximately 100mL of 

sediment was collected from each site, and a new spoon (or syringe) was used for each site. 

Porewater was extracted from the top centimeter of sediments with a Rhizon CSS (Rhizosphere 

Figure 3. Diagram illustrating sampling collection. Two distinct approaches were used — sediment samples in 
the fjord and subtidal regions were collected from a Polarcirkel with a 0.025m2 van Veen grab with two removable 
windows while intertidal and river sampling sites were marked with a PVC frame on the sediment surface.  



 11 

Research, Wageningen, The Netherlands), with a new Rhizon used for each site. Approxi-

mately 30 to 100mL of porewater was collected from each station in a BD Plastipak 60mL acid 

washed (15% HCl by volume, 24 hours) plastic syringe (Becton Dickinson Norway AS, Oslo, 

Norway) and stored in acid-washed and burned (4.5h, 450ºC) brown glass bottles.  

One adjacent water sample was collected from each station, using a clean plastic bucket 

to collect surface water. The sampled water was prefiltered using a 200µm mesh to remove 

large grazers. Water temperature was measured in-situ with an analog thermometer. Salinity, 

conductivity, and pH were measured either in the field or immediately upon return to UNIS 

using a multiparameter meter (HI 9829, Hanna Instruments, USA). The pH sensor was cali-

brated prior to every sampling campaign. All sediment and water samples were kept cool and 

dark until further processing at UNIS, within eight hours of collection. 

 

2.3.2 Subtidal and Fjord sampling 

At all replicate sites for the subtidal and fjord stations, I collected surface sediment sam-

ples using a 0.025 m2 van Veen grab with two removable windows (Figure 3). The top 1 cm of 

sediments was collected through the windows on the grab. If sufficient sediment material was 

in the grab, one side was used for sediment collection while the other was used for porewater 

extraction. If the grab did not contain enough sediment, the first replicate was collected for 

sediments and a second grab was used for porewater extraction. To allow for longer porewater 

extraction with continued use of the grab, an intact portion of the top layer of sediments was 

transferred to an acid-washed plastic container. Sediments and porewater were collected and 

stored in the same manner as at river and intertidal stations and processed within eight hours.  

Adjacent water samples were also collected — from the surface with a clean plastic bucket 

for the subtidal and from just above the seabed with a 7L Niskin bottle for the fjord — and 

processed the water in the same manner as above.  
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2.4 Sample processing  

Utensils for splitting sediment samples were pre-bleached (0.5% NaOCl for 20 minutes) 

between sampling days. All bottles for water sample storage were acid washed prior to use 

(15% by volume HCl for at least 8 hours), and glass bottles were also pre-combusted to remove 

organic matter (450ºC for 4.5 hours). 

The sediments in each Whirl-Pak were homogenized with a metal spoon, split with the 

spoon and a spatula into subsamples, and preserved for analyses. Both utensils were sprayed 

with ethanol and burned between each sample. For DNA extraction, 3 subsamples were frozen 

at -80ºC in sterile 2 mL cryo vials. For photopigment concentrations, one subsample was frozen 

at -80ºC. Pre-weighed bottles of known volume were filled with sediment and frozen at -20ºC 

for bulk density, porosity, grain size, and loss on ignition measurements. For one site from each 

station, subsamples were stored in the dark at 4ºC for Biolog EcoPlateTM inoculation. 

As the nominal pore size of the Rhizon CSS is 0.18 µm, porewater was not additionally 

filtered upon return from the field. Subsamples, approximately 5-20 mL, for characterization 

of chromophoric dissolved organic matter (cDOM) in porewater were stored in acid-washed, 

pre-combusted glass bottles. Porewater samples for analysis of dissolved inorganic nutrient 

concentrations were preserved with 4N H2SO4 (1% final concentration by volume) and stored 

in acid-washed, pre-combusted glass bottles. Silicate concentrations were expected to be suf-

ficiently high that potential contamination from storage in glass bottles would be negligible. 

All porewater samples were stored at 4ºC in the dark until analysis.  

Adjacent water samples for analysis of dissolved inorganic nutrients (nitrate and nitrite, 

phosphate, silicate, and ammonia) were filtered through pre-combusted glass fiber filters 

(Whatman GF/F, nominal pore size 0.7 µm), preserved with 4N H2SO4 (1% by volume), and 

stored in 100 mL acid-washed HDPE bottles in the same manner as porewater. To determine 

concentration of suspended particulate matter (SPM) in the water column, water was filtered 
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through pre-combusted, pre-weighed 47 mm GF/F filters until coloration appeared on the filter, 

approximately 300 – 1500 mL depending on SPM concentration. Filters were stored at -20ºC 

in the dark prior to analysis.   

 

2.5 Laboratory Analyses 

2.5.1 Sediment characteristics  

Porosity was calculated using a wet-dry method (Zaborska et al. 2008). Frozen bottles 

filled with sediments of known volume were thawed and weighed (A0204 DeltaRange, Mettler 

Toledo, Columbus, OH). Sediments were then dried in an oven (OMH 180, Thermo Scientific, 

Waltham, MA) at 60ºC for seven days, until all water had evaporated, and then were reweighed. 

Density of porewater was calculated based on temperature (5ºC as sediments were stored in a 

fridge prior to splitting) and salinity (see method below) according to the UNESCO Interna-

tional Equation of State of Seawater (UNESCO, 1980). Organic content of sediments was de-

termined through loss on ignition (LOI). Pre-weighed dry sediments were burned at 450ºC in 

a muffle furnace (Nabertherm GmbH, Lilienthal, Germany) for five hours and reweighed (Mor-

ata et al. 2020). 450ºC was chosen to balance the need to limit release of carbonates and struc-

tural water in clays at higher temperatures with the need for temperatures high enough to oxi-

dize recalcitrant OM (Sutherland 1998; Wang et al. 2011). Grain size distributions were deter-

mined by wet sieving through mesh sizes of 2 mm, 1 mm, 500 µm, 250 µm, 125 µm, and  

63 µm (Bale and Kenny, 2005). 

 

2.5.2 Pigment concentrations 

Following extraction with acetone for 24 h, sediment chlorophyll-a (chl-a) and phaeopig-

ment concentrations were measured fluorometrically. Fluorescence was measured with a 

Turner 10-AU fluorometer (Turner Designs, USA) calibrated with pure algal chl-a (Sigma-
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Aldrich, Oslo, Norway). Samples were then acidified with 2-3 drops of 10% HCl, and fluores-

cence was read again. Chl-a and phaeopigment concentrations were calculated according to 

Parsons (1984). 

 

2.5.3 cDOM 

To characterize the chromophoric dissolved OM (cDOM) in porewater and adjacent water, 

absorbance was measured with 1 nm resolution from 200 to 900 nm with a Shimadzu UV-1900 

UV-Vis spectrophotometer (Shimadzu Corporation, Tokyo, Japan). A 1 cm path-length quartz 

cuvette was used for most porewater samples because of low sample volumes and higher ex-

pected DOM content. Absorbance was measured four to seven days following sample collec-

tion, and absorbance values were blank corrected with MilliQ water. Absorbance spectra were 

processed according to McGovern et al. (2020) to calculate the absorbance coefficient at 254 

nm (a proxy for DOM concentration), spectral slopes from 275-295 nm and 350-400 nm and 

the ratio between them (inverse proxies for molecular weight) (Hansen et al. 2016). The ratio 

between the absorbance coefficients at 250 and 365 nm (E2/E3) was also calculated for an 

additional inverse proxy for molecular weight (De Haan and De Boer 1987). 

 

2.5.4 Physicochemical water characteristics 

Remaining porewater from cDOM analysis was stored in acid-washed and burned sealed 

glass bottles for up to six months prior to salinity measurements. Due to low volumes, porewa-

ter salinity was measured using a salinity refractometer (Magnum Media Salinity 10ATC), 

calibrated with deionized water. Concentrations of inorganic nutrients in adjacent water sam-

ples and porewater samples were measured at the Norwegian Institute for Water Research 

(NIVA, Oslo, Norway) using inductively coupled plasma mass spectrometry (Kaste et al. 

2022). Filters for SPM from adjacent water samples were dried in an oven (OMH 180, Thermo 
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Scientific, Waltham, MA) for a minimum of one hour at 105ºC (or until the mass had stabilized 

within 0.5 mg) and weighed (A0204 DeltaRange, Mettler Toledo, Columbus, OH). Filters were 

then burned in a muffle oven for one hour at 450ºC and reweighed to determine organic content 

through loss on ignition (Walch 2021).  

 

2.5.5 Microbial Community Structure and Function 

DNA Extraction and Sequencing 

Microbial DNA was extracted from 0.4 to 1.6 g wet weight of sediment using the  

PowerSoil® DNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad, CA USA) following kit 

instructions. Extraction blanks (MilliQ water) were included with each extraction batch. PCR 

tests using bacterial primers 515F (Parada et al. 2016) and 806R (Apprill et al. 2015) were 

performed following each extraction for quality control — amplification was never observed 

in extraction blanks.  Library preparation, including PCR amplification, and sequencing (Illu-

mina MiSeq 2x300 bp paired-end V3 chemistry) were performed by the Integrated Microbiome 

Resource (IMR, Dalhousie University in Halifax, Nova Scotia, Canada) using standard proto-

cols (Comeau et al. 2017). Sequences in the V3-V4 region of the 16S rRNA gene were ampli-

fied using primers 341F (CCTACGGGNGGCWGCAG) and 805R (GACTACHVGGG-

TATCTAATCC) (Illumina / Klindworth 2012). 54 samples, three replicate sites from each 

station for the sampled months, and five extraction blanks were sequenced.  

 

Biolog EcoPlates 

Biolog EcoPlatesTM (Biolog Inc., Hayward, CA) were used to assess potential microbial 

community functions (Garland and Mills 1991; Insam 1997). EcoPlates are 96-well microtiter 

plates that contain three replicates of 31 different carbon sources (Table A2), chosen to differ-

entiate between community-level physiological profiles (Insam 1997), and three blank wells 
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with no substrate. All non-blank wells also contain a tetrazolium salt that turns purple with 

cellular respiration in the well, i.e., when bacteria metabolize the provided carbon substrate 

(Garland and Mills 1991). The intensity of color scales with the degree of respiration in the 

wells.  

Following each sampling event from June through September, one replicate site sample 

from each station was used to inoculate plates within eight hours of sample collection (Table 

A3). Water for sediment suspensions was first filtered through 0.2 µm polycarbonate syringe 

filters to remove all organisms. I used two water sources: river water from Adventelva (col-

lected during the main sampling campaign) and filtered seawater from Adventfjorden (taken 

from the UNIS lab sea water supply, with an intake pipe at approximately 30m depth). The 

filtered seawater was analyzed for dissolved inorganic nutrients in the same manner as for 

adjacent water samples1. To simulate brackish water, a 1:3 mix of seawater to river water was 

made. Through a two-step dilution process, 1.8 mL of sediment was diluted 1:272 with one of 

these water types (Table 1). Different water for suspensions was used for the same sediments 

to investigate microbial activity throughout the tidal cycle. 

Each well was inoculated with 140 µL of sed-

iment suspension and the absorbance of each well 

at 590 nm was recorded immediately with a Mul-

tiskan GO spectrophotometer (Thermo Fisher Sci-

entific, USA). Inoculated plates were incubated in 

the dark at 10ºC in a Termaks cooling incubator 

(Nino Labinteriör AB, Kungsbacka, Sweden). 

 

1 The water collected from the seawater intake pipe at UNIS generally had higher nutrient concentrations than did 
deep fjord water and was consistent throughout the season (Figure A3). It had similar ammonium concentration 
as river water (medians 1.3 and 1.1 µmol L-1), higher nitrate/nitrite (13.2, 8.0 µmol L-1), higher phosphate (0.29, 
0.06 µmol L-1), and lower silicate (16, 61 µmol L-1).  

Station 
Salinity of suspension water 

Fresh  Brackish  Marine  

River X    

Intertidal X  X  X 

Subtidal X X  X  

Fjord   X  

Table 1. Treatments for sediment suspensions 
used to inoculate plates for June through  
September samples. 



 17 

10ºC was chosen after initial testing to balance faster metabolic rates at higher temperatures 

with greater substrate usage at lower temperatures. The absorbance of each well at 590 nm was 

then recorded daily for 14 days to determine community substrate utilization.  

In May, fjord and intertidal sediments were used to inoculate EcoPlates, each suspended 

with corresponding filtered adjacent water. Plates were incubated at 4ºC, and results from the 

fjord sediments plate were used for comparison, but not included in formal analysis. The inter-

tidal plate was excluded due to high salinity adjacent water (Figure A2). 

 

2.6 Data Processing and Analysis 

All processing of DNA sequences and EcoPlate absorbances and statical analyses were 

performed within the R framework (v4.1.0, R Core Team), using RStudio (RStudio Team). 

The tidyverse package was used throughout processing and analyses (Wickham et al. 2019). 

 

2.6.1 DNA Sequence Processing 

I received demultiplexed sequences from IMR. Primers were first clipped using  

cutadapt (v3.7, Martin 2011), with a maximum error rate of 0.1. Sequences without primer 

sequences were discarded. Sequences were then processed with DADA2 (Callahan et al. 2016), 

using a pipeline modified after Pearman et al. (2021). Forward reads were truncated to 253 bp 

while reverse reads were truncated to 189 bp. The maximum numbers of “expected errors” 

allowed were two and five, accounting for differences in quality between the forward and re-

verse reads, respectively. Sequences with a quality score of 2 or less were discarded. Sequences 

were dereplicated for each sample and error rates for forward and reverse reads were learned 

with the first 108 bp. This parametric error matrix was used to infer amplicon sequence variants 

(ASVs) from the dereplicated reads, using the “pseudo-pool” option within DADA2 to reduce 

impact of different read numbers on diversity (Kleine Bardenhorst et al. 2022). Forward and 
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reverse reads were merged with a minimum overlap of 12 bp and no mismatches allowed. 

Chimeric sequences were removed with the removeBimeraDenovo DADA2 function using the 

“consensus” method.  

Taxonomy of the resulting ASVs was assigned using the RDP Naive Bayesian Classifier 

algorithm (Wang et al. 2007) against the SILVA SSU nonredundant (v 138.1) reference data-

base (Quast et al. 2013), with a minimum bootstrap of 70. ASVs classified as eukaryotes, chlo-

roplasts, or mitochondria were removed, and the results were combined to form a phyloseq 

object (McMurdie and Holmes 2013), which was used for further processing. Contaminants 

were identified from sequencing of extraction blanks and removed from the dataset using the 

prevalence method in the decontam package (Davis et al. 2018). Only one contaminant was 

identified, and it was only found in three samples at very low abundances: June-Subtidal-x 

(0.01%), June-River-y (0.02%), and July-Fjord-z (0.02%). Finally, only ASVs with more than 

one sequence in more than two samples were kept, removing 3.7% of reads retained up to that 

step (Table A4). Samples with fewer than 3000 reads were not used for downstream analyses, 

removing one May intertidal sample and one July subtidal sample.  

 

2.6.2 Biolog EcoPlate Data Processing 

Absorbance values at 590 nm were adjusted for blanks and initial readings of each well 

according to Sofo and Ricciuti (2019). For each timepoint, the mean absorbance of the three 

blank wells was subtracted from all other wells on the same plate. Then, the first absorbance 

measurement for each well (already blank adjusted) was subtracted from the blank-adjusted 

absorbances for each timepoint to get the ODi (optical development at time i). Negative ODi 

values were set to 0. The area under the curve (AUTC) for each substrate on each plate was 

calculated using ODi values. AUTC condenses several kinetic measures into one metric —it is 

highly correlated with lag times, rates of substrate use, and maximum OD values (Preston-
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Mafham et al. 2002). It was calculated with the trapezoidal rule, using all readings of OD: 

AUTC = ∑ !"!#!"!"#
$!%$!"#

&
'()  , where N is the number of absorbance readings and t is the time when 

absorbance was measured (Hackett and Griffiths 1997).  

For each plate, I calculated four metrics to estimate diversity of substrate use: substrate 

richness, average well color development (AWCD), Shannon’s diversity index, and Simpson’s 

diversity index. With an ODi greater than 0.250, wells were considered purple, i.e., the bacterial 

community was able to use that substrate (Garland 1996, Kenarova et al. 2014, Jałowiecki et 

al. 2016, Sofo and Ricciuti 2019). Furthermore, substrates were only considered utilized by the 

community if at least two of the three replicate wells on a plate turned purple. Substrate rich-

ness was measured as the number of substrates used on a plate at the final time point (day 14). 

AWCD provides a metric of the development of the plate. AWCD was calculated by taking 

the mean ODi of all wells across each plate (excluding blanks) at the final time point. Shannon’s 

and Simpson’s diversity indices were calculated according to Zak et al. (1994).  

 

2.6.3 Statistical Analysis 

To investigate spatial and seasonal trends in environmental conditions across samples, 

principal component analysis (PCA) was performed on scaled environmental variables. All 

ordinations were made using the vegan package (Oksanen et al. 2020). 

To evaluate alpha diversity, the community matrix rarefied to 4130, the lowest number of 

reads in any sample, using the packages phyloseq (McMurdie and Holmes 2013) and microbi-

ome (Lahti et al. 2017-2020). Alpha diversity estimators (number of ASVs, Chao1 (Chao 

1984), Abundance-based Coverage Estimator (ACE) (Chao and Lee 1992), Shannon’s and In-

verse Simpson’s diversity indices and Pielou’s evenness index) were calculated for each sam-

ple with rarefied, non-normalized, and standardized (proportions by sample multiplied by me-

dian read count) datasets using phyloseq.  
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Shared ASVs between stations were evaluated on the rarefied dataset, using the package 

MicrobiotaProcess (Xu and Yu 2021) and plotted with the package VennDiagram (Chen 

2021). The proportion of riverine taxa in each non-river sample was found by first identifying 

all ASVs that had been found at relative abundance greater than 0.05% in any river sample. 

The relative abundance of those taxa was then calculated for all other samples. 

For investigations of beta diversity between samples, community dataset was transformed 

to proportions and treated as compositional (Gloor et al. 2017). The community matrix was 

Chi-square transformed and Euclidean distances were calculated using the vegan package. Hi-

erarchical cluster analysis was performed on the distance matrix, using Ward’s (1963) cluster-

ing criterion. Other ordinations and hierarchical clustering based on non-normalized, standard-

ized, rarefied, Hellinger transformed, and clr-transformed data using Bray-Curtis dissimilarity 

or Euclidean distances showed similar patterns. 

Abundant genera in each cluster were identified by grouping ASVs by genus and calcu-

lating means of proportional abundances within each cluster. Indicator taxa for each cluster 

were determined with Dufrêne-Legendre Indicator Values, using the multipatt function of the 

indicspecies package (De Cáceres and Legendre 2009) with 999 permutations. Only ASVs with 

an indicator value > 0.7 and a p-value ≤ 0.001 were considered significant indicators. Indicator 

ASVs were considered highly abundant if they had a relative abundance of at least 0.5% within 

their cluster. The taxonomic composition of highly abundant indicators was examined.  

To identify potential community functions from the taxonomic assignments, I used 

Tax4Fun (Aßhauer et al. 2015) to predict both KEGG Ortholog (KO) and KEGG metabolic 

pathway reference profiles. The KEGG pathway matrix was curated to remove functions irrel-

evant to bacterial communities and used in the same manner as the community dataset to ex-

plore differences between samples. Targeted functions were investigated with either the meta-

bolic pathways or with KO genes or enzymes related to functions of interest (Table A5).  
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I used variance partitioning (Borcard et al. 1992) with testing by permutation (999) to 

quantify the contributions of station and month to variation in community composition.  Ca-

nonical correspondence analysis (CCA) was used to examine the relationships between envi-

ronmental variables and microbial community structure. Environmental variables were z-

scaled and grouped by sediment characteristics, porewater chemistry, and indicators of OM 

quality (Table 2). Constraining variables within each group were selected using supervised 

forward and reverse model selection with the ordistep function in vegan. I chose to focus on 

large and small fractions for grain size, rather than the intermediates, and chl-a rather than 

phaeopigment concentrations. Selected variables from each group were then combined to a 

single model which was similarly evaluated. Significance of each variable was subsequently 

tested with a permutation test (n=999). Multicollinearity of variables, tested using vif.cca in 

the vegan package after ordination, showed low rates of collinearity in the final model. Spear-

man correlations of indicator taxa abundance with the same environmental variables were cal-

culated with the function rcorr in the Hmisc package (Harrell 2021).  

 

 

 

Sediment characteristics Porewater chemistry Indicators of OM quality 
Porosity Salinity Chlorophyll-a concentration 

Grain size fractions:  Nitrate and nitrite Phaeopigment concentration 

    <63 µm Phosphate Percent phaeopigments 

    63-125 µm Silicate cDOM abs coefficient 254 

    125-250 µm Ammonium cDOM E2 / E3 

    >250 µm  cDOM slope 350-400 

LOI percent  cDOM slope 275-295 

  cDOM slope ratio 

Table 2. Groupings of environmental variables. Bold variables were included in the final CCA. 
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PCA, created and plotted with PCAtools (Blighe and Lun 2021), based on mean AUTC 

for each substrate on the Biolog EcoPlates was used to investigate similarities in community-

level physiological profiles between stations, months, and suspension water. Variance parti-

tioning with vegan was performed to evaluate the role of suspension water as opposed to sed-

iment sampling location. 

Plots were created with the ggplot2 package (Wickham 2016). Maps were made with the 

PlotSvalbard package (Vihtarki 2020). Due to low sample size, to test for differences between 

groups, for diversity metrics, proportions of riverine taxa in other samples, environmental var-

iables, and EcoPlate results, I used the Kruskal-Wallis rank sum test (Kruskal and Wallis 1952) 

with Dunn’s post-hoc test (Dunn 1964), with p-values corrected using the Benjamini and 

Hochberg (1995) method.  
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3 Results 

3.1 Seasonal dynamics  

Data from the NIVA operated in-situ inner fjord and river sensors (unpublished data pro-

vided by A. Poste/NIVA) were used to provide high-frequency seasonal context but were not 

included in formal analysis in the current study (Figure A4B and C).  

During the May field sampling campaign, Adventelva remained completely frozen. High 

chl-a content throughout Adventfjorden (Andersen in press), indicated the presence of a spring 

phytoplankton bloom. Adjacent water collected from a channel in the intertidal flat at low tide 

had very high salinity (38.7 PSU, Figure A2), suggesting it may have originated through brine 

drainage from the ice foot.  

Ice covering Adventelva and the upper tidal flat melted and the river began to open on 

May 30, fully flowing by June 1 (Andersen in press). Throughout the melt season, river water 

was characterized by high concentrations of suspended particulate matter (SPM) (median 219 

mg L-1), low salinity (0.1 PSU), and high concentrations of silicate and nitrate/nitrite (61 and 

8 µmol L-1) (Figures A2, A3). Pulses of high river flow with high turbidity were detected by 

the in-situ sensor in the river, predominantly in July and August (Figure A4B). Throughout the 

melt season, surface water from the intertidal and subtidal was generally very similar to river 

water. A sediment plume or freshwater lens was detected in the surface of the inner fjord from 

June through August (Andersen in press). Though this lens was often quite shallow (<1 m), it 

occasionally extended deeper in the inner fjord, and low salinities were detected by the in-situ 

inner fjord sensor at 2 m depth throughout the first two weeks of July, along with a spike in 

chlorophyll fluorescence (Figure A4C). After a series of cold days prior to the September cam-

paign (Figure A4A), water level and SPM concentration in the river substantially decreased 

(15 mg/L). Following a warm period in late September, the river refroze in early October.  
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3.2 Environmental context 

In general, biogeochemical characteristics of sediments and porewater suggested similar-

ities between the river and the intertidal stations and the fjord and subtidal stations (Figure 4). 

All variables measured varied between stations and across months, though they exhibited dif-

ferent trends. Measured sediment temperatures ranged from 0.5 to 8.6 ºC, with fjord sediments 

consistently coldest and July and August as the warmest months. While oxygen concentration 

was not explicitly measured, I neither saw nor smelled evidence of anoxic conditions in any of 

the sampled surface sediments.  

Sediments were generally finer in the fjord and subtidal and coarser in the river and inter-

tidal (Figure A5). The silt and clay percentage of sediment by dry weight generally increased 

Figure 4. Principal component analysis on z-scaled environmental data. Highly skewed variables (chl-a concen-
tration, inorganic nutrient concentrations, and sediment grain size fractions 125-250µm and >250µm) were nat-
ural log-transformed prior to z-scaling to increase normality. Each point is one sample. Colors represent station 
and shape shows month. Different line types on loading arrows display groupings of environmental variables. 
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throughout the melt season in the fjord (median June 71% - September 98%), subtidal (46-

95%), and intertidal (31-61%) while in the river it increased until August (46-69%) and then 

decreased sharply in September (36%). Organic content and porosity both followed similar 

patterns as the proportion of silt and clay (Figure A6), and the two were highly correlated with 

one another (Spearman’s rho = 0.73, p<0.001). Porosity ranged from 41% (intertidal in May) 

to 77% (fjord in August), while organic content values ranged from 0.7% to 6.8%.  

Porewater chemistry showed further distinctions among stations and months. Porewater 

salinity was near 0 PSU in the river throughout the season and the intertidal from June and July 

(median 1.5 PSU). In May, intertidal porewater salinity was hypersaline (44.5 PSU), while it 

was brackish in August and September (6.5 PSU). Subtidal and fjord porewater salinity was 

‘marine’ (37.5 PSU), except in July when the median subtidal porewater salinity was 19.5 PSU. 

The concentrations of most inorganic nutrients in porewater did not show pronounced seasonal 

variation (Figure A3). Phosphate and ammonium concentrations followed similar patterns as 

porewater salinity, respectively ranging from medians of 0.1 µmol L-1 and 1 µmol L-1 in the 

river to 0.4 µmol L-1 and 71 µmol L-1 in the fjord. Concentrations of both were generally higher 

in porewater than in corresponding adjacent water. Porewater nitrate concentrations ranged 

widely (0.07 µmol L-1 to 38.9 µmol L-1) and did not show clear seasonal nor spatial patterns. 

In all stations but the fjord, adjacent water generally had higher nitrate concentrations than did 

porewater. Across all samples, silicate concentrations in porewater were similar to silicate con-

centrations in river water (medians 60 and 61 µmol L-1). As silicate concentrations in subtidal 

and fjord adjacent water samples were much lower (16 and 2 µmol L-1) (Figure A3), porewater 

generally had higher silicate concentrations than did adjacent water in these regions.  

Indicators of OM quality showed strong seasonal and spatial patterns. Chl-a concentra-

tions ranged widely (0.035 – 15 µg mL-1), with generally higher proportions of phaeopigments 

in sediments with lower chl-a concentrations (Figure A7A and B). Chl-a concentrations were 



 26 

consistently lowest and phaeopigment proportions high in the river (medians 1.3 µg mL-1 and 

60%), while they varied seasonally in other stations. The highest chl-a concentrations were 

found in fjord sediments in June and July (5.6 µg mL-1), with fairly low ratios of phaeopigments 

(28%). cDOM absorbance coefficients at 254 nm were high in the fjord (11) and low in the 

river and intertidal (3 and 5), with more seasonal variation in the subtidal (Figure A7C). The 

subtidal shifted from low values in June and July (5) to higher values in August and September 

(13). E2/E3 ratios of cDOM absorption were high in May (9.2), both in the fjord and intertidal. 

Throughout the melt-season, E2/E3 ratios were generally highest in the subtidal (9.4), with 

lower values from the river (7.2), intertidal (5.3), to fjord (3.6). cDOM absorption slopes from 

275 to 295 nm and 350 to 400 nm followed the same pattern as E2/E3 ratios.  

 

3.3 Community Composition 

3.3.1 Alpha diversity  

Following processing of sequences and reads, including removal of singletons, a total of 

7,131 ASVs (amplicon sequence variants) were identified across all samples. Bacterial diver-

sity varied somewhat between stations. Estimated richness (Chao1) was higher in fjord and 

subtidal sediments than in river and intertidal sediments (Figure 5, Kruskal-Wallis test (KW): 

p = 0.047). However, observed richness (number of ASVs), evenness, and Shannon’s diversity 

index were not significantly different between stations, (Figure 5, KW: p = 0.48, 0.84, 0.84). 

With all stations considered together, no patterns appear across months, however within sta-

tions, some seasonal patterns exist, especially low diversity in the fjord in June. Similar patterns 

for richness (observed, Chao1, and ACE), diversity (Shannon’s and Inverse Simpson’s), and 

evenness (Pielou’s) metrics were found when they were calculated with the rarefied, non-nor-

malized, and standardized datasets (Figure A8).  
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3.3.2 Taxonomic composition  

Gammaproteobacteria was the most represented class in all stations with mean relative 

read abundance across all samples 40±6% (Figure 6). Fjord, subtidal, and intertidal communi-

ties were also dominated by Bacteroidia (means 30, 29, and 17% respectively), though these 

were much less prominent in riverine sediments (8%). Desulfuromonadia displayed a similar 

pattern (7, 7, 4 and 0.7%), while Alphaproteobacteria had a similar read abundance of 8±3% 

across all samples. Both Actinobacteria and KD4-96 (a clade within Chloroflexi) had higher 

read abundances in the river and intertidal than the subtidal and fjord (1.1 vs. 6.5% and 0.4 vs. 

3%, respectively). In general, I found strong similarities between communities within the three 

replicates collected at each station, each month. 

 Across the whole season, the fjord had the highest number of unique ASVs (1312) (Figure 

A9). The subtidal had the least with 249, and the intertidal and river had 432 and 468 unique 

ASVs respectively. 2473 ASVs were found in at least three of the stations, and 83% of the 

2733 riverine ASVs were also found in other stations, especially in the intertidal (71%) as 

compared with the subtidal (58%) and fjord (43%).  

Figure 5. Boxplots displaying alpha diversity metrics for the four stations and five sampling campaigns. Individ-
ual samples are shown with black points, where shape denotes sampling month. All indices were computed on 
the rarefied dataset to remove bias from differing reads per sample. Richness was calculated as (A) Chao1, (B) 
observed richness (number of prokaryotic ASVs), (C) Pielou’s evenness index, and (D) Shannon’s diversity in-
dex. ACE followed similar patterns for richness, and Inverse Simpson’s followed the same trends as Shannon’s 
(Figure A8). Only Chao1 showed statistically significant differences between stations (KW: p=0.047). 
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3.3.3 Seasonal and Spatial Variation in Bacterial Community Structure  

Microbial community composition in sediments was significantly correlated with both 

station and sampling month, based on permutation tests (p = 0.001). Results of variance parti-

tioning on canonical-correspondence analysis (Figure A10) showed that station individually 

accounted for 26% of community variation and month individually accounted for 12%, with 

no variation explained by both factors (all proportions were significant at p=0.001).  

Results of hierarchical clustering on community composition showed two distinct groups, 

separating marine and freshwater communities (Figure 7A). Low porewater salinity and cDOM 

absorbance at 254 nm distinguished freshwater from marine conditions (Figure 7B, Dunn’s 

post-hoc test (D): p < 0.01). These groups were further divided into five clusters, which were 

named based on physical and temporal characteristics of their environments: Riverine, Melt-

Influenced, Pre-Melt, Late-Marine, and Post-Bloom. The two clusters within the freshwater 

group, Riverine and Melt-Influenced, were further characterized by coarse, compacted sedi-

ments with relatively low values for porosity, sediment organic content, and ammonium and  

Figure 6. Stacked barplot displaying proportions of reads within the most represented bacterial classes. The top 
20 most represented are displayed here, ordered by their overall proportional abundance across all samples.  
Samples are separated by sampling station and ordered by month within each station.  
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Figure 7. (A) Hierarchical clustering of microbial communities, using Ward’s clustering criterion on chi-squared 
distances between samples. (B) Heatmap displaying medians of z-scaled environmental variables for each cluster. 
Text within fields show unscaled medians. Blue indicates relatively high values while red indicates relatively low 
values. Kruskal-Wallis tests showed significant differences between clusters for all environmental variables  
(p < 0.01) except for porewater nitrate and nitrite and porewater silicate. See appendix for results of Dunn’s post-
hoc tests for pairwise comparisons (Tables A6-8). (C) Heatmap showing mean relative abundance of abundant 
genera (defined as contributing > 2% of the total reads in any cluster) from each cluster, colored on a log-scale 
for increased resolution. Light blue indicates low relative abundance while dark purple indicates high relative 
abundance. Light grey tiles indicate no reads.   
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phosphate concentrations. The Riverine cluster included all river communities, and the Melt-

Influenced cluster included all intertidal communities, aside from May, and July subtidal com-

munities. The only significant differences between the two freshwater clusters were higher 

cDOM E2/E3 ratios in the Riverine cluster and higher salinity in the Melt-Influenced cluster 

(D: p = 0.03, 0.02). Though not statistically significant, chl-a concentrations were also higher 

and phaeopigments lower in the Melt-Influenced cluster than the Riverine cluster.  

Within the marine group, I identified three clusters: Pre-Melt, Late-Marine, and Post-

Bloom. All three were characterized by high porewater salinity. The Pre-Melt cluster, with all 

May and June subtidal communities, was similar in sediment characteristics to the freshwater 

clusters, but had higher cDOM E2/3 ratios than the Melt-Season (D: p = 0.001), and higher 

cDOM slope 350-400nm, and ammonium and phosphate concentrations than both freshwater 

clusters (D: p < 0.02). The Late-Marine and Post-Bloom clusters exhibited different sediment 

characteristics from the other clusters, with finer grains and higher LOI and porosity (Tables 

A6-8). They also had high concentrations of ammonium and silicate and high cDOM absorb-

ance at 254 nm. The Late-Marine cluster included fjord and subtidal communities from August 

and September. The Post-Bloom cluster, with fjord communities from June and July, was dis-

tinct from all others but the Pre-Melt in its extremely high chl-a concentrations (D: p < 0.01).   

The most abundant genera in Riverine communities were Rhodoferax (mean read abun-

dance 7%), Thiobacillus (7%), Oryzihumus (5%), and unidentified genera from Gemmati-

monadaceae (3%) and Gallionellaceae (3%) (Figure 7C). Indicator taxa analysis identified dis-

tinctions between the clusters. The fifteen taxa that were found to characterize Riverine com-

munities were largely from the taxonomic groups mentioned above, with additional Gammap-

roteobacteria (Arenimonas, Sulfurirhabdus, Methylotenera, Leeia), Parablastomonas, and Sul-

furicurvum. Nearly the same abundant genera were found in the Melt-Influenced cluster, but 

with Lutibacter (3%) and Flavobacterium (3%) replacing the Gemmatimonadaceae and 



 31 

Gallionellaceae genera. Eight abundant indicator taxa for the Melt-Influenced cluset were iden-

tified within the genera Rhodoferax, Lutibacter, Luteolibacter, Pseudorhodobacter, and Sphin-

gorhabdus. In the Late-Marine cluster, Lutibacter (6%), Thiobacillus (3%), Rhodoferax (3%), 

Fluviicola (3%) and the unidentified genus Sva1033 (Desulfuromonadales, 4%) were abun-

dant. Abundant indicator taxa included a wide range of genera, many not among the most rep-

resented overall: Lutibacter, OM60(NOR5) clade, Flavobacterium, Motiliproteus, SAR11 

Clade Ia, Colwellia, and Oleispira. The Pre-Melt and Post-Bloom clusters had the least similar 

abundant genera to the other clusters. In the Post-Bloom communities, the most abundant gen-

era were Psychromonas (16%), Marinifilum (8%), Colwellia (5%), Lutibacter (5%), and an 

unidentified genus of Arcobacteraceae (5%). This cluster had the largest number of abundant 

indicator taxa (20), out of which eight were strains of Psychromonas and seven were members 

of the other four most abundant genera. Others represented taxa included Polaribacter, Desul-

fofrigus, Geopsychrobacter, and Psychrilyobacter. The most abundant genera in the Pre-Melt 

communities were Woeseia (5%), an unidentified genus of Flavobacteriaceae (3%), Lutibacter 

(3%), an unidentified genus of Sva1033 (3%), and Yoonia-Loktanella (2%). Only six indicator 

taxa were identified in the Pre-Melt, members of Woesia, Maribacter, Maritimimonas, and 

Muriicola.  

Figure 8. Boxplot depicting proportional abundance of riverine taxa in other community clusters. Riverine taxa 
were identified as ASVs with at least 0.05% relative abundance in any river sample. Points are individual samples, 
colored by sampling location. Kruskal-Wallis test showed significant differences between clusters (p < 0.001), 
lowercase letters along the x-axis indicate significant differences between clusters (D: p < 0.01). 
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The proportion of riverine taxa (i.e. ASVs with at least 0.05% relative abundance in any 

river sample) varied between the clusters (Figure 8). Melt-Influenced communities had the 

highest relative abundance of riverine taxa (median 44%), followed by Late-Marine commu-

nities (18%), and Pre-Melt communities (11%). The lowest relative abundance of riverine taxa 

was found in Post-Bloom communities (2%). 

 

3.3.4 Community composition confers differences in potential function 

Potential community functions inferred from taxonomic assignments showed clear dis-

tinctions between the freshwater and marine communities (Figure 9, see also Figure A11). Ma-

rine communities generally had higher potential capabilities for metabolism of more bioavail-

able molecules, including glycolysis and metabolisms of fructose and galactose, and Pre-Melt 

and Late-Marine communities’ functional potentials were very similar. Freshwater communi-

ties had higher potential capacity for degradation of more recalcitrant compounds including 

aromatics, like naphthalene and xylene, and polycyclic aromatic hydrocarbons. Predicted ca-

pacities for photosynthesis, sulfate reduction, and nitrogen fixation tended to be higher in 

Marine communities Freshwater communities 

Figure 9. Heatmap displaying differential abundances of selected potential metabolic and biogeochemical func-
tional capacities predicted with Tax4Fun based on taxonomic assignment. Potential functions were z-scaled for 
comparison across samples, and samples are grouped by cluster. Blue indicates a relatively high abundance while 
red indicates a relatively low abundance. See Appendix for full results of metabolic and degradation pathways 
(Figure A12). 
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marine communities, while freshwater communities had higher potential for denitrification, 

nitrification, and iron oxidation. Organic phosphate utilization potential was generally higher 

in marine communities, although Pre-Melt communities did not exhibit this pattern. 

 

3.3.5 Environmental drivers of community composition 

Variables that played a significant role in shaping community composition were deter-

mined with permutation testing on a canonical correspondence analysis (CCA) model (Figure 

10, Table 3). Porewater salinity, sediment chl-a concentrations, porosity, the percentage of 

Riverine 

Melt-Influenced 

Pre-Melt 

Late-Marine 

Post-Bloom 

Figure 10. CCA with community composition and environmental 
variables. Points are samples, colored by station and shaped by 
month. Community composition was transformed to proportions and 
environmental variables were z-scaled before ordination. Dashed cir-
cles represent 95% confidence intervals for clusters from hierarchical 
clustering analysis, labeled in grey text. Three samples ("5-Fjord-y", 
"6-Fjord-y", and "6-Intertidal-y") were not included due to missing 
environmental data from low porewater volumes.  

Table 3. Summary statistics of CCA. 

Table 4. Results of permutations tests 
(n=999) to test significance of terms in-
cluded in the CCA and variance infla-
tion factor (VIF) for each term. 

 Summary of 
CCA 

Inertia Proportion 

Total 4.01 100% 
Constrained  1.83 45.7% 
Unconstrained 2.18 54.3% 

Variable χ2 F p VIF 

Salinity 0.57 10.5 0.001 3.2 

Chl-a 0.34 6.2 0.001 1.6 

Porosity 0.32 5.9 0.001 4.3 

Phaeo (%) 0.17 3.2 0.001 2.0 

Silt and 
clay (%) 

0.15 2.7 0.001 3.9 

DOM slope 
350-400 

0.095 1.7 0.026 1.4 

DOM abs 
254nm 

0.097 1.8 0.020 3.9 

Coarse 
grains (%) 

0.090 1.6 0.077 1.6 
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phaeopigments, and the sediment fraction of silt and clay were all highly significant (p = 0.001, 

Table 4). The cDOM spectral slope from 350-400 nm and absorbance at 254 nm were also 

significant (p = 0.026 and 0.02). The high F-value of the porewater salinity model suggests that 

porewater salinity accounts for a large degree of variation between microbial communities, and 

communities accordingly separated along a salinity gradient from river to fjord on the first axis 

of the CCA (Figure 10). The gradient along the first axis was also correlated with other physi-

cochemical variables including sediment porosity, the proportion of silt and clay in sediments, 

and the proportion of coarse material in sediments. Sediment chl-a concentration was also 

highly correlated with the first axis. The arrangement of communities from different stations 

along this gradient suggests that these environmental variables are important for shaping com-

munities’ differences from river to fjord. The Pre-Melt cluster separates from other communi-

ties along the second axis, suggesting these communities are associated with lower proportions 

of phaeopigments in the sediment and higher E2/E3 ratios. Similar results were found with 

RDA on Hellinger-transformed and clr-transformed community data (Figure A13).  

Figure 11. Spearman rank correlation of indicator taxa abundance with environmental variables. Only correla-
tions with an adjusted p-value (Benjamini & Hochberg, 1995) of less than 0.05 are displayed. Indicator taxa were 
collapsed by genus — mean spearman rank correlation is displayed is multiple ASVs were members of the same 
genus, indicated in the axis text. Blue indicates positive correlations while red indicates negative correlations. 
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Correlations of relative abundance of indicator taxa with environmental variables showed 

similar patterns, mirroring seasonal and spatial patterns in environmental characteristics (Fig-

ure 11). Porewater salinity was highly correlated with most indicator taxa, separating marine 

from freshwater organisms. Sediment characteristics seemed most important for Late-Marine 

and Post-Bloom indicator taxa, reflecting the fine grains, high porosity, and high organic con-

tent characteristic of their environments. Chl-a and phosphate concentrations were positively 

correlated with Post-Bloom and Pre-Melt indicator taxa, while negatively correlated with riv-

erine indicators. Similarly, cDOM absorbance coefficient at 254nm and ammonium concentra-

tion were positively correlated with Post-Bloom and Late-Marine taxa, and negatively corre-

lated with riverine taxa. Indicators of Melt-Influenced communities showed very few signifi-

cant correlations, perhaps due to intermediate values for most environmental variables in these 

samples.  

 

3.4 Carbon substrate utilization depends on suspension water  

Microbial communities used between a minimum of two (July intertidal with marine wa-

ter) to a maximum of 27 substrates on each plate (June subtidal and intertidal and August river 

and intertidal, all with river water) (Figure 12). Most communities, regardless of suspension 

water, used all available polymers (glycogen, Tween 40, Tween 80, and (-cyclodextrin) and 

certain carbohydrates, including D-cellobiose, D-mannitol, N-acetyl-D-glucosamine, (-D-lac-

tose, and )-methyl-D-glucoside. There was little seasonal change in carbon substrate utiliza-

tion throughout the melt season. Furthermore, in May prior to river melt, fjord sediments sus-

pended in marine water (incubated at 4ºC rather than 10ºC) showed similar patterns in substrate 

use to the marine suspensions throughout the melt-season (Figure A14).  
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Across all stations and all months, microbial communities were capable of utilizing a 

larger number of substrates when suspended in fresh or brackish water (medians 22.5 and 23 

substrates used) than when suspended in marine water (median 11 substrates used, D: p < 

0.001). Similar patterns were observed using average well color development (AWCD), Shan-

non’s diversity index, and Inverse Simpson’s diversity index (Figure A15).  

Certain substrates were used consistently by communities suspended in fresh or brackish 

water but not by communities suspended in marine water, regardless of sediment origin (Figure 

A14). These included three of the five available amino acids (L-arginine, L-asparagine, and L-

serine), four of eight carboxylic acids (D-galacturonic acid, D-glucosaminic acid, itaconic acid, 

and *-hydroxybutyric acid), one of two amines (putrescine), one of two phenolic compounds 

(4-hydroxy benzoic acid), and only two of ten carbohydrates (D-xylose and i-erythritol). Only 

one substrate, threonine, was used more often in marine suspensions, and then only by fjord 

communities.  

Figure 12. Boxplot showing the number of substrates used in Biolog EcoPlates. Plates are grouped by sediment 
sampling location and type of water used for sediment suspensions. Black points represent single plates, with 
shape depicting the sampling month. Kruskal-Wallis test showed significant differences between salinity treat-
ments (p < 0.0001), with Dunn’s post-hoc test showing no difference between fresh and brackish suspensions 
while both were different from marine (p <0.001). 
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Microbial communities suspended in fresh or brackish water used a similar number of 

substrates, regardless of station (Figure 12). However, communities suspended in marine water 

showed a difference in number of substrates used based on station, with more substrates used 

by fjord and subtidal communities (medians 14 and 13) than by intertidal communities (8.5). 

When suspended in marine water, intertidal communities utilized D-cellobiose, Tween 80, and 

N-Acetyl-D-Glucosamine less consistently than subtidal and fjord communities suspended in 

marine water did (Figure A14).  

Principal component analysis based on AUTC for each substrate showed a high degree of 

similarity of substrate use within type of suspension water and little separation based on sam-

pling station (Figure A16). This finding was confirmed with variance partitioning where 40% 

of the variance was explained by suspension water, 2% by station, and 16% by both. The one 

clear exception was within brackish water suspensions, where the intertidal and subtidal com-

munities’ substrate use was separated along PC2, correlating with higher AUTC for D-cello-

biose, !-cyclodextrin, and glycogen in subtidal brackish water suspensions. 
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4 Discussion 

This study aimed to identify the ways in which terrestrial runoff influences the structure 

and function of Arctic mudflat microbial communities throughout the melt season. My results 

suggest that riverine discharge strongly influences environmental conditions across the tidal 

flat, and microbial communities are in turn shaped by a combination of riverine and local pro-

cesses. Freshwater inflow is also a direct source of riverine and terrestrial taxa to downstream 

communities, and these taxa exhibit unique functional capacities not widely found in the Arctic 

marine system. Changes in microbial communities can lead to feedbacks in biogeochemical 

cycling on local and global scales, though the degree to which predicted functions are realized 

requires further investigation.  

 

4.1 Direct impact of melt water influx through downstream transport of  
allochthonous taxa 

Taxa previously found in the permafrost active layer, glacial systems, or acid mine drain-

age were identified in all riverine communities, suggesting a high degree of connectivity be-

tween the catchment and riverine sediments. While many of the abundant genera in the River-

ine communities have previously been found in Adventelva and other Arctic freshwater sys-

tems (e.g. Rhodoferax, Thiobacillus, Oryzihumus, and Gallionellaceae from Kosek et al. 2019; 

Kohler et al. 2020; Delpech et al. 2021; Morency et al. 2022), Gemmatimonadaceae and Oryzi-

humus are more frequently associated with terrestrial soil systems (DeBruyn et al. 2011; Kim 

et al. 2017; Kim et al. 2018; Semenova et al. 2021), including Arctic tundra and particularly 

the active layer of Svalbard permafrost (Kim et al. 2014; Semenova et al. 2021; Loga-

nathachetti et al. 2022). As the non-glaciated area of Adventdalen is covered by 90% perma-

frost (Humlum et al. 2003), these taxa may have been transported to the river from active layer 

soils. Acidobacteria are well documented members of Arctic tundra soils (Chu et al. 2010; 
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Männistö et al. 2013), including in the active layer of Svalbard permafrost (Schostag et al. 

2015; Xue et al. 2020). It was therefore unexpected to find such low abundances in this study, 

though low Acidobacteria abundances have also been reported in other Svalbard freshwater 

systems (Wang et al. 2016; Kosek et al. 2019). Many abundant indicator taxa for my Riverine 

communities have previously been identified in connection with Svalbard glaciers, either from 

glacial ice (Methylotenera, Thomas et al. 2020), cryoconites (Arenimonas, Segawa et al. 2014), 

meltwater (Methylotenera and Sulfuricurvum, Kohler et al. 2020; Thomas et al. 2020), or fore-

land soils (Parablastomonas, Ren et al. 2015). Glacier-associated organisms are likely carried 

downstream with meltwater, settling in sediments along the way. While often considered neu-

trophilic, iron oxidizing Riverine indicator taxa Gallionellaceae and Sideroxyans (Hedrich et 

al. 2011) have been identified in high abundances in acid mine drainage near Longyearbyen 

(García-Moyano et al. 2015) and in eastern Siberia (Kadnikov et al. 2019).  

As melt sources and riverine biogeochemistry shift throughout the season (Nowak and 

Hodson 2015; Koziol et al. 2019; McGovern et al. 2020), I expected to find changes in riverine 

taxa as the melt season progressed. While clustering analysis showed distinctions between June 

and July-September riverine communities, overall, riverine communities were fairly stable sea-

sonally. One main exception to this stability was Aquaspirillum (arcticum group), which was 

only found in relatively high abundances in June. This group can be very abundant in snow in 

the High Arctic (Harding et al. 2011), suggesting early snow melt in the catchment transports 

these cells to riverine communities.  

Riverine taxa were found in all other communities, from the intertidal zone to the fjord 

system, suggesting downstream transport. They were most abundant in the Melt-Influenced 

cluster, sometimes comprising over 50% of the total reads, indicating a high degree of connec-

tivity between the river and the Melt-Influenced communities in the tidal flats. Similarly, al-

lochthonous riverine taxa have previously been found in Isfjorden surface waters and sediments 
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(Delpech et al. 2021) and in estuaries elsewhere in the Arctic (Hauptmann et al. 2016; Kellogg 

et al. 2019).  

Transport of riverine taxa might confer new functional capacities in downstream commu-

nities, but only if the bacteria can realize these functions in their new environment. Riverine 

taxa possessed capabilities for a diverse range of biogeochemical processes, including degra-

dation or incorporation of organic compounds (Oryzihumus Kageyama and Takahashi 2015), 

carbon fixation through the oxidation of sulfur or iron (Thiobacillus, Boden et al. 2019; Gal-

lionellaceae, Hedrich et al. 2011), anoxygenic photosynthesis (Rhodoferax, Hiraishi et al. 1991; 

Madigan et al. 2000), and nitrate reduction (Thiobacillus, Boden et al. 2019; Sulfuricurvum, 

Kodama and Watanabe 2004; Leeia, Lim et al. 2007). While some cultured members of these 

groups tolerate wide ranges of salinity (Huber and Stetter 1989; Kageyama et al. 2005; Lim et 

al. 2014), others are known to have low salinity tolerances (Hiraishi et al. 1991; Kaden et al. 

2014; Farh et al. 2017; Kim et al. 2017; Zhou et al. 2019). It is possible that some riverine taxa 

were unable to grow when deposited in the marine environments of the fjord and subtidal. In 

the fresh to brackish Melt-Influenced communities, however, these transported bacteria were 

likely more readily able to survive and grow. They may alter local biogeochemical gradients 

with implications for the fate of terrestrially derived carbon and nutrients at the river-fjord 

interface.  

 

4.2 Combination of riverine inputs and local processes shape bacterial 
community structure and potential functions 

Environmental variables, linked to both seasonality and spatial variability, were strongly 

associated with differences in community composition across this study. As it has been widely 

documented that microbial communities respond to environmental changes (Baas-Becking, 

1934; Allison and Martiny, 2008; Gilbert et al., 2012; Shade et al., 2012; Logue et al. 2015; 
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Fierer 2017), this was expected. Porewater salinity was the most important factor for shaping 

community composition, as previously observed in temperate tidal flats (Lv et al. 2016; Zhang 

et al. 2017; Zhao et al. 2019; Li et al. 2021; Niu et al. 2022). However, while previous studies 

have found that nutrient concentrations can be important for shaping microbial communities in 

tidal flats (Yan et al. 2018; Li et al. 2021; Mohapatra et al. 2021; Niu et al. 2022), none of the 

measured inorganic nutrients in porewater were identified as significant in the model selection 

process. In addition to salinity, microbial communities were largely shaped by physical prop-

erties of the sediments (grain size and porosity) and by the availability and quality of OM (chl-

a concentration, cDOM concentration, and cDOM molecular weight) as found in pelagic sys-

tems (Sipler et al. 2017; Kellogg et al. 2019). Some of the variation in these significant varia-

bles is directly linked to riverine influx (e.g. salinity), while others can be attributed to marine 

processes, like the concentration of chl-a following the spring bloom.  

 

Melt-Influenced environment and communities 

Flushing of tidal flat sediments, porewater, and microbial communities with high riverine 

discharge likely caused the dramatic shift in environmental conditions and bacterial communi-

ties and potential observed in intertidal sites from May into June (following spring freshet) and 

in subtidal sites from June into July (following high rates of riverine discharge). May intertidal 

and June subtidal bacterial communities grouped together in the Pre-Melt cluster, dominated 

by characteristic marine taxa — Woesia, Flavobacteriaceae, Lutibacter, Sva1033 (Desulfu-

romonadales), and Yoonia-Loktanella —which have all previously been found in Svalbard 

fjord sediments or waters (Zeng et al. 2017; Buongiorno et al. 2020; Du et al. 2020; Delpech 

et al. 2021; Vishnupriya et al. 2021; Zeng et al. 2021). With the onset of the melt season, 

freshwater discharge from the river flushed out the intertidal, and later subtidal, sediments, 

decreasing porewater salinity, cDOM absorbance at 254nm, and cDOM molecular weight. The 
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composition of Melt-Influenced bacterial communities responded to these seasonal environ-

mental changes (Figure 13), becoming dominated by the river-associated genera Rhodoferax, 

Thiobacillus, and Oryzihumus, with the addition of marine and generalist taxa that are found 

in a range of habitats. This combination of freshwater and marine organisms in Arctic tidal 

flats has been observed in macrofaunal communities as well (Churchwell et al. 2016). Two 

strains of Rhodoferax were identified as indicator taxa for the Melt-Influenced cluster, suggest-

ing that some freshwater taxa can adapt to the more dynamic tidal flat environment.  

Correspondingly, potential community function from Tax4Fun showed strong similarities 

between Riverine and Melt-Influenced communities. Recent work has suggested that microbial 

community functional capacity can be correlated with the chemodiversity of available OM 

(Rivers et al. 2013; Berggren and Giorgio 2015; Ruiz-González et al. 2015; Orland et al. 2020; 

Sala et al. 2020). Arctic riverine systems often have a high proportion of complex Terr-OM 

(Behnke et al. 2021), and Svalbard glacial-fed rivers are no different (McGovern et al. 2020; 

Kellerman et al. 2021). Riverine and Melt-Influenced clusters had a high capacity for degrada-

tion of more complex organic molecules (including naphthalene, xylene, and polycyclic aro-

matic hydrocarbons), likely reflecting the available OM. This suggests that deposited Terr-OM 

might be remineralized or taken up by bacterial communities in these fresh to brackish envi-

ronments.  

Differences in environmental conditions between the Melt-Influenced and Riverine clus-

ters were likely driven by local processes and, in turn, shaped community composition and 

potential function. Differences included higher porewater salinity, chl-a concentrations, and 

cDOM molecular weight and concentrations, with lower phaeopigments in the Melt-Influenced 

cluster compared with the Riverine. Local processes in the tidal flat might have, for example, 

made phytodetritus more available than in the river, which could be expected given the high 

importance of microphytobenthos in tidal flats globally (Paterson et al. 2003; Underwood et 
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al. 2005; Billerbeck, 2007) and locally in certain regions of the Adventfjorden tidal flat (Wiktor 

et al. 2016). Correspondingly, I found higher relative abundance of heterotrophic bacteria in 

these communities than in the river, which was more dominated by autotrophic taxa. Two het-

erotrophic genera, the marine and intertidal genus Lutibacter (Le Moine Bauer et al. 2016) and 

the ecologically diverse genus Flavobacterium (Bernardet and Bowman 2015), were among 

the most abundant in the Melt-Influenced cluster. Furthermore, all abundant indicator taxa other 

than Rhodoferax were members of heterotrophic genera (Uchino et al. 2002; Yoon et al. 2008; 

Cardman et al. 2014; Feng et al. 2020), largely from groups known to tolerate wide ranges of 

environmental conditions (Yoon et al. 2008; Chen et al. 2013; Kim et al. 2015). For example, 

Luteolibacter, an indicator taxon, has been associated with degradation of complex carbohy-

drates and aging phytoplankton in Svalbard fjords (Cardman et al. 2014, Wietz et al. 2021). 

The higher relative abundance and importance of heterotrophic taxa for distinguishing the 

Melt-Influenced communities could suggest an increased potential for degradation of OM in 

these communities as compared to riverine communities. With low rates of sedimentation in 

the intertidal flats (Weslawski et al. 1999) limiting the possibility of OM burial, during the melt 

season, the intertidal and occasionally subtidal flats could therefore be an important site for the 

Figure 13. Conceptual diagram showing seasonal progression of microbial communities from each station 
through different clusters with differing levels of similarity, as determined by hierarchical clustering (Figure 7A). 
Each circle is representative of all replicates from each station each month. 
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microbial loop, with heterotopic bacteria incorporating or remineralizing OM, potentially re-

leasing carbon dioxide and inorganic nutrients to the water column (and atmosphere).  

 

Post-Bloom environment and communities 

While the subtidal and intertidal reflected the influence of freshwater inflow transitioning 

into June and July, the fjord communities followed a very different trajectory, likely shaped by 

the deposition of phytodetritus following the spring phytoplankton bloom. The Post-Bloom 

cluster (fjord sediments in June and July) was characterized by very high chl-a concentrations, 

perhaps sustained through July by a second bloom, suggested by a peak in chl-a in the inner 

fjord surface waters. All abundant indicator taxa for these communities were strongly posi-

tively correlated with chl-a concentrations in the sediments, and many of the abundant prokar-

yotic genera and indicator taxa (Psychromonas, Marinifilum, Colwellia, Arcobacteraceae, and 

Polaribacter) have previously been associated with additions of phytodetritus in experimental 

studies (Teeling et al. 2012; Xing et al. 2015; Müller et al. 2018a; Jain et al. 2020; Valdés-

Castro et al. 2022). This was further reflected in the functional predictions, showing distinctly 

high potential for porphyrin and chlorophyll metabolism. Community shifts with addition of 

phytodetritus have been found across a range of benthic ecosystems, from the deep sea to 

coastal sediments (Franco et al. 2007; Gihring 2009; Tait et al. 2015; Hoffmann et al. 2017), 

and the distinct Post-Bloom communities are likely a result of this type of fertilization from 

fjord processes, rather than a downstream response to riverine influence. Many of the abundant 

genera and indicator taxa in Post-Bloom communities were from groups known to be either 

obligately or facultatively anaerobic (e.g. Colwellia, Deming and Junge 2015; Psychromonas, 

The Editorial Board 2015; Desulfofrigus, Galushko and Kuever 2019; Desulfuromusa, Liesak 

and Finster 2015), with anaerobic conditions likely forming within OM aggregates in the sur-

face sediments (Reise 1985). These taxa and conditions contribute unique biogeochemical 
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functional potential, including sulfur and iron reduction and OM fermentation (Schutte et al. 

2019).  

 

Late-Marine environment and communities 

Riverine inputs did alter fjord and subtidal environmental conditions through the deposi-

tion of sediments, though the impact this has on microbial communities remains uncertain. 

Previous studies have found high rates of sedimentation from riverine discharge in these re-

gions (Weslawski et al. 1999; Zajączkowski and Włodarska-Kowalczuk 2007), and the sea-

sonal decrease in sediment grain size, coupled with increasing porosity and organic content 

found in this study suggests that these samples were also impacted by sediment deposition from 

riverine inputs. Sediments deposited by Adventelva are on average very fine, less than 63 µm 

(Rodenburg 2019). The high correlation between fine grain size, porosity, and organic content 

follows similar patterns to those found in temperate tidal flats (Longbottom 1970; Dale 1974; 

Watling 1991; Alongi and Christoffersen 1992; Vigano et al. 2003). The abundant indicator 

taxa for the Late-Marine cluster were highly correlated with these sediment characteristics, 

suggesting the riverine deposits might play a role in shaping the community, as has previously 

been found in a temperate river delta (Alvisi et al. 2019; Fazi et al. 2020). One abundant genus 

from this cluster, Fluviicola, has previously been found in higher abundances in silty rather 

than sandy environments in coastal Svalbard (Miksch et al. 2021). However, with the strong 

seasonal covariance of many environmental variables, it is difficult to separate out the im-

portant drivers individually.  

Overall, the bacterial communities in the Late-Marine cluster did not show a clear re-

sponse to riverine inputs and seemed to be more influenced by local marine conditions. The 

Late-Marine cluster converged on communities similar to the Pre-Melt cluster (also dominated 

by Lutibacter and Sva1033) (Figure 13), though certain transported riverine taxa, as discussed 



 46 

in more detail above, were abundant in the Late-Marine communities as well. Two of the abun-

dant indicator taxa for the Late-Marine cluster, the globally distributed marine groups SAR11 

Clade Ia and the OM60 clade (Yan et al. 2009; Haro-Moreno et al. 2020), have previously been 

identified as indicator taxa for August pelagic communities in Isfjorden (Delpech et al. 2021), 

suggesting a high degree of connectivity between the water column and the sediments in the 

late summer. Interestingly, two other abundant indicator taxa from Late-Marine communities, 

Motiliproteus and Oleispira antarctica, are associated with oil spills (Noirungsee et al. 2020; 

Hazen et al. 2010; Mason et al. 2012). While Motiliproteus members can utilize a wide range 

of organic compounds (Wang et al. 2014), Oleispira are hydrocarbonoclasts with a highly lim-

ited range of substrates they use for growth (Yakimov et al. 2003; Yakimov et al. 2007). High 

volumes of boat traffic in Adventfjorden (over 1800 port calls in 2019, Port of Longyearbyen 

2022) might contribute to accumulation of hydrocarbons in the sediments — concentrations of 

polycyclic aromatic hydrocarbons in Adventfjorden sediments in August can be up to 16 times 

higher than expected background levels (Holte et al. 1996). Functional predictions for the Late-

Marine communities showed a high capacity for degradation of more simple or bioavailable 

molecules, such as amino sugars, glucose, and fructose, which are often available in marine 

systems (Benner and Kaiser 2003; Davis and Benner 2005). The largely heterotrophic taxa in 

the Late-Marine cluster indicate high potential for degradation or incorporation of deposited 

OM, though with elevated functional potential for degradation of highly bioavailable sugars 

and amino sugars over more complex compounds, they might be more capable of utilizing 

fresh marine detritus, or for some hydrocarbons from the fjord, rather than Terr-OM.   
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4.3 Potential functional capacity may not be realized under local  
environmental conditions 

Potential community functions, predicted from taxonomic assignments, may not be real-

ized in in-situ conditions. While Tax4Fun showed distinctly different functional potential be-

tween clusters, splitting the freshwater and marine systems, these potential functions are based 

on DNA relative abundances, which may not reflect active communities. It is widely under-

stood that only a fraction of bacterial cells in aquatic systems may be alive and active (Steven-

son 1977; Rodriguez et al. 1992; Smith and Delgiorgio 2003). In coastal sediments especially, 

a very small proportion of the bacterial cells present may be active (Luna et al. 2002, First and 

Hollibaugh 2010), and the whole community may not be taxonomically representative for the 

active subset (Yan et al. 2018). The inactive or dead cells may still contain DNA, and thereby 

influence predictions of community functionality based on 16S rRNA gene amplicon data. This 

makes interpretation of predicted metabolic functions more challenging in these dynamic re-

gions with high potential for passive transport of bacteria cells (Sun et al. 2020; Breitkruez et 

al. 2021).  

To investigate active community functionality more directly, I used Biolog EcoPlatesTM 

(Insam 1997). All communities exhibited high usage of most polymers and some carbohy-

drates, primarily glucose derivatives, as previously found in EcoPlates studies of pelagic polar 

bacteria (Sala et al. 2005; Sala et al. 2008; Sala et al. 2010). Many of these compounds are 

widely found in both marine and terrestrial systems, e.g., mannitol is synthesized by terrestrial 

plants, phytoplankton, and macroalgae (Yamaguchi et al. 1969; Schmitz and Srivastava 1975; 

Rumpho et al. 1983; Stoop et al. 1996; Obata et al. 2013). Seasonal variation in community 

composition had no apparent impact on functional capacity, with little seasonal change in sub-

strate usage observed. 

The water used for sediment suspensions influenced community level functional profiles 

more than sampling location did. This was unexpected based on the high degree of variability 
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in community composition between sampling locations, and it suggests that these variable 

communities can utilize a similar range of carbon sources when grown under the same envi-

ronmental conditions. Previous work has established that the degree to which microbial com-

munity functionality is realized is shaped by environmental conditions (Strickland et al. 2009; 

Fierer et al. 2012), and this study confirms that this paradigm applies to Arctic tidal flat com-

munities. I suspect that transported riverine bacteria played a large role in the fresh and brackish 

water intertidal and subtidal incubations, while they were made inactive with higher salinity. 

This would not be surprising given that many cultured members of riverine-associated genera 

exhibit low salt tolerances (Hiraishi et al. 1991; Kaden et al. 2014; Farh et al. 2017; Kim et al. 

2017; Zhou et al. 2019). It does not seem that transported riverine taxa augment functional 

capacity in the marine system, as functional capacity in marine water suspensions did not in-

crease with higher proportions of riverine-associated taxa. To my knowledge, this is the first 

study of tidal flat sediment community functional profiles to use a range of salinities for sus-

pension water. My findings suggest that future work in tidal flats cannot ignore the high amount 

of variation in microbial functional capacity related to changes in salinity.  

The most pronounced pattern in substrate utilization was the broader range of substrates 

used in fresh and brackish suspensions than in marine suspensions, regardless of where the 

sediments were collected. The eleven additional substrates utilized in fresh and brackish sus-

pensions were quite stable both spatially and seasonally, and this discrepancy was even true 

for the subtidal communities that primarily lived in a high salinity environment. This pattern 

was unexpected, as previous work has found tradeoffs with salinity increases — utilization of 

some substrates decreased while others increased (Chen et al. 2017) — and lower functional 

diversity in Arctic freshwater than marine pelagic communities (Tam et al. 2003). Some of the 

substrates used more often by fresh or brackish suspensions aligned with functional predictions 

from Tax4Fun, e.g., predicted serine and arginine metabolisms were higher in freshwater 
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communities and both were utilized more frequently in fresh and brackish suspensions. Several 

of the carboxylic acid substrates were also more heavily utilized by fresh or brackish suspen-

sions. They can be used to inhibit bacterial growth (Vázquez et al. 2011; Nguyen et al. 2019), 

but polar soil bacteria do utilize carboxylic acids in similar experiments (Lahav Lavian et al. 

2001; Kenarova et al. 2013). Amino acids were also utilized more often by fresh or brackish 

suspensions, and pelagic bacteria in polar marine systems have shown low uptake of amino 

acids (Sala et al. 2005; Sala et al. 2008; Sala et al. 2010).  

Bacterial carbon metabolic capabilities can reflect variations in available OM (Rivers et 

al. 2013; Berggren and Giorgio 2015; Ruiz-González et al. 2015; Orland et al. 2020; Sala et al. 

2020).  Heterotrophic bacteria in Svalbard freshwater environments must make do with what 

is available, which can be lower quality, less bioavailable compounds (Raymond et al. 2001; 

Sobczak et al. 2002; Brett et al. 2017), and bacterial communities from different freshwater 

environments can be adapted to degrade different types of Terr-OM (Fasching et al. 2014; 

Logue et al. 2016). Therefore, I suspect the wider range of substrate utilization capacity in fresh 

and brackish water suspensions reflects the high diversity (Kellerman et al. 2021), but low 

availability, of OM in the river system. Riverine Arctic bacteria seem to possess carbon me-

tabolisms that are not often found in the Arctic marine system, but while freshwater taxa are 

transported to coastal environments, their unique functional capabilities seem not to be. 

As DNA is generally easier to work with than RNA, both in terms of field sampling and 

laboratory analysis, molecular work on the impact of riverine inflow to Arctic microbial com-

munities has largely focused on DNA based studies (e.g., Sipler et al. 2017; Kellogg et al. 

2019; Delpech et al. 2021). However, there are clear drawbacks in our ability to investigate 

functional capacity with such data in highly dynamic deltaic systems. I suggest future work 

examine the metatranscriptome of riverine-influenced sediment communities to more directly 

assess the ways allochthonous riverine taxa might influence functional capacities under 
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changing environmental conditions. Similar studies in a wide range of systems have elucidated 

clear environmental controls on bacterial processes (e.g., de Menezes et al. 2012; De Filippis 

et al. 2016; Bei et al. 2019). 

 

4.4 Implications and perspectives in a warming Arctic  

My findings suggest that bacterial communities in Arctic riverine sediments are capable 

of degrading a wide range of complex Terr-OM. However, with fairly low rates of sediment 

and OM deposition in riverine sediments (Weslawski et al. 1999), carbon fixation through 

chemolithoautotrophy and anoxygenic photosynthesis more likely dominates processes in 

these systems. With high rates of sedimentation, Arctic fjord sediments are known to be im-

portant sites for carbon burial, accumulating Terr-OM (Koziorowska et al. 2016; Bianchi 2020; 

M. McGovern unpublished data), and I found little evidence to contradict this. While trans-

ported riverine taxa could potentially degrade deposited Terr-OM, their functionality seems 

likely inhibited by marine conditions and marine heterotrophs, which might be specialized for 

utilization of highly labile marine OM (Moran et al. 2016), dominate these systems. Estuarine 

tidal flats, however, exhibit a more complex story, influenced by both fresh and marine condi-

tions and microbial communities. Under fresh or brackish conditions, tidal flat communities 

seem to have a high potential for degradation of complex organic molecules, likely conferred 

by deposited freshwater taxa, but they might lack this capacity under marine conditions as the 

activity of freshwater taxa can be inhibited with high salinities (Hiraishi et al. 1991; Kaden et 

al. 2014; Farh et al. 2017; Kim et al. 2017; Zhou et al. 2019). Arctic river deltas might therefore 

oscillate between acting as hotspots for processing of Terr-OM or sites of high Terr-OM burial 

with changes in the tidal cycle and freshwater discharge rates.  

Precipitation and riverine discharge across the Arctic are expected to increase with climate 

change (Haine et al. 2015; Hanssen-Bauer et al. 2019; Meredith et al. 2019). As I found in July, 
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pulses of discharge can extend the area of tidal flats that is flushed by freshwater, shifting 

communities towards a more riverine composition and decreasing porewater salinity. With 

more frequent high discharge events, as predicted for Arctic regions (Hanssen-Bauer et al. 

2019), there is the potential for an extension of the spatial and temporal extent of melt-influ-

enced environments and communities in tidal flats. If the high deposition of sediments along 

the edge of tidal flats continues, this increased extent of melt-influenced sediments might allow 

for increased breakdown of terrestrial OM, as freshwater taxa are no longer inhibited by high 

salinity conditions. With the increase in Terr-OM expected to enter coastal systems in a chang-

ing climate (Parmentier et al. 2017), even if only a small proportion of the tidal flat microbial 

community is able to utilize this Terr-OM (and OM-associated nutrients), microbial processing 

could have reverberating implications up the marine food web (Müller 2018b).  

The nature of allochthonous taxa entering Arctic river systems will likely shift as catch-

ments undergo potentially dramatic shifts with climate change. The Arctic is warming at twice 

the rate of the global average, causing widespread impacts to Arctic landscapes and ecosystems 

(Meredith et al. 2019). The permafrost active layer will likely deepen (Hanssen-Bauer et al. 

2019; Meredith et al. 2019) in a warmer climate, and the active layer often has higher microbial 

biomass with a community composition distinct from frozen permafrost (Xue et al. 2020; 

Gilichinsky et al. 2008). In this study, I already found taxa associated with the active layer in 

the river system, and I expect their abundance would increase with a larger biomass reservoir. 

Furthermore, with a longer growth season, vegetation throughout terrestrial Arctic systems will 

likely increase and plant communities will shift through greening and shrubification (Gauthier 

et al. 2013; Mekonnen et al. 2021). As microbial communities are often strongly influenced by 

vegetation (Hoch et al. 2019; Zhao et al. 2019; Cagle et al. 2020; Mohapatra et al. 2021), soil 

bacterial communities in the active layer are likely to change, impacting which organisms are 

transported with meltwater. Glacial taxa were also abundant in the river system, and as glaciers 
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melt at faster rates (Meredith et al. 2019), the transport of glacial biota into rivers and coasts 

will likely increase. However, if glaciers fully melt, as is expected within the next fifty years 

for some of the smaller glaciers in Adventdalen (Hanssen-Bauer et al. 2019), the sources for 

glacial-associated taxa would vanish, likely removing these organisms from Arctic rivers. 

Overall, I expect climate change will lead to higher transport of terrestrial microbial taxa into 

Arctic riverine systems, but the transported organisms will likely be somewhat different from 

the ones we find today as their environments of origin are themselves transformed. 
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5 Conclusion 

In this study, I aimed to identify the ways terrestrial runoff influences microbial commu-

nity structure and function in a High Arctic estuarine mudflat. I found clear evidence that fresh-

water discharge shapes environmental conditions, which in turn structure community compo-

sition. Porewater salinity was identified as a key factor for shaping bacterial communities, with 

physical sediment properties and organic matter availability and quality playing important roles 

as well. Meltwater inputs also directly shaped downstream communities through the deposition 

of transported taxa. I identified taxa commonly associated with glacier and permafrost systems 

in riverine communities and a high proportion of riverine taxa in all other sampling locations.  

Communities differed in their potential functional capacity along a salinity gradient, with 

higher capacity for degradation of complex molecules in freshwater communities and higher 

capacity for breakdown of more simple compounds in marine communities. However, carbon-

source substrate utilization experiments demonstrated that environmental conditions strongly 

impact realized functions, with communities exhibiting higher diversity of substrate use in 

fresh and brackish water than in marine water regardless of community composition.  

Here, I studied a single system for the duration of one melt season, but the processes iden-

tified are likely relevant for other Arctic coastal systems, especially those impacted by glaci-

ally-fed rivers. Under current environmental conditions, microbial communities and their bio-

geochemical processes in Arctic estuarine tidal flats seem divided between the freshwater dom-

inated intertidal and the marine dominated subtidal. While intertidal communities are more 

likely to be able to utilize deposited Terr-OM, they might be limited by its availability. Partic-

ulate deposition, including Terr-OM, is much higher in subtidal regions, but here, marine water 

limits the functional capacity of transported riverine taxa, reducing the likelihood of incorpo-

ration or degradation of deposited Terr-OM. Our understanding of these processes and the role 

of coastal Arctic systems as sinks for sedimented Terr-OM would benefit from targeted studies 
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of the current sediment metabolism in Arctic mudflats along with more detailed characteriza-

tion of OM composition and mineralization rates in these systems. 

In a changing Arctic, increased rates of riverine discharge carrying more labile Terr-OM 

might shift the balance in estuarine tidal flats. Permafrost thaw and glacier melt will likely 

increase the amount labile Terr-OM released from terrestrial systems and, as the freshwater 

zone could extend further across tidal flats with increased discharge, microbial communities 

might be able to exhibit greater utilization of deposited Terr-OM. Tidal flats, and the diverse 

microbial communities that inhabit them, need to be considered to fully understand the impacts 

of a changing climate on Arctic coastal ecosystems.  
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7 Appendix 
 

Table A1. Sediment sampling dates, precise locations, times when sampling began, and tidal information. 
Station Site Date Latitude Longitude Time Tidal Height (cm) Rising or falling? 

Intertidal x 07/05/2021 78º13.448'N 15º41.182'E 17:28 28 Low 
Intertidal y 07/05/2021 78º13.430'N 15º41.118'E 18:20 28 Low 
Intertidal z 07/05/2021 78º13.410'N 15º40.998'E 18:35 28 Low 

Fjord x 11/05/2021 78º14.273'N 15º41.172'E 14:05 157 High 
Fjord y 11/05/2021 78º14.050'N 15º40.686'E 13:30 152 Rising 
Fjord z 12/05/2021 78º13.953'N 15º40.572'E 14:11 141 High 

Intertidal x 11/06/2021 78º13.407'N 15º42.026'E 12:30 116 Rising 
Intertidal y 11/06/2021 78º13.397'N 15º41.819'E 12:00 103 Rising 
Intertidal z 11/06/2021 78º13.419'N 15º41.678'E 11:37 94 Rising 

River x 11/06/2021 78º12.280'N 15º49.491'E 15:00 157 High 
River y 11/06/2021 78.12.269'N 15º49.448'E 14:41 157 High 
River z 11/06/2021 78º12.262'N 15º49.526'E 14:15 154 High 
Fjord x 14/06/2021 78º14.138'N 15º41.010'E 11:40 59 Rising 
Fjord y 14/06/2021 78º14.030'N 15º40.649'E 12:21 69 Rising 
Fjord z 14/06/2021 78º13.947'N 15º40.469'E 12:38 76 Rising 

Subtidal x 15/06/2021 78º13.957'N 15º41.556'E 14:05 90 Rising 
Subtidal y 15/06/2021 78º13.909'N 15º41.405'E 13:46 84 Rising 
Subtidal z 15/06/2021 78º13.854'N 15º41.243'E 13:17 77 Rising 

Intertidal x 10/07/2021 78º13.463'N 15º42.161'E 11:00 83 Rising 
Intertidal y 10/07/2021 78º13.443'N 15º42.108'E 11:22 91 Rising 
Intertidal z 10/07/2021 78º13.427'N 15º42.115'E 11:50 104 Rising 

River x 10/07/2021 78º12.287'N 15º49.452'E 14:40 150 High 
River y 10/07/2021 78º12.266'N 15º49.415'E 14:20 151 High 
River z 10/07/2021 78º12.265'N 15º49.494'E 14:01 149 High 
Fjord x 14/07/2021 78º14.188'N 15º40.896'E 14:44 112 Rising 
Fjord y 14/07/2021 78º14.072'N 15º40.630'E 15:04 122 Rising 
Fjord z 14/07/2021 78º13.957'N 15º40.564'E 15:08 125 Rising 

Subtidal x 15/07/2021 78º13.955'N 15º41.595'E 13:55 73 Rising 
Subtidal y 15/07/2021 78º13.898'N 15º41.465'E 13:35 67 Rising 
Subtidal z 15/07/2021 78º13.849'N 15º41.319'E 13:20 63 Rising 

Intertidal x 12/08/2021 78º13.410'N 15º42.042'E 13:59 100 Rising 
Intertidal y 12/08/2021 78º13.393'N 15º41.957'E 13:39 90 Rising 
Intertidal z 12/08/2021 78º13.366'N 15º41.997'E 14:30 118 Rising 

River x 12/08/2021 78º12.287'N 15º49.440'E 10:10 30 Falling 
River y 12/08/2021 78º12.274'N 15º49.467'E 10:00 33 Falling 
River z 12/08/2021 78º12.258'N 15º49.560'E 09:45 37 Falling 
Fjord x 16/08/2021 78º13.154'N 15º40.953'E 11:45 78 Falling 
Fjord y 16/08/2021 78º14.154'N 15º40.953'E 12:10 69 Falling 
Fjord z 16/08/2021 78º13.854'N 15º40.572'E 12:25 64 Falling 

Subtidal x 17/08/2021 78º13.957'N 15º41.553'E 13:55 58 Falling 
Subtidal y 17/08/2021 78º13.902'N 15º41.406'E 14:18 53 Falling 
Subtidal z 17/08/2021 78º13.855'N 15º41.240'E 14:38 52 Falling 

Intertidal x 10/09/2021 78º13.426'N 15º42.036'E 10:35 9 Rising 
Intertidal y 10/09/2021 78º13.411'N 15º42.056'E 10:15 7 Low 
Intertidal z 10/09/2021 78º13.393'N 15º41.936'E 11:00 16 Rising 

River x 10/09/2021 78º12.290'N 15º49.429'E 13:30 90 Rising 
River y 10/09/2021 78º12.269'N 15º49.444'E 13:08 78 Rising 
River z 10/09/2021 78º12.261'N 15º49.531'E 12:50 66 Rising 
Fjord x 13/09/2021 78º14.147'N 15º40.990'E 12:11 37 Low 
Fjord y 13/09/2021 78º14.044'N 15º40.692'E 12:30 37 Low 
Fjord z 13/09/2021 78º13.952'N 15º40.565'E 12:47 39 Rising 

Subtidal x 14/09/2021 78º13.954'N 15º41.527'E 13:23 45 Rising 
Subtidal y 14/09/2021 78º13.898'N 15º41.408'E 13:43 47 Rising 
Subtidal Z 14/09/2021 78º13.861'N 15º41.278'E 14:05 51 Rising 
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Figure A1. Map of all sampling sites, colored by month. Circles represent sediment samples while triangles rep-
resent adjacent water samples (one collected from each station, each month). Green line demarcates medium high 
tide level (Norwegian Mapping Authority). Satellite image from August 14, 2021 retrieved from Sentinel EO 
Browser. 
 

 

 

 
Table A2. Substrates included in Biolog EcoPlatesTM, grouped according to molecular guilds (Sala et al. 2010).  

Amines Carbohydrates Carboxylic Acids Phenolic Compounds 
Phenylethylamine D-Cellobiose D-Galacturonic Acid 2-Hydroxy Benzonic Acid 
Putrescine D-Galactonic Acid y-Lactone D-Glucosaminic Acid 4-Hydroxy Benzonic Acid 
 D-Mannitol D-Malic Acid  
Amino Acids D-Xylose Glycyl-L-Glutamic Acid Polymers 
L-Arginine D,L-!-Glycerol Phosphate Itaconic Acid Glycogen 
L-Asparagine Glucose-1-Phosphate Pyruvic Acid Methyl Ester Tween 40 
L-Phenylalanine i-Erythritol	 !-Ketobutyric Acid Tween 80	
L-Serine N-Acetyl-D-Glucosamine #-Hydroxybutyric Acid !-Cyclodextrin 
L-Threonine !-D-Lactose   
 $-Methyl-D-Glucoside   

 
 
 
 

Fjor

Sub-

Inter-

River 
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Table A3. Sediment samples used for Biolog EcoPlatesTM. One replicate site was used for each station from June 
through September. In May, only intertidal and fjord samples were collected, and only results from the fjord 
sediments plate are included in this study for comparison to the melt season samples..  
 

Station May June July August September 

River  6.River.x 7.River.y 8.River.z 9.River.z 

Intertidal 5.Intertidal.x 6.Intertidal.z 7.Intertidal.x 8.Intertidal.y 9.Intertidal.x 

Subtidal  6.Subtidal.y 7.Subtidal.y 8.Subtidal.y 9.Subtidal.y 

Fjord 5.Fjord.y 6.Fjord.x 7.Fjord.y 8.Fjord.y 9.Fjord.x 
 
 
 

 
Figure A2. Boxplots showing (A) salinity, (B) total SPM, and (C) organic content of SPM of adjacent water from 
each station from all months and Seawater Lab water (used in sediment suspensions for EcoPlates). Points repre-
sent individual water samples, with shape displaying month. Particulates were not analyzed in Seawater Lab water 
as it was pre-filtered.  
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Figure A3. Boxplots showing inorganic nutrient concentrations from (A) adjacent water samples and (B) porewa-
ter samples. Points represent individual samples, with shape showing the month. Phosphate, ammonium, silicate, 
and nitrate are all shown in µmol/L, on log-scaled y-axes. Seawater Lab water was used in sediments suspensions 
for EcoPlates.  
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Table A4. Read counts for each sample following processing steps. Bolded samples were removed from down-
stream analyses due to low read counts. In Sample, F denotes fjord, S subtidal, I intertidal, R river, and B extraction 
blanks.  

 
 

Sample Input 

Remove 
seq. w/ 
ambig. 
nucleo. 

Primers 
clipped 
(remove 
w/ out 
primers) 

Quality 
filter 
and 
truncate 

Denoise 
Forward 

Denoise 
Reverse Merge 

Remove 
chim. 

Remove 
euk., 
chloro., 
mitochon.  

Remove 
contam. 

Remove 
singls. 

5-F-x 83030 66715 66274 55623 52007 53403 47059 45295 44290 44290 39429 
5-F-y 67228 53873 53509 44647 41586 42688 37643 36242 35637 35637 32570 
5-F-z 37625 30224 29966 24926 23339 23924 21574 20954 20086 20086 19133 
5-I-x 741 593 557 361 303 320 286 282 186 186 169 
5-I-y 26632 21362 21208 17553 16885 17081 16149 15973 13321 13321 12646 
5-I-z 14527 11669 11562 9610 9124 9263 8677 8556 7743 7742 7457 
6-S-x 37019 29626 29385 24711 23956 24197 23133 22866 22388 22385 21127 
6-S-y 56548 45508 45188 38063 35437 36588 31371 30450 29325 29325 28373 
6-S-z 59745 48117 47768 39803 37219 38173 33166 32291 31508 31508 30523 
6-F-x 54020 43954 43585 35233 33767 34510 30548 28008 26861 26861 26517 
6-F-y 79069 63551 63173 53251 51434 52299 47497 43401 40735 40735 40079 
6-F-z 63531 50920 50593 42489 41496 42105 39541 37321 34762 34762 34299 
6-R-x 71950 57727 57317 47284 44369 45179 39215 37917 37194 37194 34010 
6-R-y 52779 42509 42188 34921 32644 33189 28784 27787 26922 26916 25509 
6-R-z 48705 39266 38975 32429 30102 30652 26314 25405 24658 24657 23560 
6-I-x 16130 12953 12838 10444 9880 9991 9169 8981 8820 8820 8476 
6-I-y 22503 18149 17996 14928 13878 14166 12771 12494 12370 12370 11813 
6-I-z 45397 36467 36183 30026 28158 28724 25760 25133 24824 24824 22786 
7-S-x 24517 19652 19480 16306 15506 15764 14497 14205 13806 13806 13528 
7-S-y 30145 24295 24079 20080 19258 19509 18173 17825 17372 17372 17059 
7-S-z 1965 1528 1478 1173 1073 1099 1005 988 972 971 925 
7-F-x 77070 62042 61583 52108 49137 50790 42753 40972 40277 40277 38715 
7-F-y 89484 71972 71440 60522 57979 59418 51795 47415 44957 44957 44043 
7-F-z 54998 44374 44000 36790 34899 35818 30910 29246 28389 28385 27792 
7-R-x 31109 24899 24681 20324 19088 19415 17116 16549 15994 15994 15466 
7-R-y 39173 31382 31153 25381 23650 24173 21078 20420 19339 19339 18392 
7-R-z 40384 32494 32235 26396 25028 25272 22319 21727 21490 21490 20126 
7-I-x 45355 36305 36042 29284 28224 28551 26383 25821 25007 25007 24303 
7-I-y 24615 19633 19450 15831 15235 15359 14188 13948 13418 13417 13113 
7-I-z 8197 6584 6508 5268 4925 5009 4492 4387 4256 4256 4130 
8-S-x 51215 41017 40612 33739 32076 32783 29322 28422 28215 28214 27698 
8-S-y 52303 42039 41722 34292 32699 33441 29987 29233 28818 28818 28238 
8-S-z 67490 54239 53817 44864 42485 43426 39179 38207 37832 37831 36592 
8-F-x 44897 36258 35934 30176 28602 29289 26106 25420 25200 25196 24619 
8-F-y 75978 61215 60788 51475 49023 50019 44186 42931 42470 42470 41428 
8-F-z 46483 37338 37074 31167 29832 30356 27844 27205 26941 26941 26508 
8-R-x 31608 25400 25159 20804 19681 19911 17882 17411 16958 16958 16234 
8-R-y 26187 21076 20853 16888 15919 16217 14340 13955 13681 13679 13257 
8-R-z 18365 14865 14685 12183 11517 11677 10627 10282 9727 9727 9354 
8-I-x 22185 17874 17715 14519 13830 14031 12850 12598 12180 12180 11880 
8-I-y 30719 24631 24412 20317 19250 19582 17870 17378 15807 15807 15295 
8-I-z 41241 33191 32844 26999 25669 26031 23892 23372 20732 20732 19404 
9-S-x 43457 34838 34544 28873 27828 28256 26244 25618 25488 25488 25052 
9-S-y 47028 37957 37636 31702 30417 30931 28184 27460 27311 27311 26927 
9-S-z 44378 35567 35265 29565 28068 28702 25737 25167 24655 24655 24068 
9-F-x 43882 35334 35063 29398 27586 28507 24094 23200 22756 22756 22311 
9-F-y 30259 24293 24074 20077 18885 19465 16762 16268 16037 16037 15668 
9-F-z 44694 35868 35560 29857 28265 28993 25499 24656 24361 24361 23690 
9-R-x 27339 21904 21717 17914 17102 17368 15800 15388 14905 14905 14478 
9-R-y 20397 16375 16212 13251 12628 12806 11673 11356 10953 10953 10650 
9-R-z 33456 26837 26594 21862 21026 21203 19476 19005 18478 18478 18089 
9-I-x 42417 33790 33499 27776 26829 27110 25249 24722 23350 23350 22791 
9-I-y 44573 35838 35569 29699 28484 28890 26389 25748 24406 24406 23756 
9-I-z 51106 40837 40482 34050 32790 33244 30817 30195 27054 27054 26079 
B-1 202 145 122 34 16 7 6 6 6 NA NA 
B-2 119 93 78 16 4 3 1 1 1 NA NA 
B-3 89 62 52 17 4 3 3 3 3 NA NA 
B-4 132 107 92 36 19 20 18 18 18 NA NA 
B-5 4818 3919 3873 3157 2236 2545 1225 1225 1225 NA NA 

 



 78 

Table A5. KO genes or enzymes related to KEGG reactions or pathways of interest, as defined by the KEGG 
database, used to investigate targeted functions.		
	

Metabolic Function Kegg Orthologs 
Denitrification K00370, K00371, K00374, K02567, K02568, K00368, K15864, K04561, 

K02305, K00376 
Nitrification K10944, K10945, K10946, K10535 
Nitrogen Fixation K02588, K02586, K02591, K00531, K22896, K22897, K22898, K22899 
Phosphate utilization (organic) K01514, K01524 
Sulfate reduction (dissimilatory 
and assimilatory) 

K00958, K00394, K00395, K11180, K11181, K13811, K00958, K00860, 
K00955, K00957, K00956, K00957, K00860, K00390, K00380, K00381, 
K00392 

Iron oxidation K03594, K13624, K14735, K19054, K22336, K22552 
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Figure A4. (A) Hourly air temperature from May through October in Adventdalen (station SN99870) retrieved 
from the Norwegian Meteorological Institute (MET Norway). (B) Sensor data from the NIVA operated mooring 
in Adventelva (A. Poste/NIVA, unpublished data). Solid red lines show dates of main sampling campaigns in the 
river and intertidal while dashed blue lines show dates of higher frequency monitoring. Purple triangles are values 
measured with hand-held sensors (Andersen in press). (C) Sensor data from the NIVA operated bouy in Ad-
ventfjord (A. Poste/NIVA, unpublished data). Solid red lines show dates of main sampling campaigns in the fjord. 
Missing data is due to electronic failures.  

A 

B 

C 



 80 

 
Figure A5. Distribution of grain size fractions in each sample, as determined through wet sieving. Each bar shows 
the distribution of a single sediment sample.  
 

 
Figure A6. Boxplots displaying environmental variables for each sediment sampling site, grouped by station and 
month. (A) Percent by mass of the sediment less than 63µm. (B) Porosity of the sediment (water content by 
volume). (C) Organic matter content of sediments as determine by LOI. (D) Sediment temperature, not recorded 
in May. (E) Salinity of the porewater.  
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Figure A7. Boxplots displaying indicators of organic matter quality for each sediment sampling site, grouped by 
station and month. Colors show stations. (A) Chl-a concentration. The y-axis is log-scaled for increased resolu-
tion. (B) Percentage of phaeopigments out of total sediment pigments. (C) cDOM absorbance coefficient at 245 
nm. (D) cDOM E2/E3 ratio. (E) cDOM spectral slope from 350 to 400 nm.   
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Figure A8. Boxplots displaying alpha diversity metrics for all samples from each station using (A) the rarefied 
community dataset, (B) the standardized community dataset, and (C) the non-normalized community dataset. 
Points represent individual samples, and their shape displays month.  

 

 
 

 
Figure A9. Venn Diagram displaying shared and unique ASVs from each station across all sampling months as 
evaluated on the rarefied dataset to remove artefacts of differential read counts for samples. 
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Figure A10. CCA with community composition constrained by station and month. Community composition was 
transformed to proportions before ordination. Centroids of each factor are displayed, months in red and stations 
in blue. Together, station and month explained 44% of the variation in community composition. (Inset) Variance 
partitioning on the model showed that station explained 26% of the variation in community composition and 
month explained 12%, with no overlap between the two.  
 

  

Station Month 
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Table A6. Results of Dunn’s post-hoc test comparing sediment characteristics between clusters. Adjusted p-val-
ues (Benjamini-Hochberg 1995) less than 0.025 are in bold.  

 

 

Table A7. Results of Dunn’s post-hoc test comparing porewater chemistry between clusters. Adjusted p-values 
(Benjamini-Hochberg 1995) less than 0.025 are in bold.  

 

 

Table A8. Results of Dunn’s post-hoc test comparing indicators of organic matter between clusters. Adjusted p-
values (Benjamini-Hochberg 1995) less than 0.025 are in bold.  

 

Z p Z p Z p Z p Z p Z p

Intertidal Late-Marine 2.45 0.02 4.08 0.00 4.65 0.00 -4.37 0.00 -4.35 0.00 -4.58 0.00
Intertidal Post-Bloom -0.20 0.42 1.70 0.09 1.64 0.10 -1.78 0.07 -2.50 0.01 -2.73 0.01
Late-Marine Post-Bloom -2.12 0.04 -1.55 0.09 -2.06 0.05 1.69 0.08 0.98 0.23 0.95 0.19
Intertidal Pre-Melt -1.90 0.06 -0.23 0.45 0.91 0.26 -0.09 0.46 -0.02 0.49 -0.99 0.20
Late-Marine Pre-Melt -3.95 0.00 -3.75 0.00 -3.12 0.00 3.67 0.00 3.73 0.00 2.99 0.00
Post-Bloom Pre-Melt -1.37 0.14 -1.73 0.10 -0.73 0.29 1.54 0.09 2.25 0.02 1.65 0.08
Intertidal River -0.89 0.23 0.07 0.47 0.29 0.39 0.19 0.47 0.46 0.40 0.60 0.27
Late-Marine River -3.22 0.00 -3.87 0.00 -4.20 0.00 4.39 0.00 4.63 0.00 5.00 0.00
Post-Bloom River -0.51 0.34 -1.61 0.09 -1.37 0.14 1.89 0.07 2.80 0.01 3.13 0.00
Pre-Melt River 1.07 0.20 0.29 0.48 -0.64 0.29 0.25 0.50 0.42 0.38 1.48 0.10

Group1 Group2

>250µm (%) 125-250µm (%) 63-125µm (%) <63µm (%) Porosity Organic  (%)

Z p Z p Z p Z p Z p

Intertidal Late-Marine -2.78 0.00 -3.31 0.00 -4.27 0.00 -2.44 0.04 0.82 0.30
Intertidal Post-Bloom -3.28 0.00 -4.09 0.00 -3.01 0.00 -2.23 0.03 -1.44 0.15
Late-Marine Post-Bloom -1.01 0.19 -1.55 0.09 0.24 0.41 -0.37 0.39 -2.04 0.10
Intertidal Pre-Melt -3.50 0.00 -3.97 0.00 -2.25 0.02 0.35 0.36 -1.65 0.12
Late-Marine Pre-Melt -1.00 0.18 -1.01 0.19 1.53 0.09 2.48 0.06 -2.34 0.10
Post-Bloom Pre-Melt 0.09 0.46 0.64 0.29 1.00 0.18 2.34 0.03 0.03 0.49
Intertidal River 2.08 0.03 -0.18 0.43 1.06 0.18 -0.54 0.37 -1.05 0.25
Late-Marine River 4.68 0.00 3.06 0.00 5.22 0.00 1.86 0.06 -1.83 0.11
Post-Bloom River 4.83 0.00 3.90 0.00 3.77 0.00 1.80 0.06 0.64 0.29
Pre-Melt River 5.19 0.00 3.75 0.00 3.14 0.00 -0.82 0.30 0.70 0.30

Group1 Group2

Salinity (PSU) PO4 (µmol/L) NH4 (µmol/L) SiO2 (µmol/L) NO3/NO2 (µmol/L)

Z p Z p Z p Z p Z p

Intertidal Late-Marine -0.64 0.26 -1.64 0.08 -3.95 0.00 -1.44 0.08 -0.86 0.24
Intertidal Post-Bloom -3.40 0.00 1.23 0.14 -3.11 0.00 1.61 0.08 0.34 0.37
Late-Marine Post-Bloom -2.82 0.01 2.49 0.02 -0.11 0.46 2.68 0.01 0.98 0.23
Intertidal Pre-Melt -2.57 0.01 1.29 0.14 -1.48 0.09 -3.55 0.00 -3.57 0.00
Late-Marine Pre-Melt -1.95 0.03 2.67 0.01 1.87 0.05 -2.29 0.02 -2.80 0.01
Post-Bloom Pre-Melt 0.96 0.19 -0.05 0.48 1.62 0.08 -4.29 0.00 -3.16 0.00
Intertidal River 2.29 0.02 -2.22 0.03 1.23 0.12 -2.35 0.02 -1.22 0.18
Late-Marine River 2.82 0.00 -0.57 0.32 5.09 0.00 -0.90 0.18 -0.36 0.40
Post-Bloom River 5.11 0.00 -2.95 0.01 4.01 0.00 -3.37 0.00 -1.25 0.21
Pre-Melt River 4.47 0.00 -3.17 0.01 2.49 0.01 1.51 0.08 2.49 0.02

Phaeo (%) a254 nm E2/E3 Slope 350-400
Group1 Group2

Chl-a (µg/L)
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Figure A11. Non-metric multidimensional scaling (NMDS) ordinations using Bray-Curtis dissimilarities of com-
munity functional potential based on KEGG metabolic pathways predicted with Tax4Fun (stress = 0.05). Colors 
show clusters, as defined from hierarchical clustering analysis (see Figure 7A). 
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Figure A12. Heatmap displaying differential abundances of metabolic and degradation potential functional ca-
pacities predicted with Tax4Fun as based on taxonomic assignment. Potential functions were z-scaled for com-
parison across samples, and samples are grouped by cluster. Blue indicates a relatively high abundance while red 
indicates a relatively low abundance. 
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Figure A13. Redundancy analyses (RDA) on community composition and environmental variables. Community 
composition was (A) Hellinger-transformed and (B) centered-log-ratio (CLR) transformed prior to ordination. 
Environmental variables were z-scaled. The same legend applies to both figures. 

B) CLR 

A) Hellinger 
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Figure A14. Heatmap displaying median area under the curve (AUTC) for each substrate on Biolog EcoPlates, 
with plates grouped by station and salinity of suspension water (n=4). May presents results from only one plate 
with fjord sediments suspended in deep fjord water and incubated at 4ºC for comparison. Substrates are grouped 
by molecular guild, according to Sala et al. (2010). Dark purple to black indicates rapid and high uptake of a 
substrate while light yellow indicates slower and lower uptake. Substrates that were not utilized are displayed in 
white.  
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Figure A15. Boxplot showing (A) average well color development (AWCD), (B) Inverse Simpson’s diversity 
index, and (C) Shannon’s diversity index from Biolog EcoPlates. Plates are grouped by sediment sampling loca-
tion and type of water used for sediment suspensions. Black points represent single plates, with shape depicting 
the sampling month. 
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Figure A16. Principal component analysis (PCA) using area under the curve (AUTC) for each substrate on each 
Biolog EcoPlate. Individual points are plates, colored by salinity treatment with shape showing sampling station. 
Brackish suspensions were only used for tidal flat sediments (intertidal and subtidal stations). (Inset) Variance 
partitioning on the model showed that individually salinity explained 40% of the variation in community level 
physiological profile and sampling station explained 2%, with 16% of the variation explained by both.  
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