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Abstract
Increasing glacial discharge can lower salinity and alter organic matter (OM) supply in fjords, but assessing

the biogeochemical effects of enhanced freshwater fluxes requires understanding of microbial interactions
with OM across salinity gradients. Here, we examined microbial enzymatic capabilities—in bulk waters (nonsize-
fractionated) and on particles (≥ 1.6 μm)—to hydrolyze common OM constituents (peptides, glucose, polysaccha-
rides) along a freshwater–marine continuum within Tyrolerfjord-Young Sound. Bulk peptidase activities were up
to 15-fold higher in the fjord than in glacial rivers, whereas bulk glucosidase activities in rivers were twofold
greater, despite fourfold lower cell counts. Particle-associated glucosidase activities showed similar trends by salin-
ity, but particle-associated peptidase activities were up to fivefold higher—or, for several peptidases, only
detectable—in the fjord. Bulk polysaccharide hydrolase activities also exhibited freshwater–marine contrasts: xylan
hydrolysis rates were fivefold higher in rivers, while chondroitin hydrolysis rates were 30-fold greater in the fjord.
Contrasting enzymatic patterns paralleled variations in bacterial community structure, with most robust composi-
tional shifts in river-to-fjord transitions, signifying a taxonomic and genetic basis for functional differences in
freshwater and marine waters. However, distinct dissolved organic matter (DOM) pools across the salinity gradi-
ent, as well as a positive relationship between several enzymatic activities and DOM compounds, indicate that
DOM supply exerts a more proximate control on microbial activities. Thus, differing microbial enzymatic capabili-
ties, community structure, and DOM composition—interwoven with salinity and water mass origins—suggest that
increased meltwater may alter OM retention and processing in fjords, changing the pool of OM supplied to coastal
Arctic microbial communities.

Heterotrophic microbial communities produce enzymes
that catalyze organic matter (OM) transformations in environ-
ments spanning the land to ocean gradient; these microbial
enzyme activities help determine the quantity and quality of
OM exported to coastal systems. Along freshwater-to-ocean
gradients, shifting physicochemical conditions exert pressure

on microbial communities, including salinity-driven changes
in community structure (Crump et al. 1999; Hewson and
Fuhrman 2004; Fortunato and Crump 2015). Findings that
compositionally distinct freshwater, estuarine, and marine
microbes can differentially utilize the same OM pool (Fellman
et al. 2010) suggest that differences in community members
have consequences for carbon bioavailability and turnover.
However, different levels of terrestrial and freshwater input
along these aquatic continua are also manifested in varying
ratios of autochthonous and allochthonous OM, which may
consequently influence microbial activities (Paulsen et al.
2018). Thus, a critical ecological question with biogeochemical
implications remains: to what extent do freshwater and marine
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The role that particulate matter play in shaping microbial
community composition and carbon remineralization also
remains largely unidentified in high latitude fjords (Sperling
et al. 2013; Osterholz et al. 2014; Jain et al. 2019). Studies
from other aquatic environments demonstrate that particles
can host bacterial communities with distinct composition
(DeLong et al. 1993; Schmidt et al. 2016) and function
(Fernandez-Gomez et al. 2013; D’Ambrosio et al. 2014) com-
pared to their free-living counterparts. Furthermore, the compo-
sition of particle-associated bacterial communities differs across
river-to-ocean gradients (Crump et al. 1999; Ortega-Retuerta
et al. 2013; Biži�c-Ionescu et al. 2015), although functional differ-
ences between particle-associated taxa in freshwater andmarine
environments are not well understood (Simon et al. 2014).
Analyses of sinking particulate matter and sediments in fjords
show evidence of both terrestrial and marine origins (Rysgaard
and Sejr 2007; Bourgeois et al. 2016; Cui et al. 2017),
suggesting that glacial discharge has the potential to shape
microbial community structure in fjords through particle
transport (Bhatia et al. 2013; Overeem et al. 2017; Jain et al.
2019). Indeed, estimates show that up to 90% of OM from the
Greenland Ice Sheet is in particulate form (Bhatia et al. 2013).
Moreover, high carbon burial rates in Arctic fjords (Glud et al.
1998; Smith et al. 2015; Sørensen et al. 2015) further imply
that particulate matter evades complete remineralization in
surface waters, and ultimately sinks to the bottom of fjords,
sustaining benthic heterotrophs. A fraction of the OM that
originated from the Greenland Ice Sheet may also be exported
to the Arctic Ocean (Lawson et al. 2014). As microbially medi-
ated particulate matter transformations in the water column
greatly affect the quantity and quality of carbon sources avail-
able to benthic heterotrophs and coastal microbial communi-
ties, determining the identity and OM-degrading capabilities
of particle-attached microbes across salinity gradients remains
a priority.

In this study, we investigated the enzymatic capabilities of
microbial communities to hydrolyze a range of organic sub-
strates in Tyrolerfjord-Young Sound, a fjord in northeast
Greenland in which a decrease in salinity has been observed
(Sejr et al. 2017). We used a suite of structurally diverse pep-
tide, glucose, and polysaccharide substrates, the hydrolytic
enzymes for which have been found active in a range of fresh-
water (Murrell et al. 1999; Stepanauskas et al. 1999) and
marine environments (Obayashi and Suzuki 2005; Arnosti
et al. 2011; Balmonte et al. 2018; Balmonte et al. 2019).
Moreover, these substrates and their constituent monomers
comprise a substantial fraction of aquatic OM pool (Benner
2002). We hypothesized that bacterial community composi-
tion, enzymatic activity patterns, and DOM composition
would vary strongly with salinity, a reflection of the different
origins of water masses in these systems: glacial and terres-
trial discharge transported to the fjord through rivers
vs. coastal inflow of Arctic Ocean-derived water. Additionally,
we hypothesized that particles discharged from glacial

microbial communities differ in their ability to initiate OM 
transformations, and are these distinct capabilities linked to 
variations in community composition, the external supply of 
OM, or both?

Characterizing biotic or abiotic control on microbial func-
tion along salinity gradients is especially relevant to forecast 
biogeochemical alterations in rapidly changing environments, 
in which salinity-related disturbances have been documented 
and continue to persist. For example, increased glacial dis-
charge from the Greenland Ice Sheet, measured over a decade 
(2003–2015), has resulted in the freshening of subsurface 
waters in Tyrolerfjord-Young Sound in northeast Greenland 
(Sejr et al. 2017). However, the biogeochemical impacts of 
recent hydrological changes in this system—and, by exten-
sion, in similar fjord systems within the Arctic—remain elu-
sive due to limited information about microbial communities 
and their activities. With few studies on microbial community 
structure in fjords (e.g., Zeng et al. 2009; Teske et al. 2011; 
Gutiérrez et al. 2015; Paulsen et al. 2017), on substrate prefer-
ences and enzymatic capabilities of freshwater and marine 
microbial taxa (Murrell et al. 1999; Stepanauskas et al. 1999; 
Eiler et al. 2014), and limited integrations between these 
parameters, the functional consequences of microbial commu-
nity composition (Osterholz et al. 2016) across salinity gradi-
ents is little understood.

On the other hand, spatially distinct microbial activity 
and OM bioavailability patterns in river-to-fjord systems  
may be more proximately linked to differences in dissolved 
organic matter (DOM) supply (Lawson et al. 2014; Paulsen 
et al. 2017, 2018). Whereas riverine microbial communities in 
glacier-influenced Arctic rivers have access to allochthonous 
OM from glacial and terrestrial runoff (Hood and Scott 2008; 
Paulsen et al. 2017), coastal microbial assemblages have greater 
exposure to OM from autochthonous primary production, in 
addition to allochthonous OM from the heavily terrestrially 
influenced Arctic coastal water inflow (Amon et al. 2003). 
Autochthonous OM, especially nitrogen-rich components 
(Osterholz et al. 2014), can be mineralized rapidly by pelagic 
microbial communities, while allochthonous compounds may 
be relatively resistant to microbial remineralization (Paulsen 
et al. 2017). However, a considerable fraction of relict OM 
exported from glacial meltwater is, counterintuitively, effi-
ciently degraded by coastal microbial communities (Hood et al. 
2009; Lawson et al. 2014; Paulsen et al. 2017). Data from tem-
perate and tropical systems suggest that along river-to-ocean 
transitions, freshwater microbial communities are attuned to 
the decomposition of carbohydrate-rich (Murrell et al. 1999; 
Cunha et al. 2000) and allochthonous OM (Ghai et al. 2011), 
while their marine counterparts may specialize in the break-
down of proteinaceous constituents. These patterns and pro-
cesses underscore the biogeochemical consequences of 
freshwater and marine microbial interactions with varying OM 
pools, although they remain to be examined in high latitude 
coastal environments.



terminus to the fjord about 300 m downstream. The Tyro-R
sampling site is about 250 m from the glacial terminus, and is
estimated to be 100% glacial river. Ler-R is influenced by local
glaciers (Paulsen et al. 2017), and runs from the glacial termi-
nus to the fjord about 700 m downstream. Samples were col-
lected in Ler-R about 600 m from the glacial terminus, and are
also estimated to contain 100% glacial water. Zac-R has the
most terrestrial and vegetative influence, receives input from
two lakes, and is the largest river in the region. This river runs
from the glacial terminus and drains into the fjord about
15 km downstream. Zac-R samples were collected about 400 m
upstream of the fjord, and, while the vast majority of freshwa-
ter in August is from glaciers, the carbon content is strongly
modified by the vegetation in the catchment (Paulsen et al.
2017). Surface (D1) and subsurface (D2) water samples were
also collected at transition (T) sites where the rivers transition
into the fjord: Tyro-T (ca. 1.4 km from Tyro-R), Ler-T (ca. 1.1 km
from Ler-R), and Zac-T (ca. 1.4 km from Zac-R). Together, these
locations are referred to as “river transition sites.” Only the sur-
face water at the river transition sites has a prominent freshwa-
ter signature, as waters below 20 m based on salinity are largely
marine; thus, the surface waters at the river transition sites will
be referred to as “river plumes.” Surface and subsurface samples
were also taken within the Young Sound (YS) fjord, as well as at

Fig. 1. Map of Tyrolerfjord-Young Sound. Sampling sites in the river (light gray), river transition sites (dark gray), and fjord and Greenland Sea (black) are den-
oted. Distances between river and river transition sites are included in “Materials and methods” section. “YS” and “GS” stand for Young Sound and Greenland
Sea, respectively. The dashed line represents the basin of Tyrolerfjord-Young Sound. The land-based research station is located in Daneborg.

rivers—a relatively unexplored source of microbial diversity 
in high latitude fjords—would host bacterial communities 
with distinct composition and range of enzymatic capabili-
ties compared to those on autochthonous particles in the 
fjord. The extent to which freshwater vs. marine microbial 
communities differ in their ability to degrade and turnover 
specific compounds in the coastal Arctic has implications for 
future carbon processing in fjords, which are forecasted to 
continue experiencing salinity decreases (Sejr et al. 2017) and 
changes in OM pools (Hood and Scott 2008; Hood et al. 
2015) owing to increased glacial melt.

Materials and methods
Site description and sample collection

Samples were collected during the summer melt season from 
02 August 2015 to 17 August 2015 in Tyrolerfjord-Young 
Sound (Fig. 1). Surface-water samples were collected in 20-liter 
carboys from three main rivers with runoff from land-
terminating glaciers that feed into Tyrolerfjord-Young Sound: 
Tyroler River (Tyro-R), Lerbugten River (Ler-R), and Zackenberg 
River (Zac-R); together, these sites will be referred to as “rivers.” 
Tyro-R has the largest catchment area of the three rivers 
(Bendtsen et al. 2014), and runs from the Greenland Ice Sheet



samples were incubated for 6–8 h at in situ temperature on a
small plankton wheel to ensure that particles remained
suspended. After incubation, live samples were fixed with
0.5 mL of 100% TCA. Live and blank samples were then fil-
tered through 0.2 μm cellulose nitrate filters that were
prewashed with MilliQ, using filtration manifolds that were
prechilled at −20�C. Glass vials and filtration towers were rinsed
five times with approximately 200 mL of 5% ice cold TCA. Filters
were stored at −20�C in plastic vials and transferred back to
the institutional laboratory, where 5 mL of scintillation cocktail
was added and the samples were counted on a Perkin Elmer
Liquid Scintillation Analyzer (Tri-Carb 2800TR). Results were
converted to bacterial production by assuming production of
2.0 × 1018 cells per mole of 3H thymidine fixed (Smith and
Clement 1990).

Samples for bacterial cell counts were fixed in 0.5% glutar-
aldehyde and stored at 5�C. The cell numbers were quantified
in both bulk water and free-living fractions (< 1.6 μm) by flow
cytometry (BD FACSCanto II). Prior to analysis, bulk samples
with particles were sonicated for 15 s three times to release the
particle associated communities, and cells were stained with
SYBR Green I (Molecular Probes, Eugene, Oregon, U.S.A.) at a
final concentration of 10−4 of the commercial stock solution
following the procedure of Marie et al. (1999). Samples con-
taining high concentrations of inorganic particles were diluted
5–20 times in TRIS-EDTA buffer to eliminate interference dur-
ing quantification.

Peptidase and glucosidase activity assays
Activities of five exo- (terminal cleaving) and endo-

acting (mid-chain cleaving) peptidases were measured using
low-molecular-weight substrate analogs labeled with 7-amido-
4-methylcoumarin (MCA): Leucine-aminopeptidase (Leucine-
MCA), AAF-chymotrypsin (Alanine–Alanine-Phenylalanine-MCA),
AAPF-chymotrypsin (Alanine–Alanine-Proline-Phenylalanine-
MCA), FSR-trypsin (Phenylalanine-Serine-Arginine-MCA),
QAR-trypsin (Glutamine-Alanine-Arginine-MCA). Addition-
ally, activities of two glucosidases were also measured using
substrate analogs labeled with 4-methylumbelliferone (MUF):
α-glucosidase (α-D-glucopyranoside-MUF), and β-glucosidase
(β-D-glucopyranoside-MUF). Leucine aminopeptidase cleaves
peptide bonds adjacent to leucine residues (Obayashi and
Suzuki 2005)—as well as other amino acids through non-
specific hydrolysis (Steen et al. 2015)—at the N-terminus. Chy-
motrypsins are endopeptidases that hydrolyze midchain
peptide bonds next to a large hydrophobic amino acid, such as
phenylalanine. Trypsins are also endopeptidases that cleave
midchain peptide bonds adjacent to arginine. α-glucosidase
cleaves bonds that release α-linked glucose,whereas β-glucosidase
hydrolyzes bonds that free β-linked glucose (Barman 1969).
These substrates were chosen to measure a range of exo-acting
and endo-acting enzymes (Obayashi and Suzuki 2005; Steen and
Arnosti 2013) that hydrolyze proteins and carbohydrates, which
are typical constituents of OM (Benner 2002). However, as these

the mouth of the fjord close to the East Greenland Sea (GS): 
these stations are YS-1, YS-2, and GS, respectively, and collec-
tively referred to as “fjord sites.” Note also that four of the sites 
in this study (Tyro-T, YS-1, YS-2, and GS) are part of the Green-
land Ecosystem Monitoring (GEM) MarinBasis program, and for 
clarity were renamed here. The original names of these stations 
as part of the MarinBasis program are as follows: Tyro_01 (Tyro-T), 
YS_3.18 (YS-1), YS_3.06 (YS-2), and GH_02 (GH).

Water samples from river transition sites and in the fjord 
were collected using Niskin bottles mounted with a conductiv-
ity, temperature, depth (CTD) sensor aboard the R/V Aage 
V. Jensen. As the volumes required for this work were large, 
water samples for all experiments could not be collected from 
the same Niskin bottle; however, water samples for the same site 
and depth were collected from the same CTD cast. Experiments 
were conducted at the land-based research station in Daneborg. 
Frozen samples collected as described below were transported 
back to the institutional laboratories for further processing.

Particle characteristics
Water samples were filtered through 0.45 μm Millipore mixed 

cellulose esters membrane filters, and the retained material was 
removed from the filters in plastic beakers placed in an ultra-
sonic bath. Samples were subsequently dispersed using a 
Bandelin Sonopuls HD2200 Sonifier and particle size distri-
butions were measured using a Malvern Mastersizer E/2000 
laser-sizer. To quantify suspended particulate matter (SPM) con-
centrations, water samples (1–5 L, depending on sediment con-
centrations) were filtered through 0.45 μm Millipore mixed 
cellulose esters membrane filters or 0.7 μm Whatman GF/F  filters. 
The filters were dried for 2 h at 60�C and weighed. Three 
deionized water blanks—using the same water volume and filter 
type as with the bulk samples—were processed identically per 
batch of samples to be used as controls. The organic content 
was estimated by loss on ignition (LOI) on the dried and 
weighed filters. Filters were ignited at 550�C for 2 h  and sub-
sequently weighed. Triplicate blanks were processed similarly 
for each batch of samples.

Bacterial production and cell counts
Measurements of bacterial production and abundance were 

made on bulk water and free-living (< 1.6 μm) fractions. 
Bacterial production was estimated from 3H-thymidine incor-
poration rates (Riemann et al. 1982). Triplicate incubations 
with 3H-thymidine and either bulk water or 1.6 μm-filtered 
water were set up in 100 mL glass bottles, with three addi-
tional sterile-filtered samples (0.2 μm) per set of bottles as 
blanks. 3H-thymidine was added to the live triplicates to a 
final concentration of 10 nmol L−1. Based on a different 
study, 3H-thymidine incorporation rates increased rapidly 
with increasing substrate concentrations up to 10 nmol L−1, 
but rates increased only incrementally above this concentra-
tion (Hollibaugh 1988). Blank samples were immediately 
fixed with 0.5 mL of 100% trichloroacetic acid (TCA), and all



fucoidan (sulfated fucose), arabinogalactan (arabinose and galac-
tose), and chondroitin sulfate (sulfated N-acetylgalactoseamine
and glucuronic acid) (Arnosti 2003; Teske et al. 2011). These sub-
strates were chosen as they are produced by phytoplankton
(Painter 1983) and terrestrial plants, as is the case for xylan
(Opsahl and Benner 1999), Additionally, mono- and oligomers
of these polysaccharides are detected in the marine organic mat-
ter pool (Benner 2002), as well as on the surface of the Greenland
Ice Sheet (Stibal et al. 2010). Enzymes hydrolyzing these polysac-
charides have been demonstrated to occur in marine bacteria
(e.g., Alderkamp et al. 2007; Elifantz et al. 2008; Neumann
et al. 2015).

Bulk water incubations were carried out following esta-
blished procedures (Teske et al. 2011; Balmonte et al. 2018).
Briefly, 15 mL of bulk water (in triplicate) and a single 15 mL
sample of autoclaved water (as a killed control) were amended
with a single substrate at a concentration of 3.5 μmol L−1

monomer equivalent. Due to its lower fluorescence, fucoidan
was added to a final concentration of 5.0 μmol L−1 monomer
equivalent. These concentrations were chosen to ensure suffi-
cient fluorescent signal detection, and represent an addition
of 21–30 μmol L−1 C. Note that adding higher concentrations
of fluorescently labeled polysaccharides to samples would not
change the hydrolysis rates measured, but could delay the
timepoint at which hydrolysis is detected, since hydrolysis
is determined as the change in molecular weight of the total
added polysaccharide pool (Arnosti 2003). A live blank and
an autoclave blank were included in each sample set,
resulting in 26 incubations per site/depth. For particle-
associated measurements, GF/A filters containing particulate
matter—as described in “Peptidase and glucosidase activity
assays” section—were also used. Each filter piece was sub-
merged in 15 mL of cooled, ambient autoclaved water; the
live filter incubations were done in duplicates. One sterile
GF/A filter bit was used as a single killed control per sub-
strate. In total, 21 particle-associated incubations were made
for each site/depth.

Samples were incubated in the dark at near in situ tem-
perature (0�C, 5�C, or 8�C), and subsampled at specific time
intervals—t0 (0 h, upon substrate addition), t1 (120 h), t2
(240 h), t3 (360 h), and t4 (600 h). Subsamples at each time-
point were filtered through 0.2 μm pore size surfactant-free
cellulose acetate syringe filters, and the filtrate was collected
and frozen at −20�C until processing in the lab. Samples
were processed using gel permeation chromatography with
fluorescence detection, and hydrolysis rates were calculated
from changes in molecular weight of added substrates
(Arnosti 2003). To focus on maximum community poten-
tial, we report the maximum rates throughout the incuba-
tion in the main text. Maximum rates come from different
timepoints, and represent the greatest change in substrate
molecular weight per unit time during our incubation time
course. Data for all timepoints are in the Supporting Infor-
mation Fig. S1A–F.

substrates do not reflect the structural complexity and diversity 
of natural organic compounds, we additionally used high-
molecular-weight polysaccharide substrates to measure other 
potentially active hydrolytic enzymes (see “Polysaccharide 
hydrolase measurements” section).

All seven low-molecular-weight substrates were used to 
measure bulk water and particle-associated (≥ 1.6 μm) enzy-
matic activities. Note that all enzyme activities measured here 
are potential activities, since substrates added compete with 
naturally occurring substrates for enzyme active sites (Hoppe 
1983). Enzyme activities were measured in triplicate in bulk 
water by adding 4 mL of the sample to replicate cuvettes. An 
incubation containing autoclaved water (with substrate added 
after the water had cooled to room temperature) served as the 
killed control. This procedure was used for each of the seven 
substrates; in addition, for each site and depth, there was one 
live blank (no substrate added) and one autoclave blank 
(no substrate, only autoclaved water), resulting in 30 parallel 
incubations per site/depth. Each cuvette containing either live 
or autoclaved water was amended with one substrate to a con-
centration of 100 μmol L−1. This concentration has been used 
in enzymatic assays from other parts of the Arctic (Sala et al. 
2010; Arnosti 2015; Balmonte et al. 2018), although substrate 
saturation curves with Svalbard fjord waters indicate that this 
concentration—while close to substrate saturating conditions—
may underestimate Vmax of several enzymes by factors of 
1.5–2.8 (Steen and Arnosti 2013). The high cost of the trypsin 
and chymotrypsin substrates in any case limit the use of these 
substrates at higher concentrations.

To measure particle-associated enzyme activities, water 
samples were size-fractionated through a Whatman GF/A filter 
using gravity filtration to capture ≥ 1.6 μm particles. Gravity-
filtered water volumes ranged from approximately 1.02 L in 
the particle-rich rivers, up to 5.86 L in the subsurface waters of 
GS. GF/A filters containing particulate matter were evenly 
divided using sterile razor blades into 1/12th pieces. Each piece 
was submerged in a cuvette containing 4 mL of cooled, 
autoclaved water from the same station/depth as the live sam-
ples. In addition, killed controls consisted of sterile GF/A filters 
cut into 1/12th pieces. One killed control and duplicate live filter 
incubations were used for each of the seven substrates, totaling 
21 incubations per site/depth. Bulk water and particle-associated 
enzyme assays were incubated for up to 24 h and 16 h, respec-
tively, and fluorescence was measured at specific intervals (excita-
tion: 365 nm; emission: 440–470 nm) using a Turner Biosystems 
TBS-380 solid-state fluorimeter. Incubations were kept in the dark 
either at 0�C, 5�C, or 8�C, depending on in situ water tempera-
ture at the time of sampling.

Polysaccharide hydrolase measurements
Activities of polysaccharide hydrolyzing enzymes in bulk 

water and associated with particles (≥ 1.6 μm) were measured 
using six structurally distinct polysaccharides: pullulan [α(1,6)-
linked maltotriose], laminarin [β(1,3-glucose)], xylan (xylose),



DOM composition analyses
Water samples were initially filtered through GF/F filters to

remove larger particles and then processed largely following
Dittmar et al. (2008), by acidifying prior to extraction on pre-
cleaned (12 mL methanol, MS-grade) PPL cartridges (Agilent
Bond Elut PPL, 1 g resin, 6 mL volume). While DOM extrac-
tion efficiency was not measured in this study, a previous
comparison using river and brackish vs. marine water samples
from different regions indicated about 60% (river and brack-
ish) vs. 43% (marine) extraction efficiencies (Dittmar et al.
2008). Cartridges were rinsed with 0.01 mol L−1 HCl, and the
concentrated DOM was eluted using 12 mL methanol (MS-
grade), and stored in muffled 20 mL glass vials. Samples were
stored at −80�C until mass spectroscopic analyses.

To obtain a molecular fingerprint of the DOM pool, samples
were analyzed on a 6530-LC-QTOF-MS (Agilent Technologies,
Santa Clara, U.S.A.) using chromatographic and mass spectro-
metric settings, and feature extraction algorithms as previously
described (Hasler-Sheetal et al. 2016) with slight modifications.
Two milliliters of sample was dried in a speed-vac and rec-
onstituted in 100 μL of 0.1% formic acid in a methanol:water
mix before analysis on LC-QTOF-MS (Hasler-Sheetal et al.
2015). In a separate analysis, the relative concentrations of
specific substrates—including glucose, arginine, proline, and
leucine—were quantified to couple the rates of specific enzyme
activities with relative concentrations of enzymatic hydrolysis
products. Samples were derivatized, and glucose, arginine, pro-
line, and leucine were measured in concentrated DOM against
standards using a 7200 GC-QTOF-MS (Agilent Technologies,
Santa Clara, U.S.A.) following a previously established method
(Hasler-Sheetal et al. 2016). A complete DOM data set is not
available because samples from Tyroler and Lerbugten Rivers
were lost during transit.

The differences in DOM composition were analyzed using
CAP based on Bray-Curtis dissimilarities of ranked and square
root transformed data. The significance of dissimilarities
between groups was evaluated using “anosim” in the R pack-
age vegan. The relationship between DOM composition and
bacterial community (Bray-Curtis) dissimilarities was evalu-
ated using Mantel test. A similar analysis, conducted on
DOM composition dissimilarity calculated using Euclidean
distances, yielded similar results. Partial Mantel test was used
to test this relationship independent of salinity differences.
All linear regressions, including those between specific DOM
compounds and enzymatic activities, as well as between bac-
terial parameters and salinity, were performed using the “lm”

function on R.

Results
Water mass and particle characteristics

Rivers in Tyrolerfjord-Young Sound contained freshwater
with high SPM concentrations (Table 1), ranging from 234.4
to 552.3 mg L−1, likely due to subglacial and terrestrial

For all enzyme activity data, permutational analysis of vari-
ance (PERMANOVA) implemented on the R Package vegan 
(Oksanen et al. 2013) with the “adonis” function was used to 
partition the variations explained by sample type (bulk water 
vs. particles), differences in salinity, bacterial cell counts, and 
bacterial production. As the biotic variables did not signifi-
cantly correlate with differences in enzyme activities, we only 
retained sample type and salinity in the models. Bray-Curtis 
dissimilarity index was used to calculate a dissimilarity matrix 
for the enzyme activity rates.

Bacterial community composition analyses
At all sites and depths, approximately 1 L of water was col-

lected and filtered through a 0.2 μm Nucleopore membrane fil-
ter to capture bacteria for bulk water (nonsize-fractionated) 
bacterial community analyses. Filters with bacteria were stored 
at −80�C until subsequent DNA extraction and analyses. DNA 
was extracted from both the 0.2 μm Nucleopore membrane fil-
ters and the 1.6 μm GF/A filters (unused 1/12th pieces after 
particle-associated enzyme activity assays were set up). The 
Qiagen PowerSoil DNA Extraction kit was used following the 
manufacturer’s protocol. DNA samples were sent to the UNC 
Core Microbiome Sequencing Facility to sequence 16S 
rRNA genes using Illumina MiSeq PE 2 × 250, targeting the 
V1-V2 hypervariable region with the bacterial primers 8F 
(50- AGA GTT TGA TCC TGG CTC AG −30) and 338R (50-
GCT GCC TCC CGT AGG AGT −30). Sequence pairs were 
merged using fastq-join on QIIME (Caporaso et al. 2010). 
Merged reads were quality filtered, removing reads with 
70% of  the sequence below a phred  score of 24; quality  
control was verified by FastQC. Operational taxonomic 
units (OTUs, 97% sequence similarity) were picked de novo 
using default parameters on QIIME. Chimeric sequences 
were identified and removed using ChimeraSlayer (Haas 
et al. 2011), and sequences that were not present in at least 
two samples were removed. Greengenes database was used 
to classify the remaining OTUs (DeSantis et al. 2006). OTUs 
detected in the sequencing blank were excluded from fur-
ther analyses. Raw sequence files have been uploaded on 
the NCBI Sequence Read Archive with the accession num-
bers SRP140671.

The R package phyloseq (McMurdie and Holmes 2013) 
was used to rarefy the data set to 85,000 sequences per sam-
ple. Canonical analysis of principal coordinates (CAP) was 
conducted on the sequence data set with the Bray-Curtis 
dissimilarity index using vegan (Oksanen et al. 2013). Ana-
lyses of community dissimilarity (Bray-Curtis) on groupings 
of bacterial communities were conducted using the function 
“anosim” (analysis of similarity [ANOSIM]) in the package 
vegan with 999 permutations. The relationship between bac-
terial community dissimilarity and various environmental 
parameters was analyzed using PERMANOVA, as described 
above.



influence. River plumes contained a mixture of freshwater and
marine waters (12.55–15.52 PSU), with SPM concentrations
that gradually decreased along the river-fjord transition,
reaching values of only 7.8–95.3 mg L−1. Subsurface waters
(20 m) at the river transition sites were largely marine in origin
(31.33–31.52 PSU), and exhibited some of the lowest SPM
values, in the range of 2.0–5.8 mg L−1 (Table 2). Within the
fjord, surface waters were marine with comparatively little
freshwater signature, as indicated by salinity (27.83–29.05 PSU);

subsurface waters showed higher salinity values (29.48–31.23 PSU).
SPM values in the fjord were low, in the range of 1.2–7.7 mg L−1

(Table 3). In rivers, LOI values—a proxy for OM content—were
on average lower (2.5–6.3%; Table 1) compared to those within
the fjord (Table 3). In the river plumes, LOI ranged from 9.2% to
10.1%, while those in subsurface waters of the river transition
sites were higher (22.2–23.1%). LOI values in surface and subsur-
face waters within the fjord included the highest values mea-
sured, ranging from 12% to 40%. The smallest particles were
found in Zac-R (5.7 μm), but mean particle size from Ler-R
(17.8 μm) was comparable to those in the river transition sites
(Table 3). In the fjord, particles were even larger, and ranged from
10.4 to 29.6 μm(Table 3).

Bacterial cell counts and production
Bulk bacterial cell counts were lowest on average in rivers

(0.15 � 0.03 × 106 to 0.51 � 0.09 × 106 cells mL−1), and highest
in the fjord (3.0 � 0.69 × 106 to 3.5 � 0.09 × 106 cells mL−1);
this spatial trend was also observed for the free-living and
particle-associated communities (Tables 1–3). A linear regres-
sion of bacterial cell counts against salinity confirmed positive
and statistically significant relationships, the strongest of which
was observed for the free-living fraction (Supporting Informa-
tion Fig. S2C). For most stations and depths, particle-associated
bacterial cell counts were greater than those for the free-living
community. Bacterial production measurements were highly
variable and showed no general trend between environments
(Supporting Information Fig. S3A–C). However, lowest rates
of bulk bacterial production were measured in Tyro-R
(0.33 μg C L−1 d−1; Table 1) and in the surface and subsurface
waters of Tyro-T (0.46 μg C L−1 d−1 and 0.26 μg C L−1 d−1,

Tyro-R Ler-R Zac-R

Depth (m) 1 1 1

Temperature (�C) 2.2 1.9 4.2

Salinity (PSU) 0 0 0

Turbidity (FTU) NA NA NA

Oxygen (μmol L−1) NA NA NA

SPM (mg L−1) 316.1 552.3 234.4

LOI (%) 4.8 2.5 6.3

Mean particle size (μm) 8.5 17.8 5.7

BP—bulk (μg C L−1 d−1) 0.33 � 0.03 3.03 � 0.42 3.28 � 0.72

BP—PA (μg C L−1 d−1) 0.24 0.73 3.11

BP—FL (μg C L−1 d−1) 0.09 � 0.01 2.29 � 0.10 0.16 � 0.06

BA—bulk (106 cells mL−1) 0.29 � 0.02 0.15 � 0.03 0.51 � 0.09

BA—PA (106 cells mL−1) 0.19 0.08 0.24

BA—FL (106 cells mL−1) 0.10 � 0.08 0.07 � 0.03 0.27 � 0.01

BA, bacterial abundance (cell counts); BP, bacterial production; FL, free-living;
LOI, loss on ignition; NA, data not available; PA, particle-associated;
SPM, suspended particular matter.

Table 2. Physical, geochemical, and bacterial parameters measured in river transition sites. Standard deviations are shown where repli-
cate measurements are available.

Tyro-T surface Tyro-T subsurface Ler-T surface Ler-T subsurface Zac-T surface Zac-T subsurface

Depth (m) 2 20 2 20 2 20

Temperature (�C) 7.94 −0.27 6.22 0.29 0.2 0.1

Salinity (PSU) 12.55 31.52 15.52 31.33 22.3 29.9

Turbidity (FTU) 34.4 6.4 30.4 7.8 28.3 10.1

Oxygen (μmol L−1) 336.7 403.8 338.3 409.1 335.3 411.1

SPM (mg L−1) 7.8 2 71.5 5.8 95.3 4.4

LOI (%) 9.2 22.2 NA NA 10.1 23.1

Mean particle size (μm) 9.3 12.1 10.5 NA 15 16.7

BP—bulk (μg C L−1 d−1) 0.46 � 0.10 0.26 � 0.13 1.99 � 1.03 2.03 � 0.82 1.09 � 0.44 1.20 � 0.09

BP—PA (μg C L−1 d−1) 0.06 0 1.44 0.62 0.76 0.96

BP—FL (μg C L−1 d−1) 0.40 � 0.10 0.27 � 0.19 0.55 � 0.23 1.41 � 0.30 0.32 � 0.08 0.23 � 0.23

BA—bulk (106 cells mL−1) 1.10 � 0.01 0.32 � 0.07 0.57 � 0.07 3.90 � 0.11 2.90 � 0.58 2.20 � 0.19

BA—PA (106 cells mL−1) 0.41 0 0.14 2.50 2.17 1.43

BA—FL (106 cells mL−1) 0.69 � 0.05 0.76 � 0.16 0.43 � 0.06 1.40 � 0.41 0.73 � 0.06 0.77 � 0.06

BA, bacterial abundance (cell counts); BP, bacterial production; FL, free-living; LOI, loss on ignition; NA, data not available; PA, particle-associated;
SPM, suspended particular matter.

Table 1. Physical, geochemical, and bacterial parameters mea-
sured in rivers. Standard deviations are shown where replicate 
measurements are available.



respectively; Table 2). Highest rates of bulk bacterial production
were observed at Ler-R and Zac-R (Table 1). Particle-associated
bacterial production was lowest at both depths in Tyro-T
(Table 2), and highest at Zac-R (Table 1).

Peptidase and glucosidase activities
The activity of a range of enzymes that cleave amino acid

or glucose residues from organic compounds exhibited contra-
sting patterns from rivers to the fjord. The sums of peptidase
and glucosidase activities (summed activities) in bulk waters
were lower in rivers than in river transition sites and in the
fjord (Supporting Information Fig. S4A). Among the rivers,
highest summed activity was measured at Zac-R, while
summed activities at Tyro-R and Ler-R were comparable,
although the relative contributions of enzyme activities dif-
fered. In river transition sites, highest summed activities were
measured at Zac-T, while the lowest were found in Ler-T. In
fjord sites, the highest summed activities were measured at YS-
1—at the confluence of Zackenberg and Lerbugten River out-
flow. Summed peptidase and glucosidase activities in bulk
waters showed a moderate, but statistically significant positive
correlation with cell counts (R2 = 0.42, p = 0.018) (Supporting
Information Fig. S5A).

Bulk water peptidase and glucosidase activities showed contra-
sting patterns across the salinity gradient. Leucine aminopepti-
dase activities were consistently detected at all sites, but were
highest in the fjord (Fig. 2A). For the two chymotrypsin sub-
strates, AAPF-chymotrypsin showed higher activities than AAF-
chymotrypsin; AAF-chymotrypsin activities were not measurable
at every site, and were lowest in rivers and higher at all sites in
the fjord. The activities of both types of trypsin enzymes gener-
ally increased along the salinity gradient, but QAR-Trypsin had

higher activities overall than FSR-trypsin. In contrast to
peptidase trends, glucosidase activities tended to decrease
with increasing salinity (Fig. 2A). Overall, salinity differences
accounted for 30% of the variations among bulk water pepti-
dase and glucosidase activities (PERMANOVA, R2 = 0.30,
p = 0.008).

Particle-associated peptidase and glucosidase activities
exhibited some patterns along the salinity gradient that were simi-
lar to those in bulk waters, but diverged strongly in other cases. For
example, summed particle-associated peptidase and glucosidase
activities were higher in the fjord than in the rivers (Supporting
Information Fig. S4B), a pattern that was likely driven in part by
higher cell counts in the fjord (R2 = 0.61, p = 0.003) (Supporting
Information Fig. S5B). This pattern was also observed in bulk water
(Supporting Information Figs. S4A, S5A); however, in the free-
living fraction, the relationship between cell counts and summed
peptidase and glucosidase activities was not statistically significant
(Supporting Information Fig. S5C). Some substrate-specific trends
were also similar in bulk water and on particles, as evident by leu-
cine aminopeptidase activities (Fig. 2B). In contrast, particle-
associated AAPF-chymotrypsin activities had a notably different
pattern across the salinity gradient compared to that of bulk water.
Furthermore, particle-associated rates (normalized to the volume
of water filtered to obtain the particles) were generally lower than
rates measured in bulk seawater (Fig. 2B). Considering only the
particle-associated fraction, salinity explained 38% of the differ-
ences in peptidase and glucosidase activities across all sites
(PERMANOVA,R2 = 0.38, p = 0.002).

Polysaccharide hydrolase activities
In bulk waters, the spectrum and activities of polysaccha-

ride hydrolases—which initiate the enzymatic cleavage of

Table 3. Physical, geochemical, and bacterial parameters measured in the fjord. Standard deviations are shown where replicate mea-
surements are available.

YS-1 surface YS-1 subsurface YS-2 surface YS-2 subsurface GS surface GS subsurface

Depth (m) 5 20 5 20 5 20

Temperature (�C) 2.74 0.15 1.14 −0.44 −1.42 −1.5
Salinity (PSU) 27.83 31.13 29.26 31.23 29.05 29.48

Turbidity (FTU) 9.3 1.9 4.1 2.2 8.7 3.3

Oxygen (μmol L−1) 361.8 392.6 370.2 381.6 372.7 381.0

SPM (mg L−1) NA NA 1.2 NA 7.7 2.4

LOI (%) 38 21.3 NA NA 12 40

Mean particle size (μm) 29.6 10.4 NA NA NA NA

BP—bulk (μg C L−1 d−1) 2.36 � 0.86 1.16 � 0.17 4.39 � 0.48 3.45 � 1.24 NA NA

BP—PA (μg C L−1 d−1) 0.57 0.53 2.16 1.01 NA NA

BP—FL (μg C L−1 d−1) 1.80 � 0.26 0.62 � 0.05 2.24 � 1.01 2.44 � 0.87 NA NA

BA—bulk (106 cells mL−1) NA NA 3.50 � 0.09 3.00 � 0.69 NA NA

BA—PA (106 cells mL−1) NA NA 2.40 1.90 NA NA

BA—FL (106 cells mL−1) NA NA 1.10 � 0.34 1.10 � 0.19 NA NA

BA, bacterial abundance (cell counts); BP, bacterial production; FL, free-living; LOI, loss on ignition; NA, data not available; PA, particle-associated;
SPM, suspended particular matter.



diverse, naturally occurring polysaccharides found in aquatic
OM pools—showed considerable contrasts between the rivers
compared to river transition and fjord sites (Fig. 3A, Supporting
Information Fig. S6A). Salinity differences accounted for 37% of
the variation in polysaccharide hydrolysis patterns (PERMANOVA,
R2 = 0.37, p = 0.001). In rivers, only laminarin and xylan were con-
sistentlyhydrolyzed, althoughvery low rates of pullulan and chon-
droitin hydrolysis were also measured in Zac-R (Fig. 3A). In surface
and subsurface waters of river transition sites, only laminarin was
hydrolyzed at all sites; xylan, chondroitin, and pullulan hydrolysis
were alsomeasured inmost of the river plumewaters. In subsurface
bulk waters of river transition sites and bulk waters at both depths
in fjord sites, laminarin, chondroitin, and xylan were consistently
hydrolyzed. Pullulan was hydrolyzed at most of these sites, while

fucoidan was only measurably hydrolyzed at YS-1. Arabino-
galactan was not detectably hydrolyzed in bulk waters. Further-
more, the rate at which xylan and chondroitin were hydrolyzed
exhibited robust trends across the salinity gradient. Highest rates
of xylan hydrolysis were measured in the rivers (Fig. 3A). In con-
trast, rates of chondroitin hydrolysis peaked in the fjord, but
hydrolysiswas very lowor undetectable in rivers (Fig. 3A).

A wider spectrum of polysaccharides was hydrolyzed on
particles compared to bulk waters (Fig. 3B, Supporting Infor-
mation Fig. S6B). Laminarin, xylan, chondroitin, and pullulan
were consistently hydrolyzed on particles in rivers (Fig. 3B). In
river transition sites, laminarin, xylan, and pullulan hydrolysis
were consistently measured. Chondroitin was hydrolyzed on
particles from all river transition sites, with the exception of

Fig. 2. Bulkwater (A) and particle-associated (B) peptidase andglucosidase activities shownby substrate. The light gray shading in the panels indicates that no sub-
surfacemeasurements were taken in the rivers. Within each plot, stations are arranged by salinity (increasing to the right), and from the inner to the outer part of the
fjord. Note the differences in scale across all plots. Reported rates are averaged from triplicate (bulk water) or duplicate (particle-associated) incubations, and mea-
sured 12 h after the start of incubation. α-glu, α-glucopyranoside; β-glu, β-glucopyranoside; AAF-Chym, alanine-alanine-phenylalanine-chymotrypsin; AAPF-Chym,-
alanine-alanine-proline-phenylalanine-chymotrypsin; FSR-Tryp, phenylalanine-serine-arginine-trypsin; Leu, leucine; QAR-Tryp, glutamine-alanine-arginine-trypsin.



the surface water at Ler-T. Particle-associated fucoidan hydrolysis
was also detected in most river transition sites; the exceptions
were on particles from Ler-T surface water and Tyro-T subsurface
water. Moreover, in river transition sites, arabinogalactan
hydrolysis was only detected on particles from Tyro-T surface
water and Zac-T subsurface water. Particle-associated polysac-
charide hydrolysis rates at river transition sites were generally
lower in subsurface waters compared to surface waters. In the
fjord, laminarin, chondroitin, and fucoidan were consistently
hydrolyzed on particles. Particle-associated xylan and
arabinogalactan hydrolysis was detected at almost all fjord sites,
with the exception of YS-1 subsurface waters. Pullulan hydroly-
sis was also detected on particles from almost all of the fjord
sites, except at YS-1 and GS subsurface waters. Across all sites,

the highest particle-associated summed rates were detected in
rivers (Supporting Information Fig. S6B). Outside of the rivers,
summed hydrolysis rates were generally higher in surface com-
pared to subsurface waters. Salinity differences accounted for a
greater portion (38% vs. 59%) of the variation in particle-
associated polysaccharide hydrolase activities (PERMANOVA,
R2 = 0.59, p = 0.001), compared to particle-associated trends for
peptidase and glucosidase activities.

Spatial patterns in bacterial community composition
Bacterial communities grouped into three clusters with sig-

nificant compositional differences (ANOSIM, R = 0.997,
p = 0.001; Supporting Information Table S1), and which corre-
lated significantly with salinity (PERMANOVA, R2 = 0.39,

Fig. 3. Bulk water (A) and particle-associated (B) polysaccharide hydrolase activities shown by substrate. The light gray shading in the panels indicates
that no subsurface measurements were taken in the rivers. Within each plot, stations are arranged by salinity (increasing to the right), and from the inner
to the outer part of the fjord. Note the scale differences. Reported rates are averaged from triplicate (bulk water) or duplicate (particle-associated) incuba-
tions, and taken at different timepoints throughout the incubation. See Supporting Information Fig. S1A–F for all rates. Ara, arabinogalactan;
Chn, chondroitin sulfate; Fuc, fucoidan; Lam, laminarin; Pul, pullulan; Xyl, xylan.



p = 0.001) (Fig. 4). Group A included the riverine bulk water
communities, with members from a greater diversity of bacte-
rial classes compared to communities in other clusters (Fig. 5).
Some of these communities, however, showed surprisingly
lower OTU-level diversity (species richness) compared to river-
transition and fjord communities (Supporting Informa-
tion Fig. S7), for which a narrower range of bacterial classes
was detected (Fig. 5). Additionally, this freshwater cluster is
characterized by low to moderate relative proportions—but
high diversity—of Alphaproteobacteria. Moderate to large relative
abundances of the class Actinobacteria, and large contributions of
Betaproteobacteria also characterized the freshwater group (Fig. 5).
Group B contained the Tyro-R particle-associated sample and
most of the river transition samples. This group exhibited large
relative proportions of Betaproteobacteria and Actinobacteria, similar
to Group A; however, Group B contained greater proportions of
Flavobacteria and Alphaproteobacteria, and lower diversity in bacte-
rial classes. Group C included communities from fjord sites and
two river transition sites (surface bulk community at Ler-T and
Zac-T). Bacterial communities in this group were characterized by
large relative contributions of Flavobacteria, Alphaproteobacteria,
and moderate proportions of Gammaproteobacteria, as well as
some of the highest observed OTUs in the data set (Supporting
Information Fig. S7).

The difference between the particle-associated vs. bulk bacte-
rial community was greater at Tyro-R compared to those in the
river transition sites and in the fjord (Fig. 4); this comparison was
only possible at Tyro-R due to low DNA extraction efficiency for
other river particle samples. Furthermore, the Tyro-R particle-

associated bacterial community exhibited high compositional
similarity with the surface water of the river transition sites, and
the bulk surface-water community at Tyro-T (Fig. 5). The
observed differences were driven by changes in the relative pro-
portions of specific members of Alphaproteobacteria and
Betaproteobacteria (Fig. 5).WithinAlphaproteobacteria, members of
the family Rhodobacteraceae were detected in minimal to moder-
ate relative proportions in bulk river communities—at about
4–20% of Alphaproteobacteria—but dominated the particle-
associated alphaproteobacterial community at Tyro-R and
river plumes; a similar trend was observed withmembers of the
family Alcaligenaceae of the class Betaproteobacteria. In contrast,
particle-associated communities in Group C were not signifi-
cantly different compared to the bulk bacterial communities in
the same waters (ANOSIM, R = 0.042, p = 0.275; Supporting
Information Table S1).

DOM composition
A total of 15,439 DOM entities were detected using LC-

QTOF-MS in the entire DOM data set, and were used as the
molecular fingerprint of the DOM pool. CAP ordination

Fig. 4. Canonical analysis of principal coordinates of bacterial commu-
nity composition using Bray-Curtis dissimilarity index. OTU cutoff was set
at 97% sequence similarity, and was picked using de novo methods. The
groupings are significantly different based on ANOSIM. “D1” and “D2”
denote surface and subsurface waters, respectively.

Fig. 5. Class-level taxonomic designation of bacterial communities,
arranged from left to right in order of increasing salinity, and from the
head to the mouth of the fjord. Only bacterial classes with relative propor-
tions of ≥ 1% were visualized to deconvolute the plot. The groups and
legends for the symbols above the bar graph are the same as those in
Fig. 4. Square brackets around Saprospirae indicate the recommended tax-
onomic nomenclature based on genome trees in the Greengenes data-
base. “D1” and “D2” denote surface and subsurface waters, respectively.



this relationship indicated spatial autocorrelation between bac-
terial community composition and DOM composition (partial
Mantel test, r = 0.387, p = 0.126).

We further evaluated the relationship between activities of
specific enzymes and relative concentrations of their putative
hydrolysis products across the system. These analyses showed
variability in the strength of the correlation between enzyme
activities and relative proportions of hydrolysis products. For
example, leucine aminopeptidase activities and relative concen-
trations of leucine were not correlated (Fig. 7A). In contrast, the
relationship between the combined activities measured using
the two trypsin-associated substrate proxies (QAR- and FSR-
trypsin) with the relative concentrations of arginine—as well as
the relationship between α- and β-glucosidase activities with
glucose—were statistically significant (Fig. 7B,C). Because the
relative concentrations of phenylalanine—the amino acid pro-
duced by the activity of AAPF-chymotrypsin—were unavailable,
we correlated AAPF-chymotrypsin activities with relative pro-
portions of proline, the amino acid to which phenylalanine is
attached in our substrate analog; this analysis also showed a
statistically significant positive relationship (Fig. 7D). A separate
analysis with these data, excluding points that seemed to drive
the significant positive relationship, showed similar results
(Supporting Information Fig. S9A–C). Thus, with the exception
of leucine, the relative concentrations of specific compounds
(Supporting Information Fig. S10) followed the salinity-related
trends exhibited by the peptidase and glucosidase activities.

Discussion
Freshwater vs. marine microbial enzymatic capabilities

In a high latitude fjord, we show contrasting activities of
hydrolytic enzymes (e.g., glucosidases, peptidases, and polysac-
charide hydrolases) (Figs. 2–3) in river vs. fjord waters. These pat-
terns illustrate distinct OM degrading capabilities of freshwater
and marine microbial communities, indicating varied specializa-
tion to access and use different constituents of the OM pool.
Functional differences parallel contrasting microbial community
structure and DOM pools that reflect variations in salinity; the
interactions between these three parameters are conceptualized
in Fig. 8. Our use of a wide range of structurally diverse
substrates—to measure the rates at which different microbial
communities enzymatically hydrolyze widely occurring protein-
aceous and carbohydrate constituents of natural OM pools
(Benner 2002)—provided a broader range of comparisons for
functional differences, expanding beyond the activities of com-
monly measured enzymes (e.g., leucine aminopeptidase and
β-glucosidase). Compared to their counterparts in transition
zones and marine waters, freshwater microbial communities
exhibited, on average, twofold higher glucosidase and nearly
fivefold greater xylanase activities (Figs. 2–3), based on measure-
ments from bulk (nonsize-fractionated) waters. That highest glu-
cosidase and xylanase activities measured in rivers is especially
notable in light of low bacterial cell counts measured in these

Fig. 6. Constrained analysis of principal coordinates of DOM composi-
tion using Bray-Curtis based dissimilarity index. Data were square root
transformed. The groupings are significantly different based on ANOSIM.
“D1” and “D2” denote surface and subsurface waters, respectively.

revealed three main pools of DOM that were statistically dif-
ferent from each other (ANOSIM, R = 0.629, p = 001): river 
water, river plume and marine mixture, and purely marine 
(Fig. 6). Thus, variations in the relative proportions of DOM 
components (Bray-Curtis dissimilarity) were correlated with 
salinity. Excluding samples from Zac-R—the only freshwater 
site where samples were available—three clusters formed: mid 
fjord, outer fjord, and coastal (Supporting Information Fig. S8); 
however, these groupings were not significantly different from 
each other (ANOSIM, R = 0.108, p = 0.224). Additionally, spe-
cific compounds (leucine, proline, arginine, and glucose) from 
the DOM pool, quantified against standards using GC-QTOF-
MS, exhibited variable relative concentrations along the salin-
ity gradient. Glucose was highest in Zac-R, whereas proline, 
arginine, and leucine were highest in the fjord (Supporting 
Information Fig. S10).

DOM, bacterial community, and enzymatic activity 
relationships

We analyzed correlations between bacterial community 
composition, enzymatic activities, and DOM composition 
across the salinity gradient. For the first analysis, only samples 
containing data for bacterial community composition and 
DOM composition were included (n = 11). Dissimilarities (Bray-
Curtis) in the composition of bacterial community and DOM 
were significantly correlated (Mantel, r = 0.751, p = 0.004).  
Salinity differences also correlated with DOM composition 
(Mantel, r = 0.771, p = 0.01), similar to trends with bacterial 
community composition. Removing salinity differences from



waters (Tables 1–3). In contrast, bulk microbial communities in
the fjord exhibited greater activities than those in rivers for all
measured peptidase activities—from a 1.5-fold (AAF-chymotryp-
sin) up to a 15-fold difference in rates (QAR-trypsin) (Fig. 2;
Supporting Information Fig. S5A). Chondroitin sulfatase activi-
ties were also much higher in the fjord, on average up to
30-fold, compared to those in the Zac-R, the only river where
chondroitin was hydrolyzed (Fig. 3).

Contrasting freshwater and marine microbial enzymatic
capabilities have also been observed in temperate and boreal
waters. Several studies documenting high leucine aminopepti-
dase activities among marine microbes (Murrell et al. 1999;
Cunha et al. 2000) have hypothesized these patterns to be due
to (1) a greater diversity among marine bacterial taxa, or
(2) evolutionary adaptations that enable these assemblages to
produce a more effective set of enzymes to hydrolyze proteina-
ceous compounds (Stepanauskas et al. 1999). Higher diversity
in Zac-R compared to sites within the fjord (Supporting Infor-
mation Fig. S7) is inconsistent with the first hypothesis. How-
ever, the wide range of highly active (exo- and endo-acting)
peptidases among marine microbial communities in our study
(Fig. 2)—many of which have not been previously used to
compare freshwater and marine microbial functionality—is in

accordance with the second hypothesis. These patterns sug-
gest that, compared to freshwater systems, coastal marine
waters are sites of highly active protein degradation (Murrell
et al. 1999); rapid remineralization of proteinaceous com-
pounds has also been inferred following a phytoplankton
bloom in two Svalbard fjords (Osterholz et al. 2014). In con-
trast, high β-glucosidase activities among freshwater microbial
communities (Cunha et al. 2000) have been interpreted to
suggest that these taxa specialize in carbohydrate-rich com-
pound degradation (Murrell et al. 1999). However, polysaccha-
ride hydrolase activities offer a much more nuanced view.
Freshwater and marine microbes are attuned to hydrolyzing
distinct types of polysaccharides, illustrated most robustly by
differences in xylanase and chondroitin sulfatase activities
(Figs. 3, 8; Supporting Information Fig. S6), used to access
likely terrestrially derived polysaccharides and sulfated poly-
saccharides, respectively.

Differences in individual enzymatic activities and changes
in enzymatic spectra do not scale with bacterial abundance
and temperature across the freshwater–marine continuum,
indicating that other biotic and abiotic parameters likely influ-
ence these profiles. For example, the effect of pH and salinity-
driven conformational changes in DOM structure—as well as

Fig. 7. Relationship between specific enzyme activities and the relative proportions of their putative hydrolysis products in DOM pools. The analysis
included: (A) leucine aminopeptidase vs. leucine; (B) combined QAR- and FSR-trypsin vs. arginine; (C) combined α- and β-glucosidase vs. glucose; and
(D) AAPF-chymotrypsin vs. proline. The gray band corresponds to the 95% confidence interval for predictions from the linear model. N.S. indicates a
nonstatistically significant relationship.



differences in cation concentrations that are necessary for
some enzyme activities (e.g., Mg2+ for aminopeptidase activ-
ity) or to prevent humus-enzyme complexes (Wetzel 1991)—
may play a role in these observed patterns of enzyme activities
and DOM bioavailability (Stepanauskas et al. 1999). As we do
not address these parameters, we instead focus on mounting
evidence for the links between enzymatic capabilities, contra-
sting community structure—including presumed differences
in metabolic potential—and DOM supply across salinity gradi-
ents (Fig. 8).

Parallel patterns of enzyme activities and bacterial
community composition

Potential coupling of microbial taxonomy and function sug-
gests that differing enzymatic capabilities of freshwater vs. marine
microbial communities can at least be partially attributed to varia-
tions in community composition (Figs. 4–5). Glacial meltwaters
contain microbial taxa of freshwater (Stibal et al. 2012; Cameron
et al. 2015) and terrestrial origins (Dubnick et al. 2017; Paulsen
et al. 2017), and are similarly detected among riverine bacterial
communities (Fig. 5). Riverine microbial taxa are unique from
those at river transition sites (Figs. 4, 8), in which bulk bacterial
communities are composed of typically marine members
(Fig. 5), characterized by moderate to large proportions of
Alphaproteobacteria (ca. 50–70%), and Flavobacteria (ca. 20–40%).
Robust changes in community composition from rivers to river
transition sites parallel a shift in the spectrum and rates of glucosi-
dases, peptidase, and polysaccharide hydrolase activities
(Figs. 2–3; Supporting Information Figs. S4, S6). Bacterial

community composition in the middle and outer reaches of
the fjord do not show large deviations from those in transi-
tion zones; similar proportions of Alphaproteobacteria
and Flavobacteria—but occasionally larger contributions of
Gammaproteobacteria, up to about 25% (Fig. 5)—are consistent
with the composition of marine microbial communities in
high latitudes (Gutiérrez et al. 2015; Balmonte et al. 2018).
Thus, the influence of glacial meltwater on microbial communi-
ties in the fjord diminishes with distance from the rivers, as
within-fjord microbial communities increasingly become struc-
tured by Greenland Sea coastal water inflow (Paulsen et al.
2017). As a result, strong freshwater–marine distinctions in com-
munity composition and enzymatic activity patterns are largely
observed at river-to-fjord transition sites (Figs. 5, 8).

Differing enzymatic patterns between compositionally
distinct freshwater and marine microbial assemblages are
consistent with genomic suggestions that these microbial
taxa possess distinct metabolic potentials for carbon
processing (Ghai et al. 2011; Eiler et al. 2014). Specifically,
genomic content of freshwater microbial communities
includes high relative abundance of genes encoding glyco-
side hydrolases and xylose transporters compared to marine
microbial metagenomes (Eiler et al. 2014), and may be the
basis for the high glucosidase and xylanase activities in rivers
(Figs. 2–3). In addition, greater relative abundance of genes
for amino acid transporters detected in marine—compared
to freshwater—microbial metagenomes (Eiler et al. 2014)
may reflect microbial need for efficient uptake machinery for
peptidase hydrolysis byproducts, such as those from highly

Fig. 8. Schematic diagram of freshwater and marine contrasts in bacterial community composition, enzymatic capabilities, and DOM pools. Enzymes in
bold indicate a greater relative importance either in freshwater or marine water. Pie charts depict relative contributions of glucosidases and peptidases
(top row) and polysaccharide hydrolases (bottom row) in bulk waters (left) and on particles (right) for each system (rivers, transition, fjord). DOM pools
are colored according to salinity of water mass of origin. Bacterial communities are colored according to class-level taxonomic classification, as shown in
Fig. 5, and depict higher class-level diversity in rivers.



and characteristics (Fig. 3; Supporting Information Fig. S6B);
these patterns are especially evident for arabinogalactan and
fucoidan hydrolysis, which were more frequently measured on
particles than in bulk water. This particle-associated vs. bulk
polysaccharide hydrolase difference in spectrum has been
observed at various sites and depths in the central Arctic
(Balmonte et al. 2018) and in the North Atlantic (D’Ambrosio
et al. 2014). Moreover, carbohydrate content of particulate mat-
ter in fjords may shape particle-associated bacterial community
structure, selecting for taxa that are likely capable of biopolymer
degradation (Jain et al. 2019). Thus, particle-associated microbial
taxa, compared to their free-living counterparts, may be
equipped with a broader spectrum of hydrolytic enzymes that
can hydrolyze high-molecular-weight components of particles,
and likely contribute to the degradation and utilization of spe-
cific compounds transported from glacial catchments to the
fjord.

As with bulk water trends, distinct particle-associated enzy-
matic activities may largely be due differences in bacterial com-
munity composition. For example, riverine particles host a
bacterial assemblage distinct from that observed in bulk river
waters, and this particle-associated community persists into river
transition sites (Figs. 4–5). However, at the river transition sites,
bulk community composition resembles that of high-salinity
fjord sites, with the exception of surface-water Tyro-T, which also
bears high similarity to the particle-associated community and
retains a robust (ca. 25%) freshwater Betaproteobacteria signature
(Tyro-T-D1; Figs. 4–5). This observation is likely related to the
lower salinity of Tyro-T surface water compared to other river
plume surface waters (Table 2). Thus, particles—carried in glacial
meltwater transported from rivers into the fjord—are conduits
for bacterial dispersal in these systems, shaping the river-to-fjord
microbial community (Crump et al. 2012), and carbon cycling
activities across this salinity gradient. The influence of riverine
particles on microbial community composition, however, is lim-
ited in the inner and outer fjord, reflecting the combined effects
of vertical particle export in the fjord and efficient particle degra-
dation (Rysgaard and Sejr 2007).

Implications of findings in rapidly changing environments
Increased meltwater fluxes and fjord freshening (Sejr et al.

2017) may increase the proportions as well as the spatial and
temporal persistence of freshwater, glacial, and terrestrial
DOM constituents (Hood et al. 2015). Greater discharge could
more effectively entrain and introduce particles into the fjord.
Salinity-related changes in the composition of microbial com-
munities in the fjord are likely, and may interact with changes
in OM supply to alter the rates and spectra of enzymatic activ-
ities. Changes in these interwoven parameters (Fig. 8) may
ultimately alter the retention and processing of glacially and
terrestrially derived OM and autochthonous primary produc-
tion, with consequences on the quantity and quality of OM
available to downstream microbial communities (Hood and
Berner 2009; Hood et al. 2009; Wassmann 2015). Quantifying

active leucine aminopeptidases, chymotrypsins, and trypsins 
within the fjord (Fig. 2).

Links between enzymatic activities and DOM composition
While genetic potentials  may be rooted  in  microbial  taxon-

omy, external DOM supply may exert a more immediate control 
of microbial enzymatic activities. In this study, DOM composi-
tion in rivers, river plume water, and within Tyrolerfjord-Young 
Sound exhibit differences that are strongly correlated with 
salinity, indicative of differences in water mass origins (Fig. 6; 
Supporting Information Fig. S8). The positive relationship 
between dissimilarities in DOM composition and bacterial com-
munity composition (Mantel r = 0.751, p = 0.004) in freshwater  
and marine sites implies that compositionally distinct commu-
nities interact with different DOM pools. Moreover, the posi-
tive relationship between several enzymatic activities and the 
relative concentrations of their putative hydrolysis products 
(Fig. 7) underscores the close association between the DOM 
pool and microbial heterotrophy, and links microbial enzy-
matic hydrolysis to outputs of their activities. Thus, while 
microbial composition and metabolic potential parallel sub-
strate utilization patterns, differences in the rates and spectrum 
of peptide, glucose, and polysaccharide hydrolysis by freshwa-
ter vs. marine microbial taxa (Figs. 2–3) may reflect their 
response to varying OM pools in rivers and fjords. However, 
disentangling the relative influence of the composition of bac-
terial communities vs. the OM pool in shaping heterotrophic 
capabilities  may be difficult. Evidence from boreal lakes and 
rivers suggests that microbial heterotrophic functionality is 
more tightly correlated with OM quality, whereas commu-
nity structure covaries strongly with other physicochemical 
factors (Ruiz-González et al. 2015). Thus, salinity may more 
directly influence bacterial community composition and genetic 
potentials, but the extent to which hydrolytic enzymes are active 
could more closely reflect OM quality and quantity differences 
across the salinity gradient (Fig. 8).

Particle-associated contribution to enzymatic activities and 
community structure

Enzymatic activities measured on particles exhibited patterns  
consistent with as well as divergent from bulk water trends 
across the salinity gradient. Consistent with bulk water patterns, 
particle-associated glucosidase activities on a per volume basis 
were higher in freshwater vs. marine water, although to a much 
greater extent—up to eightfold higher for α-glucosidase and two-
fold greater for β-glucosidase (Fig. 2). Also in accordance with 
bulk water trends, particle-associated peptidase activities were 
more frequently detectable and higher in river transition sites 
and within the fjord than in rivers. These rate differences ranged 
from fivefold higher AAPF-chymotrypsin activities in marine par-
ticles, to undetectable FSR-trypsin and QAR-trypsin activities 
within river particles (Fig. 2). Moreover, a broader range of poly-
saccharide substrates were hydrolyzed on particles compared to 
the bulk water, regardless of location, as well as particle source
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