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A B S T R A C T   

Climate and land-use changes are leading to impacts on individual ecosystems as well as shifts in transfer dy
namics between interconnected systems. At the land-ocean interface, changes in riverine inputs of organic matter 
(OM) and nutrients have the potential to lead to shifts in coastal carbon and nutrient cycling with consequences 
for ecosystem structure and function. In this study, we assess OM and nutrient dynamics for two contrasting 
Norwegian river-to-fjord systems: a boreal system with a forested catchment draining into a narrow fjord 
(‘narrow boreal system’), and a subarctic system where lowland forests and mountainous regions drain into a 
broad fjord (‘broad subarctic system’). We characterized seasonal organic carbon and nutrient concentrations 
and DOM absorption properties for samples collected along transects from river to outer fjord during 2015/2016. 
While differences in catchment properties drove contrasts in river chemistry between the two study rivers, fjord 
morphology and hydrodynamics as well as dissolved organic carbon (DOC) and nutrient concentrations in 
marine receiving waters predicted water-chemistry patterns along the transect. The narrow boreal system, with 
high riverine DOC and nutrient concentrations, was structured mainly by a horizontal salinity gradient from river 
to outer fjord, with limited impact of seasonality. In contrast, the broad subarctic system tended to be dominated 
by vertical salinity stratification, with strong between-date differences in surface water salinity linked to sea
sonality in river discharge. These dynamics were also reflected in the strong horizontal gradients in DOC, nu
trients and DOM properties in the narrow boreal system, in contrast to the broad subarctic system, where strong 
seasonality paired with a lack of strong contrast between riverine and marine concentrations of DOC and most 
nutrients led to an uncoupling between salinity and other water chemistry variables. In the narrow boreal sys
tem, terrestrial OM dominated both the particulate and dissolved OM pools, while OM in the broad subarctic 
system was derived primarily from marine phytoplankton. Non-linear declines in NO3 + NO2 were observed 
consistently in the boreal system and during the productive spring season in the subarctic system, suggesting 
biological uptake and a potentially important role of these rivers as sources of bioavailable N to coastal eco
systems. The results from these two case studies highlight the complex and interacting effects of catchment land- 
cover, river water chemistry and discharge, fjord morphometry and hydrodynamics in structuring the transport, 
fate and potential impacts of terrestrially-derived nutrients and organic matter in northern coastal environments.   

1. Introduction 

River systems link the land to the sea by transporting compounds of 
terrestrial origin, such as organic matter, nutrients, sediments as well as 

anthropogenic contaminants (Kominoski et al., 2020; McGovern et al., 
2019; Ripszam et al., 2015; Tolkkinen et al., 2020). Estuarine systems 
are of particularly high ecological and economic importance as pro
viders of essential ecosystem services such as disturbance regulation, 
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nutrient cycling, diversity hotspots, fish nurseries and recreational areas 
(Colombano et al., 2020; Costanza et al., 1997; Nagelkerken et al., 
2015). In many temperate and high latitude regions, fjords represent a 
common type of estuarine system, where riverine (or glacial) inputs 
paired with geomorphological characteristics create strong physical, 
chemical and ecological gradients, and where carbon burial rates can be 
very high (Bianchi et al., 2020). These features, paired with the likely 
sensitivity of fjord ecosystems to several climate and other human 
stressors, have led to the classification of fjords as ‘Aquatic Critical 
Zones’ that require detailed study (Bianchi et al., 2020). 

The degree of connectivity in an estuarine system (i.e. the “water 
mediated transfer of matter, energy, and/or organisms within or be
tween elements of the hydrological cycle”, as defined by (Pringle, 2001) 
determines the origin and thus quantity and quality of nutrients and 
organic matter (OM) available to organisms at any given time, thus 
directly impacting productivity and food web structure in these transi
tion zones (Turner et al., 1998). Meanwhile, the residence time of 
freshwater in an estuary, which is linked to freshwater discharge into the 
system and estuarine hydrodynamics (including stratification) also plays 
a key role in shaping the processing and fate of terrestrially derived 
nutrients and OM in estuarine, including fjord environments (Bianchi 
et al., 2020). 

In recent years, an increase in terrestrial dissolved organic matter 
(DOMterr) has been observed in many northern freshwater, coastal and 
marine systems (Creed et al., 2018; de Wit et al., 2021; Dupont and 
Aksnes, 2013; McGovern et al., 2019; Opdal et al., 2019). This phe
nomenon is commonly referred to as “browning” in lakes and rivers, and 
“darkening” in coastal areas, and has become a major concern (Creed 
et al., 2018; de Wit et al., 2016; Jonsson et al., 2017). Dissolved organic 
matter (DOM) is operationally defined as OM that passes through a filter 
with a given pore size (typically between 0.2 and 0.7 μm (Xu and Guo, 
2017). Browning and darkening are linked to the conspicuous brown 
colour of terrestrially derived (allochthonous) DOM, related to the ab
sorption properties of high molecular weight humic and fulvic acids 
with aromatic components. In comparison, DOM produced by aquatic 
autotrophs (autochthonous; hereafter referred to as DOMmar) is mainly 
composed of lower molecular weight aliphatic constituents (Chiou et al., 
1986; Ripszam et al., 2015). Mobilization and delivery of DOMterr (and 
nutrients) to downstream waterbodies is impacted by several catchment 
processes including acid rain deposition, land use, terrestrial primary 
production, temperature and precipitation/runoff (de Wit et al., 2021; 
Evans et al., 2005; Finstad et al., 2016; Larsen et al., 2011) as well as 
bacterial and fungal activity (Tolkkinen et al., 2020). 

Depending on climate, catchment properties and landuse, terrestrial 
runoff can have widely different impacts on ecosystem stability and 
productivity of estuarine and subsequently adjacent marine systems 
(Creed et al., 2018; Jonsson et al., 2017; Leroux and Loreau, 2008; 
Lønborg et al., 2020). While inputs from land are important sources of 
inorganic nutrients to aquatic primary producers (Paczkowska et al., 
2020; Terhaar et al., 2021), increased input of DOMterr can either 
positively or negatively affect primary production (Thrane et al., 2014). 
DOMterr may serve as a major source of organic nutrients (mainly dis
solved organic nitrogen, dissolved organic phosphorus and iron) and 
thus can be important to primary and secondary production (Creed 
et al., 2018 and reference therein). However, at higher loads of DOMterr, 
increased DOM-associated light-attenuation may override these poten
tial positive impacts (Creed et al., 2018; Thrane et al., 2014). Inputs of 
DOMterr can affect the prevalence of heterotrophic bacteria (Creed et al., 
2018; Hessen et al., 1990; Sipler et al., 2017), the activities of organisms 
that rely on visible cues (Bartels et al., 2016; Estlander et al., 2010) as 
well as contaminant cycling and bioavailability (Arnold et al., 2009; 
Chiou et al., 1986; Cooper and Zika, 1983; McGovern et al., 2019; 
Mostofa and Sakugawa, 2009; Wolf et al., 2018). 

The potential effects of mobilization and transport of DOMterr and 
terrestrial nutrients to downstream freshwater and coastal ecosystems 
depend on transformation, uptake and removal processes along the 

aquatic continuum, which shape nutrient and OC concentrations as well 
as DOM quality from headwater to coast (Kothawala et al., 2021; Mas
sicotte et al., 2017). Thus understanding DOM sources, patterns and 
effects in estuary systems depends on investigating the interconnectivity 
between multiple ecosystem compartments such as terrestrial-riverine 
and riverine-marine systems (Kothawala et al., 2021). 

The character of DOMterr depends strongly on catchment properties 
(e.g. Asmala et al., 2013) and changes along the freshwater-marine 
continuum as it is degraded by sunlight and bacteria (Cory et al., 
2014; Fabian et al., 2017; Koehler et al., 2014). Along this continuum, 
there is also often an increasing contribution of marine phytoplankton 
derived DOMmar to the total DOM pool (Ye et al., 2018), as also observed 
in the current study. DOM derived from phytoplankton is typically more 
readily taken up and transformed by coastal microbial communities than 
DOMterr (Creed et al., 2018), with DOM uptake (regardless of origin) 
also dependent on nutrient availability (Asmala et al., 2018). Strong 
seasonality and spatial variability (e.g. horizontal and vertical ‘patchi
ness’) in primary production in northern coastal ecosystems will also be 
reflected in DOM character, with local-to regional-scale and short term 
impacts of algal bloom events (Danhiez et al., 2017). Flocculation of 
DOM due to e.g. changes in water chemistry (and especially increased 
salinity) is likely to reduce overall DOM transmission along the estuarine 
gradient (especially for Fe-rich DOM), and may deliver a substantial 
fraction of riverine OM (and OM-associated nutrients) to the sediments, 
limiting export to the open sea and representing an important carbon 
sink (Asmala et al., 2014; Hessen et al., 2010). 

These changes in source and character of DOM are often inferred 
based on changes in absorption properties of DOM, using metrics 
derived from measured absorption spectra that are known to be corre
lated with specific DOM sources and properties. For example, specific 
UV absorbance at 254 nm (SUVA254) use used as an indicator of high 
aromaticity of DOM; (Weishaar et al., 2003); the ratio of absorption at 
250 nm–365 nm (E2:E3) can indicate low molecular weight and 
aromaticity (De Haan and De Boer, 1987; Peuravuori and Pihlaja, 1997); 
and the spectral slope between 275 and 295 nm (S275:S295) indicates 
lower molecular weight DOM, including photochemically-degraded 
DOM (Helms et al., 2008; Twardowski et al., 2004). δ13C values can 
also be used to indicate the source of dissolved or particulate organic 
carbon in a system with terrestrial organic carbon tending to have lower 
δ13C values (approximately -26‰) than OM derived from marine pri
mary producers (around -23‰; but can be highly variable) (Peterson 
and Fry, 1987). 

Estuarine geomorphology is of major importance in determining the 
physical, biogeochemical and ecological impacts of riverine inputs on 
estuaries (including fjords). Connectivity to the open ocean and tidal 
range can, for example, affect marine water intrusion and mixing pat
terns (Bianchi et al., 2020). Meanwhile, longer estuarine/fjord fresh
water residence times can allow for e.g. higher losses to the sediments, 
photochemical and/or microbial mineralization of DOM, and biological 
uptake in the coastal environment (as reviewed in Bianchi et al., 2020). 

Nutrient inputs may support both autotrophic and heterotrophic 
production along the freshwater-marine continuum depending on the 
predominant limitation processes, and in particular on spatial patterns 
and seasonal changes in light attenuation, nutrient concentrations, as 
well as organic matter availability and composition. In high latitude 
areas with strong seasonality in discharge and in catchments that are 
small, and/or have limited hydrologic connectivity, terrestrial runoff 
often enters streams, rivers, and downstream coastal ecosystems as 
intense ‘pulses’ linked to snowmelt and rainfall events (Avagyan et al., 
2016; Köhler et al., 2008; Raymond et al., 2016), while in larger systems 
and/or systems that experience less seasonality in discharge (or low 
frequency of flood events), there will be lower intra-annual variability in 
riverine inputs to the coastal environment. These system-specific sea
sonal differences, paired with seasonality in key physical, biogeo
chemical and ecological processes in the coastal environment (e.g. 
timing of phytoplankton blooms or periods of nutrient limitation, 
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seasonality in stratification/mixing) will affect the distribution and fate 
of riverine OM and nutrients, and ultimately the organisms living 
downstream (Bianchi et al., 2020; Frigstad et al., 2020; Opdal et al., 
2019). 

The aim of the present study was to characterize and contrast OM 
and nutrient dynamics in two Norwegian river-to-fjord ‘case study’ 
systems, focusing on changes in OM and water chemistry along the river- 
to-fjord continuum as well as the role of seasonality in shaping the 
observed patterns. The selected case study systems differ in their 
climate, catchment properties, river water chemistry as well as their 
fjord morphology, providing an opportunity to identify more general as 
well as fjord specific drivers of OM and nutrient cycling. 

2. Material and methods 

2.1. Study sites 

The study sites included two contrasting Norwegian river-to-fjord 
systems: 1) the Storelva-Sandnesfjord system (hereafter: narrow boreal 
system) in southern Norway, characterized by a boreal climate, high 
riverine nutrient and organic carbon concentrations, a narrow opening 
towards the ocean and a relatively restricted tidal range; and 2) the 
Målselv-Målselvfjord system (hereafter: broad subarctic system) in 
Northern Norway, characterized by lower riverine nitrogen and organic 
carbon concentrations, an open connection to the ocean, strong sea
sonality in river discharge and a stronger tidal influence than the narrow 
boreal system. 

The narrow boreal system (located at 58◦40′13.0′′N, 8◦58′51.5′′E, 
Fig. 1) has a catchment area of 408 km2 dominated by forests and is 
sparsely populated, but also includes some areas with past mining ac
tivity. There are roads with heavy traffic along some parts of the river, 
which is also limed to stabilize the pH in this catchment where recovery 
from acidification is ongoing. Median river discharge from 2011 to 2016 
was 6.88 m3/s (at the Lundevann hydrologic monitoring station oper
ated by the Norwegian watercourse and energy directorate (NVE), data 
from http://sildre.nve.no/, accessed 01.2021). The river discharges into 
a deep basin in the inner fjord where brackish waters are trapped by a 
shallow sill, leading to strong stratification and a permanently anoxic 
brackish deep water layer (Fig. 2a). Station B, the second station 

downstream, is located in this deep basin. The tidal monitoring station 
near the narrow boreal system had a yearly average water level of 53 cm 
and 48 cm above chart datum with minimum and maximum tides of − 16 
cm and − 16 cm, and 155 cm and 157 cm, in 2015 and 2016 respectively 
(measured at Helgeroa - 58◦59′37.4′′N, 9◦51′30.2′′E; (Kartverket, 
2020)). The breadth of the estuary at respective sampling sites varies 
between approx. 10 m (River) and 1043 m (Station F; station G is marine 
and not directly surrounded by land) (Table S1). 

The broad northern system Målselv-Målselvfjord (hereafter: broad 
subarctic system) is located in sub-arctic northern Norway 
(69◦19′39.0′′N, 18◦30′54.4′′E, Fig. 1). The catchment area of 5913 km2 

is dominated by mountain areas and forests, and is largely undisturbed 
(Skarbøvik et al., 2013). The median river discharge from 2011 to 2016 
was 48.03 m3/s (measured at the Målselvfossen hydrologic monitoring 
station operated by NVE; data from http://sildre.nve.no/’, accessed 
01.2021). The inner fjord is characterized by an extensive shallow delta 
(where our innermost station is located) that drops off rapidly to more 
than 100 m towards the outer fjord (Fig. 2b). The measurement station 
closest to the broad subarctic system had a yearly average water level of 
143 cm and 135 cm above chart datum with a minimum and maximum 
tide level of − 21 cm and − 20 cm, and 307 cm and 292 cm, in 2015 and 
2016 respectively (measured at Harstad 68◦47′40.7′′N, 16◦32′49.7′′E 
(Kartverket, 2020)). The breadth of the estuary at the respective sam
pling sites ranges from approx. 140 m at the innermost fjord station and 
7040 m in the outer fjord (Table S1). 

2.2. Field sampling 

Fieldwork was conducted at both estuaries once in 2015 and on 
several occasions in 2016 to provide data from a range of seasonal 
conditions (Table 1). The narrow boreal transect included 6 stations 
(Fig. 1) from river to outer fjord while the broad subarctic system 
included 5 stations (Fig. 1) from river to outer fjord. In the narrow boreal 
system, an additional station located further offshore (station G) was 
included in 2016 to capture more ‘truly’ marine conditions, while one 
intermediate station was dropped (station E). In the narrow boreal 
system, discharge was relatively stable across seasons, while pro
nounced seasonal differences occurred in the broad subarctic system 
(Fig. S1). 

Fig. 1. Map of the broad subarctic (Målselv-Målselvfjord) and the narrow boreal (Storelva-Sandnesfjord) study systems and sampling transects. Coordinates for 
sampling stations are available in Table S1 in the appendix. Illustrations based on Google maps (2021). 
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Water was collected from just below surface and at 20 m depth, with 
the exception of the river stations (only surface water collected) and two 
stations that were too shallow: This includes station A in the broad 
subarctic system (no deep-water sample collected), and station C in the 
narrow boreal system (deep water samples taken from 8 to 10 m depth). 
Samples were kept cool and dark during transport to the laboratory, 

where they were processed immediately. Samples from the narrow 
boreal system were processed at the Norwegian Institute for Water 
Research (NIVA) in Oslo, while samples from the broad subarctic system 
were processed at UiT–The Arctic University of Norway (Tromsø, 
Norway). 

Subsamples of whole water were transferred to HDPE bottles for 

Fig. 2. Depth profiles (a; b) and salinity values (c, d) for the narrow boreal and the broad subarctic system. The depth data include measurements on all sampling 
dates with variability representing slight differences in exact sampling location. Salinity data are shown from both sampling depths (blue: surface, red: deep). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Sampling dates and times, mean river discharge (see also Fig. S1) for the sampling date and for the 10 days prior to sampling, and tidal levels during fjord sampling for 
the two study systems.  

Sampling date Sampling time Mean discharge on 
sampling datea (m3/s) 

10-day mean 
dischargea (m3/s) 

Maximum water level during fjord 
samplingb (cm above chart datum) 

Minimum water level during fjord 
samplingb (cm above chart datum) 

Narrow boreal system 
May 18, 2015 10:50–18:10 5.64 9.03 57 26 
April 06, 2016 11:20–17:00 21.50 26.53 72 43 
May 26, 2016 11:50–16:50 6.25 5.43 35 21 
August 30, 

2016 
11:10–17:10 9.11 10.31 71 42 

October 27, 
2016 

11:20–17:00 10.81 12.92 74 55 

Broad subarctic system 
August 26, 

2015 
10:00–16:30 127.92 145.21 183 75 

March 14, 
2016 

10:40–13:00 34.09 33.25 102 32 

April 19, 2016 10:40–13:30 30.98 33.29 202 178 
June 01, 2016 10 a.m. at river; 

15:00–17:20 other stations 
628.53 440.65 40 15 

August 14, 
2016 

13:30–16:00, River 
sampled August 15, 2016 

189.00 211.80 130 69 

November 02, 
2016 

10:50–13:00 59.66 62.71 128 209  

a Discharge data for both rivers are from the Norwegian watercourse and energy directorate (NVE), with data for Storelva taken from the Lundevann hydrologic 
monitoring station, ~500 m upstream of our river sampling station (accessed 08.2017 at http://sildre.nve.no/), and data for Målselv taken from the Målselvfossen 
hydrologic monitoring station, ~20 km upstream of our river sampling station (accessed 07.2018 at http://sildre.nve.no/). Note that a large tributary joins the Målselv 
river between the hydrologic monitoring station and our sampling station (and the fjord), and total discharge from the river to the fjord was estimated by upscaling the 
discharge at Målselvfossen (catchment area: 3239 km2) to the entire catchment area (5913 km2). 

b Data on tidal level are from the Norwegian Mapping Authority (Kartverket; accessed at http://www.sjokart.no). 
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analysis of pH and salinity (measured using the Practical Salinity Scale) 
and remained unpreserved until analysis. Meanwhile, subsamples of 
whole water for analysis of total organic carbon (TOC), total Nitrogen 
(N) and Phosphorus (P) were transferred to separate bottles (acid- 
washed brown amber glass bottles for TOC, and acid-washed HDPE 
bottles for total N and P) and preserved with concentrated H2SO4 (1% by 
volume). Samples for analysis of DOC and dissolved inorganic nutrients 
were filtered through a 0.2 μm polycarbonate filter and transferred to 
separate bottles (amber glass for DOC and HDPE for dissolved nutrients) 
and preserved as described for TOC and total N and P. Samples for op
tical characterization of DOM were also filtered through a 0.2 μm pol
ycarbonate filter, but were kept unpreserved in 15 mL Falcon tubes. All 
water samples were kept in the cold and dark until analysis. 

Samples for analysis of chlorophyll a (Chl a) were collected on non- 
combusted Whatman GF/F filters (nominal pore size of 0.7 μm), while 
samples for analysis of suspended particulate matter (SPM) were 
collected on pre-combusted and pre-weighed GF/F filters. Samples for 
stable carbon isotope analysis (δ13C) of POM were collected on pre- 
combusted GF/F filters. All filters were kept frozen until analysis. 

2.3. Sample analysis 

Water samples for organic carbon and nutrient analyses were ana
lysed at NIVA using standard and accredited methods (Kaste et al., 
2018). Chlorophyll a (and pheophytin) was determined fluorometrically 
at UiT–The Arctic University of Norway (Norway). Briefly, filters were 
methanol extracted and fluorescence was measured on a Turner 10-AU 
fluorometer both before and after acidification with HCl (as described in 
Parsons, 2013). 

Stable carbon isotope (δ13C) analysis of POM was carried out at the 
University of California Davis Stable Isotope Facility. POM filters were 
freeze-dried and packed in tin capsules prior to analysis of δ13C, as well 
as total C content using an elemental analyzer isotope ratio mass spec
trometer. Long-term standard deviation for these analyses at UC Davis 
are ±0.2‰ for 13C (UC Davis Stable Isotope lab, https://stableisoto 
pefacility.ucdavis.edu/13cand15n.html’, accessed 08.2020). 

Absorption spectra for optical characterization of DOM were gener
ated at NIVA by measuring absorption at 1 nm intervals from 200 to 900 
nm on a Perkin-Elmer Lambda 40P UV/VIS Spectrophotometer using a 
cuvette with a 5-cm path length. Absorbance values were blank- 
corrected (based on Milli-Q blanks), and corrected for potential ab
sorption offset by subtracting mean absorbance between 700 and 900 
nm for each sample run (Blough, 2002; Jaffé et al., 2008). 

To calculate specific absorption at 254 nm (SUVA254) for DOM and 
POM, absorbance at 254 nm was divided by DOC concentration 
(Weishaar et al., 2003). E2:E3 was calculated as the ratio between 
absorbance at 250 nm and 365 nm (De Haan and De Boer, 1987; Peur
avuori and Pihlaja, 1997). The spectral slope between S275:S295 (in 
nm− 1) was calculated as the non-linear slope of absorption (Naperian 
absorption coefficients) vs. wavelength between 275 and 295 nm as 
described in McGovern et al. (2019). 

2.4. Discharge data and residence time 

River discharge data were retrieved from the Norwegian watercourse 
and energy directorate (Norwegian watercourse and energy directorate 
(NVE), http://sildre.nve.no/, accessed 08.2017 and 07.2018) for the 
Lundevann monitoring station for the narrow boreal system (58◦ 40′

06.1" N, 8◦ 58’ 40.5" E, Agder county) and the Målselvfossen monitoring 
station for the broad subarctic system (69◦ 2′ 5.748′′ N, 18◦ 39′ 30.0234′′

E, Troms and Finnmark county). Since the Målselvfossen hydrologic 
monitoring station is located higher up in the catchment, total discharge 
from the river to the fjord was estimating by scaling up the measured 
discharge at Målselvfossen (catchment area of 3239 km2) to the catch
ment as a whole (catchment area of 5913 km2). 

To gain a coarse estimate of residence time in the study fjords, the 

volume of the systems was calculated based on data from https://portal. 
emodnet-bathymetry.eu/(EMODnet Bathymetry Consortium (2018); 
Thierry et al., 2019) by masking out the land area. The volume of the 
system was divided by the mean river discharge rates for the study years. 
It should be noted that this approach does not account for seasonal 
variability in river discharge and is also likely to represents a substantial 
overestimate of the true residence time, since salinity stratification and 
estuarine circulation can allow for rapid offshore transport of buoyant 
river water. Since the innermost part of the narrow boreal system was 
not included in the coastal bathymetry data used (where data were only 
available for the fjord area beyond the narrow and shallow channel 
connecting the inner fjord to the mid- and outer fjord, we estimated the 
freshwater residence time in the inner basin by dividing the estimated 
volume of the surface freshwater layer in the permanently stratified 
inner fjord by river discharge. The freshwater layer volume was esti
mated to be 11 million m3 based on a previously reported estimate for 
the volume of the uppermost 5 m of the inner fjord, where the halocline 
depth is typically between 4 and 8 m (Tjomsland and Kroglund, 2010). 

2.5. Data treatment and statistical analysis 

All statistical analyses were done in R (Version R 3.6.1 GUI 1.70 El 
Capitan build’, R Core Team, 2019). For the narrow boreal system, 
water chemistry for samples collected at 20 m depth from station B 
differed strongly from other sites and depths due to the unique charac
teristics of this site (a deep inner fjord basin with a permanently anoxic 
brackish deep water layer), and these data were therefore excluded from 
further analysis. Due to the high number of values below the limit of 
detection (LOD) in the broad subarctic dataset, ammonium (NH4) was 
excluded from further analysis (46.9% of data below detection limit of 
<5 μg/l), while phosphate (PO4) non-detects (2.1% below detection 
limit of <1 μg/l) were replaced by randomly generated values between 
0.5*LOD and LOD. 

A Principal Component Analysis (PCA) (R library vegan: Oksanen 
et al., 2019) was carried out on scaled and centered data for a subset of 
water chemistry and DOM quality variables in order to identify key 
patterns in water chemistry across both estuaries. Variable selection was 
based on including the main variables of interest related to nutrient and 
OM dynamics and limiting inclusion of highly collinear variables. Hi
erarchical cluster analyses (and heatmap visualization (R library gplots: 
Warnes et al., 2019)) was carried out independently for each system 
based on surface water chemistry and DOM quality parameters. These 
cluster analyses were used to assess the main structuring forces for 
surface water chemistry in the two river-to-fjord systems, with a 
particular focus on assessing the role of spatial changes along the 
river-fjord continuum vs. seasonal processes. A hierarchical generalized 
additive model (HGAM) (R library mgcv: Wood, 2017; see also: Peder
sen et al., 2019) was run for each system separately to test for nonlinear 
functional relationships between water chemistry parameters and 
salinity under the consideration of different functional shapes. This 
approach also allowed us to test for conservative mixing patterns in the 
respective systems. AIC was used for model selection (Johnson and 
Omland, 2004). 

3. Results 

3.1. Depth profile 

The narrow boreal system (Figs. 1 and 2a) is shallow compared to the 
broad subarctic system transect (Figs. 1 and 2b), with a steady decline in 
depth along the fjord transect with the exception of station B, which is 
located in a deep inner basin of the fjord and separated from the outer 
fjord by a shallow and narrow channel, forming a boundary with little 
exchange in the deep waters. This leads to a permanently stratified inner 
basin with a freshwater layer overlying anoxic brackish waters, and 
creates unique chemical and biological conditions. This led us to exclude 
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this station from further statistical analyses, although this inner basin 
represents an interesting case study for future study, and is likely to have 
important implications for the cycling and fate of riverine OM and nu
trients passing through this basin on the way out to sea. In the broad 
subarctic system, the river station and station A (located on the river 
delta rim) are shallow, with a relatively sharp increase in depth moving 
from the river delta and along the fjord transect. 

3.2. Riverine discharge, residence time and water chemistry 

The volume and seasonal variability of riverine discharge differed 
between the two estuaries (Fig. S1, Table S3), with higher and more 
variable discharge in the broad subarctic system. Discharge in 2015/ 
2016 ranged between 1.3 and 140 m3/s (mean: 12.2 m3/s) for the 
narrow boreal system and between 17 and 739 m3/s (mean: 154 m3/s) 
for the broad subarctic system (discharge estimated by upscaling from 
upstream monitoring station). For the narrow boreal system, we esti
mated freshwater residence time in the inner basin to be approximately 
10 days, and residence time in the remainder of the fjord to be 
approximately 5 days, suggesting a total residence time of approxi
mately 15 days for this system (based on mean river discharge rates for 
2015–2016). Residence time in the broad subarctic fjord for 2015/2016 
was estimated to be 5.9 days. Given that these estimates do not take into 
account salinity stratification (aside for estimates for the inner fjord in 
the narrow boreal system) or estuarine circulation processes, they are 
likely to be substantial underestimates of the true freshwater residence 
times in these fjords. Suggesting, that aside from a longer residence time 
in the innermost part of the boreal study fjord, residence times are very 
short (on the order of days) for both the subarctic fjord, and the mid- and 
outer parts of the boreal study fjord. 

Riverine total nutrient (TN, TP) and inorganic nitrogen (NO3 + NO2, 
NH4) concentrations were higher in the narrow boreal system than in the 
broad subarctic system (Table 2). SiO2 concentrations were similar be
tween the two systems, while PO4 concentrations were, on average, 
nearly 5-fold higher in the surface waters of the subarctic system than 
the boreal system (Table 2). Mean riverine DOC concentrations were 
more than 4-fold higher in narrow boreal system (5.5 ± 0.9 mg/L) than 
at the broad subarctic system (1.2 ± 0.9 mg/L). The subarctic study river 
had higher seasonal (i.e. between-date) variability in water chemistry 
than the boreal study river, where water chemistry was generally similar 
across study dates (Table 2). 

3.3. Salinity along the transects 

In the narrow boreal system there was a gradual increase in surface 
water salinity from the innermost riverine to the outermost marine 
station (Fig. 2c). The river station and subsequent station (B) had the 
most seasonally stable surface water salinity (<1), while the shallow 
mid-fjord station C (Fig. 2a) experienced strong differences in salinity 
between sampling dates. 

In the broad subarctic system, fjord surface water salinity differed 
strongly between sampling dates (Fig. 2d, Table 2). On two occasions, 
including during spring snowmelt in June 2016, and on a wind-free 
summer day in August 2016, the fresh surface layer extended to the 
outermost station, with surface water salinity of <1 more than 15 km 
from the river outlet (Fig. 2d). For the remaining study dates, fjord 
surface waters were brackish, with strong between-site and between- 
date variability in salinity. The variability in fjord surface water 
salinity was driven primarily by the high seasonality in riverine 
discharge, the influence of tides (especially for the shallow inner fjord) 
as well as the degree of wind-induced mixing and strength of stratifi
cation. This system experiences much higher variability in river 
discharge and higher tidal amplitude than the narrow boreal system 
(Table 1). 

In both estuaries, salinity for deep water samples (collected at 20 m, 
8 m for station C in the boreal system) was higher than the surface water 
salinity, even for the most marine stations. In the broad subarctic system 
the deep-water salinity differed very little between stations and was 
stable throughout the study period. The deep-water salinity in the nar
row boreal system was more variable than at the broad subarctic system. 
Here, contrasts in salinity between surface and deep-waters were most 
pronounced at station B (Fig. 2b), reflecting its unique bathymetry, i.e. a 
deep and nearly fully enclosed and permanently stratified inner basin of 
the fjord, where river water is delivered to a fresh surface water layer 
overlying a brackish (and anoxic) deep water layer. There was a 
declining contrast between deep and surface waters salinity along the 
transect toward the outer fjord. 

3.4. Spatial and seasonal patterns in water chemistry 

In the narrow boreal system, surface water chemistry exhibited 
directional changes along the river-inner fjord-outer fjord gradient and 
was distinct from water chemistry in the deep water samples (typically 

Table 2 
Mean values (and standard deviation) for the 2015/2016 study period for selected water chemistry variables (including Chl a and SUVA254). Values for river water, 
surface and deep fjord water are shown for each of the two study systems. Molar concentrations are also presented for DOC and nutrients (to facilitate comparison). 
Data for E2:E3, S275-295 and δ13C of POM are reported in Table S2.   

Narrow boreal system Broad subarctic system 

river station fjord stations river station fjord stations 

surface surface deep surface surface deep 

Salinity mean 1.4 15.9 29.2 0 10.1 32.8 
SD 1.3 9.3 2.4 0 10.2 0.5 

DOC in mg C/l (μmol C/l) mean 5.5 (458) 3.6 (300) 1.8 (150) 1.2 (100) 1.3 (108) 1.3 (108) 
SD 0.9 (749) 1.3 (108) 0.4 (33) 0.2 (17) 0.3 (25) 0.2 (17) 

TN in μg N/l (μmol N/l) mean 404.0 (29) 272.6 (19) 182.5 (13) 218.6 (16) 137.9 (10) 149.9 (11) 
SD 85.0 (6) 87.1 (6) 29.9 (2) 97.7 (7) 49.9 (4) 30.2 (2) 

TP in μg P/l (μmol P/l) mean 7.6 (0.2) 10.6 (0.3) 14.5 (0.5) 5.4 (0.2) 9.0 (0.3) 19.3 (0.6) 
SD 2.4 (0.08) 3.1 (0.1) 3.4 (0.1) 3.2 (0.1) 6.8 (0.2) 8.9 (0.3) 

SiO2 in μg/l (μmol Si/l) mean 2334.0 (83) 1109 (39) 170.8 (6) 2181.0 (78) 1569.0 (56) 113.9 (4) 
SD 598.7 (21) 947.4 (34) 84.9 (3) 274.9 (10) 656.3 (23) 69.5 (2) 

PO4 in μg P/l (μmol P/l) mean 1.8 (0.06) 2.68 (0.09) 8.0 (0.3) 8.8 (0.3) 8.2 (0.3) 9.7 (0.3) 
SD 0.8 (0.03) 2.2 (0.07) 7.7 (0.2) 4.4 (0.01) 4.4 (0.1) 4.0 (0.1) 

NO3 + NO2 in μg N/l (μmol N/l) mean 139.3 (10) 58.5 (4) 30.1 (2) 59.4 (4) 46.1 (3) 33.3 (2) 
SD 65.3 (5) 60.9 (4) 20.7 (1) 34.4 (2) 25.1 (2) 33.8 (2) 

SUVA254 in m2/g C mean 3.9 2.8 1.6 3.1 2.4 1.1 
SD 0.4 0.9 0.2 0.7 0.6 0.3 

Chl a in mg/m3 mean 1.0 1.4 0.7 0.3 0.2 1.2 
SD 0.7 1.0 0.5 0.3 0.2 1.2  
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collected from 20 m). The river and inner- and mid-fjord surface waters 
were characterized by higher DOC, SUVA254, TN, NO3+ NO2, NH4 and 
SiO2 and lower PO4, TP, δ13C of POM and spectral slope (S275:295) than 
the outer fjord surface waters and deep waters along the transect 
(Table 2, Table S2, Fig. S4, Fig. S6). The brackish anoxic deep water at 
Station B was characterized by extremely high concentrations of NH4 
and PO4 (and to a lesser degree SiO2) highlighting the unique biogeo
chemistry of this inner fjord basin. These spatial patterns in water 
chemistry were relatively consistent across study dates. 

In the broad subarctic system, spatial patterns in nutrient concen
trations were less clear and often differed depending on season. As also 
observed in the narrow boreal system, SiO2 concentrations were much 
higher in the river and fjord surface waters than in the deep fjord waters. 

This was also the case for NO3 + NO2, although for sampling dates in 
winter (March 2016) and late autumn (November 2016) concentrations 
were relatively similar for both sampling depths along the study tran
sect. Riverine concentrations of DOC and NH4 were often similar to 
concentrations observed in deep outer fjord marine waters, although 
this also varied with sampling date (e.g. riverine NH4 concentrations 
were higher than marine concentrations during spring 2016 but lower 
than marine concentrations in June 2016). PO4 concentrations were 
generally higher in deep marine waters, although during periods of high 
river flow, PO4 concentrations in the river and inner fjord surface waters 
were higher than in outer fjord and deep waters. The river and brackish 
fjord surface waters tended to have higher SUVA254 and lower δ13C of 
POM and S275:295 (Table 2, Table S2, Fig. S5, Fig. S7) than the marine- 

Fig. 3. Heatmap showing results of correlation analysis and hierarchical multivariate clustering for surface water chemistry data for the two study systems. Cells are 
shaded grey where data were not available. 
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influenced deeper waters, as was also observed for the narrow boreal 
system, suggesting similar contrasts between freshwater and marine OM 
composition. 

Within sampling date, spatial patterns in surface water chemistry 
generally reflected salinity patterns, with similar surface water chem
istry across the whole transect for sampling dates where the river plume 
extended throughout the entire fjord (June and August 2016), and 
changes in surface water chemistry along the transect on sampling dates 
where a horizontal salinity gradient was present. 

3.5. Structuring forces 

The horizontal gradient in salinity from river to outer fjord was the 
major structuring driver of surface water chemistry at the narrow boreal 
system, including for nutrient and DOC concentrations and OM prop
erties (Fig. 3). Here the freshwater dominated stations (A and B) were 
distinct from the brackish water stations (D to G), with station C clus
tering with freshwater or brackish water stations depending on sampling 
date. The strongly freshwater influenced stations were characterized by 
high OC, Si, NO3+ NO2 and TN concentrations, while the outer fjord 
stations were characterized by higher salinity, as well as higher TP 
concentrations. OM absorption properties also differed between these 
clusters, with higher SUVA254 in inner fjord surface waters, and higher 
E2:E3 and S275:295 in the outer fjord. The water chemistry at the 
brackish water stations (C-G) clustered further based on seasonality, 
with apparent between-cluster differences in nutrient concentrations. 

In contrast, surface water chemistry (including OM properties) in the 
broad subarctic system do not cluster according to station but rather 
cluster broadly according to sampling date (Fig. 3), with river water 
samples often clustering with fjord surface water from the same date. 
Clustering was driven by strong between date differences in salinity, 
nutrient and DOC concentrations and OM properties, indicating a high 
degree of seasonal variability in these variables. Although there were 
several sampling dates with low surface water salinity across the entire 
fjord, these dates did not always cluster together, due to strong between- 
date differences in other water chemistry variables (including low vs. 
high DOC and NO3 + NO2 and differences in OM properties), further 
highlighting the importance of seasonality in discharge, river water 
chemistry, and marine nutrient concentrations in driving water chem
istry in this system. 

3.6. Patterns in nutrients and organic matter along the study transects 

The narrow boreal system had higher variability in water chemistry 
and OM related variables along the salinity gradient (Fig. 4: PC 1) than 
the broad subarctic system. The surface water chemistry differed 
considerably between the two fjords and also exhibited higher within- 
system variability than observed for deep water. Salinity, and several 
variables closely linked to the degree of freshwater influence (i.e. pH, 
SiO2, SUVA254, S275-295, δ13C of POM, NO3+ NO2) were strongly 
associated with PC1 (explained 52% of the total variance in the dataset), 
while PC2 (explained 14% of the variance) was associated with Chl a, 
DOC and PO4 concentrations. Deep-water samples separated from sur
face water samples primarily along PC1, while the surface water from 
the two study systems primarily separating along PC2, apparently 
reflecting differences in DOC and Chl a (higher in the narrow boreal 
system), and PO4 (higher in the broad subarctic system). There was 
considerable overlap between study systems for deep water chemistry 
including OM absorption properties. The broader spread of the data 
from the narrow boreal system surface waters along PC1 reflects the 
consistent horizontal patterns in salinity and surface water chemistry 
along this study transect, where salinity (and pH) increases alongside 
decreasing Si and DOC concentrations, and there is a gradual shift in 
from terrestrial to marine OM (as indicated by SUVA254, δ13C as well as 
S275-295). The narrower spread of surface water data for the broad 
subarctic system along PC1 once again indicates that salinity is not the 

primary driver of surface water chemistry in this system. SiO2 and NO3+

NO2 was negatively with salinity in both systems, suggesting that both 
rivers act as a source of these nutrients to the marine environment. The 
lack of association between PO4 and with salinity suggests that these 
rivers do not acting as a strong source of phosphorus to the adjacent 
marine waters. The spread of deep-water data along PC2 is more pro
nounced in the broad subarctic system, likely linked to seasonal changes 
in SiO2 and Chl a. 

3.7. Mixing patterns across seasons 

Nutrient and DOM patterns differed between the two systems both 
across the freshwater-marine transect and between the seasons (Fig. 5, 
Fig. 6, Table S4). There were strong changes in nutrient concentrations 
and OM characteristics along the transect in the narrow boreal system, 
whereas nutrient concentrations and OM characteristics were more 
similar along the transect in the broad subarctic system but exhibited 
higher seasonal variability. 

Hierarchical GAM analysis revealed consistent linear relationships 
between salinity and DOC, δ13C of POM and TP on most sampling dates 
for the narrow boreal system, indicating conservative mixing (Fig. 5a, 
Figs. S2b and c, Table S4a), while SUVA254 exhibited conservative (or 
mostly conservative) mixing patterns on some, but not all, study dates 
(Fig. 5b). In the broad subarctic system, only SiO2 exhibited conserva
tive mixing patterns on all sampling dates, while SUVA254 and E2:E3 
were linearly related to salinity on at least some sampling occasions 
(Fig. 6b,d, Fig. S3d, Table S4b). In the narrow boreal system, linear (and 
near-linear) changes in DOC, δ13C POM and SUVA254 with salinity 
indicate that conservative mixing is the major and dominant driving 
force behind the OM quantity and quality in the system. While the 
decrease in SUVA254 along the study gradient indicates a shift from more 
humic DOM of terrestrial origin toward marine DOM, the increase in 
δ13C of POM from the inner to outer fjord (Fig S2, Table S4a) indicates a 
similar shift in dominance from terrestrial to marine POM. This 

Fig. 4. Principal component analysis (PCA) of key water chemistry variables 
and DOM indicators for the narrow boreal system (red points and ellipse) and 
the broad subarctic system (blue points and ellipse), shape of the data points 
indicates sampling depth. Ellipses are based on the SD with a 95% confidence 
limit. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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conservative mixing pattern is only broken during one season (May 
2015), where there is a deviation towards higher δ13C at lower salinities, 
suggesting a stronger seasonal contribution of phytoplankton to the 
POM pool. The spectral slope of DOM (S275-295; Fig. 5c, Table S4a), 
increases non-linearly along the gradient, with relatively stable values 
below ~15, followed by a seasonally dependent increase, with higher 
marine S275-295 values in samples collected in April and May of 2016. 

Physical mixing also plays a key role in shaping nutrient concen
trations along the narrow boreal system, where concentration differ
ences between the river and the receiving marine waters drive a 
negative relationship between salinity and NO3 + NO2 (and TN) as well 
as SiO2, and a positive relationship between salinity and PO4. However, 
the complex non-linear relationships between salinity and dissolved 
inorganic nutrient concentrations (e.g. the steep non-linear decline in 
NO3 + NO2 with salinity; Fig. 5e) and S275-295 (Fig. 5c), and seasonal 
changes in response curves indicate that biological or chemical pro
cesses are also shaping nutrient and DOM patterns along the transect 
(Fig. 5c, e, f, Table S4a). Meanwhile, strong seasonality in water 
chemistry of riverine and marine ‘end members’ also point to seasonal 
changes in riverine and marine nutrient and OM supply to the study 
fjords (Fig. 5a, e, f). 

In the broad subarctic system, SiO2 (Fig. 6d) is the only water 
chemistry variable measured that consistently exhibits strong 

conservative mixing patterns, although SUVA254 (Fig. 6b) decreases 
linearly with salinity on 3 of 5 sampling dates where data are available. 
The reduced importance of conservative mixing in this system compared 
to the narrow boreal system is linked to the lack of strong contrast be
tween riverine and marine water chemistry from several of the variables 
of interest. Furthermore, for several sampling dates, a lack of data at 
intermediate salinities increases uncertainty related to the shape of 
response curves (Fig. 6) and makes it challenging to accurately assess 
conservative mixing patterns and/or non-linear response curves. Sam
pling date, rather than salinity, seems to be the main driver of patterns in 
DOC (Fig. 6a, Table S4b), NO3+ NO2 and TN (Fig. 6e, Fig. S3a, 
Table S4b), PO4 and TP (Fig. 6d, Fig. S3b, Table S4b). In particular, 
strong seasonal differences in concentrations and response curves for 
NO3+ NO2 indicate seasonal changes in riverine and marine nutrient 
supply, as well as in biological uptake rates. PO4 concentrations in this 
system varied strongly between date, with distinctly high concentrations 
occasionally observed in river water and the freshwater surface layer in 
the fjord as well as in deep marine waters. The overall concentration and 
patterns of DOC differ strongly between date, however, as observed for 
the narrow boreal system, SUVA254 tends to decrease with salinity, 
while S275-295 increases, with the strongest increase observed at higher 
salinities (Fig. 6c). An increase in δ13C of POM (Fig. S3c, Table S4b) is 
also observed with increasing salinity in most seasons, indicating a shift 

Fig. 5. Hierarchical generalized additive (HGAM) models for DOC, SUVA254, S275-295, SiO2, NO3 + NO2, and PO4 based on data from both depths for the narrow 
boreal system. Straight linear responses between a variable and salinity indicate conservative mixing patterns without further influential outside effects. Seasonally 
divergent values (e.g. between-date differences in chemistry of freshwater or marine ‘end members’) are indicated by seasonally different intercepts (at salinity of 
0 for the river and at the maximum measured salinity for marine water). Seasonally-independent processes (mostly chemical/physical) are reflected in response 
curves that are similar between seasons. Seasonally-dependent processes (including biological activity, but also chemical processes) are reflected in seasonally 
divergent response curves. See Table S4 for details on the models, and Fig. S2 for HGAM model plots for additional variables. 
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from terrestrial to marine POM. However unlike in the narrow boreal 
system where δ13C was typically linearly related to salinity, in the broad 
boreal system, non-linear response curves were typically observed, with 
differences in concentration and response curves between sampling 
dates/seasons. 

4. Discussion 

Transfer of organic matter and nutrients along the freshwater-marine 
continuum is based on a combination of site-specific attributes both in 
terms of catchment properties, seasonal changes in OM and nutrient 
delivery to the coast, as well as coastal morphometry and hydrody
namics. In the current study, we found that while catchment properties 
and seasonality shaped the geochemistry of freshwater and marine ‘end 
members’; fjord morphometry was the main driver for spatial patterns in 
salinity, OM and nutrients and for transfer of terrestrial material along 
the study gradients. 

4.1. Catchment properties affect nutrient and OM levels 

The different properties of the two systems - one estuary located in a 
nearly pristine mountainous subarctic environment and the other in a 
boreal, forested catchment with stronger anthropogenic influences - are 
clearly reflected in the nutrient and DOC concentrations in the rivers and 
along the transects. The higher concentrations of NO3 + NO2 and TN in 
the river and fjord surfaces waters of the narrow boreal system to some 
degree reflect anthropogenic sources in the drainage basin, including the 

higher atmospheric deposition of N in southern Norway compared to 
northern Norway, while the higher TN also likely reflects high concen
trations of organic N associated with the higher levels of DOMterr in this 
river (Deininger et al., 2020). The higher concentrations of SiO2 and PO4 
in river and fjord surface waters in the broad subarctic surface waters 
likely reflect local geology (including presence of phosphate-rich 
bedrock) and weathering/erosion, including in the higher elevation 
poorly-vegetated parts of the catchment (Kaste et al., 2018). In addition, 
the subarctic river has a considerably larger catchment area than the 
boreal river (5913 vs. 408 km2) and stronger seasonality in discharge, 
with pronounced seasonal snowmelt floods due to its subarctic location 
(Avagyan et al., 2016). 

The two systems differ considerably in DOC concentrations and DOM 
characteristics. The three-fold lower concentrations of DOC in the sub
arctic river and fjord surface waters compared to the boreal system 
reflect differences in catchment properties, with higher forest and 
wetland cover in the boreal site, as well as differences in land-use and 
precipitation between the two sites (Kaste et al., 2018). Differences in 
DOM absorption properties between the two study rivers also point to 
differences in OM composition, including a stronger contribution of OM 
with high molecular weight (lower S275-295) and high aromatic con
tent (higher SUVA254) (Hansen et al., 2016; Weishaar et al., 2003) in the 
boreal river, and lower molecular weight OM (higher S275-295; Hansen 
et al., 2016) in the subarctic river, potentially indicating higher rates of 
photochemical degradation of riverine DOM in this system (Hansen 
et al., 2016). Higher photochemical degradation of DOM in the subarctic 
river could potentially be linked to the large lakes present in the 

Fig. 6. Hierarchical generalized additive (HGAM) models based on data from both depths for the broad subarctic system. See Fig. 5 caption for more details. For 
details on the models, see Table S4, and see Fig. S3 for HGAM model plots for additional variables. 
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catchment and clear waters, which would increase residence time as 
well as light exposure of riverine DOM (Kothawala et al., 2021). 

Differences in seasonal catchment processes (including discharge) 
between the two study systems are also reflected in the higher seasonal 
variability in riverine concentrations of nutrients (except for SiO2), DOC 
and OM absorption properties in the subarctic river compared to the 
boreal river. These results are consistent with other studies that have 
pointed to particularly strong seasonality in water chemistry and OM 
properties for high latitude rivers (Finlay et al., 2006; Holmes et al., 
2013). 

4.2. Fjord morphometry and seasonality shape salinity and stratification 

Compared to coastal areas that have limited exchange with open 
marine waters (such as our narrow boreal fjord system), in an open 
coastal system with a high degree of exchange with offshore marine 
waters (such as our broad subarctic system), strong dilution of fresh
water and terrestrial nutrients and DOMterr can lead to reduced con
centrations, highlighting the role of morphometry in shaping the 
transport and fate of riverine nutrients and OM in the marine environ
ment. However, even in broad and open fjords, strong estuarine circu
lation and salinity stratification, particularly during periods of high river 
discharge can lead to rapid offshore transport of freshwater and terres
trial material (Asmala et al., 2016). In the current study, the 
morphometry of the estuary and fjord basin was a major determinant of 
salinity, nutrient and organic matter dynamics. 

The narrow and more sheltered boreal system with its low tidal 
amplitude is characterized by a gradual decline in salinity along the 
transect and comparably low variability in salinity between sampling 
dates. In this estuary, nutrient and DOC concentrations cluster according 
to sampling stations and salinity and are only modestly impacted by 
seasonality. In contrast, the subarctic system, with its broad and open 
fjord, is strongly affected by estuarine circulation and tidal cycles 
pushing seawater far up into the estuary, equalizing the salinity levels 
across the gradient via mixing. However, during periods of high river 
discharge, freshwater inputs from the large subarctic river can lead to a 
buoyant freshwater or brackish river plume that can ‘flood’ the surface 
waters of the subarctic fjord with freshwater, resulting in a similar (but 
directionally opposite) equalizing effect on surface water salinity in the 
system, and restricting mixing and impacting availability of light, nu
trients and DOM in the upper water column. These between system 
differences in mixing and salinity are also reflected in fjord water 
chemistry, with the narrow boreal system exhibiting strong horizontal 
gradients and the broad subarctic system exhibiting strong vertical 
gradients in nutrient and OM patterns. 

Considering the high seasonality in river discharge combined with 
the shorter terrestrial and marine growth season at high latitudes, the 
lack of clear seasonal patterns in measured nutrient concentrations and 
OM in in the broad subarctic system was surprising. Even during a high 
flow event (June 2016, Fig. S1), the measured water chemistry was 
generally similar to the other dates, although these samples were 
collected during the late freshet period, when dilution processes can lead 
to much lower DOC and nutrient concentrations than during the early 
phases of the spring snowmelt period (Finlay et al., 2006; McClelland 
et al., 2014). However, more generally, this also reflects the lack of a 
strong contrast in OC and nutrient concentrations between the river and 
the receiving marine waters, such that changes in discharge impact 
salinity, and may impact the relative contribution of terrestrial vs. ma
rine sources of nutrients or OC, but may not necessarily have a strong 
impact on total nutrient concentrations. 

4.3. Conservative and non-conservative mixing of nutrients and DOM 

Conservative mixing patterns are more likely to occur where nutrient 
and DOC concentrations are high since losses through flocculation and 
sedimentation may be small in comparison with total concentrations 

(Sholkovitz et al., 1978). Similarly, high concentrations of nutrients and 
DOC paired with relatively low levels of biological uptake (e.g. due to 
limitation by light or other nutrients or seasonal changes in biological 
activity) would also be expected to lead to relatively low nutrient uptake 
compared to total concentrations. On the other hand, longer residence 
time of freshwater in estuaries (e.g. due to lack of exchange with open 
marine waters and/or wind-induced mixing that limits the development 
of a buoyant river plume) can lead to higher removal and transformation 
of riverine OM and nutrients along the freshwater-marine gradient (e.g. 
through sedimentation, biological uptake, and/or photochemical and 
microbial degradation; Voss et al., 2021; Bianchi et al., 2020). 

While SiO2 mixes conservatively in the broad subarctic system and 
exhibits a near-linear decline in the narrow boreal system, NO3 + NO2 
and PO4 do not. In the narrow boreal system, the apparent conservative 
mixing of TP, and the gradual decline in TN with salinity, likely reflect 
high concentrations of riverine dissolved organic N and P in fresh and 
brackish waters, as well as changing contribution of particulate nutri
ents to the TN and TP pool along the study transect. These changes could 
mask underlying non-linear changes in NO3 + NO2 and PO4 which are 
generally present at low concentrations. 

Season had only a minor effect on overall concentrations of SiO2, TP 
and PO4 in the broad subarctic system, indicating relatively consistent 
supply of these nutrients to the fjord system from both the river (for SiO2 
and PO4) and deeper marine waters (for PO4). In contrast, the strong 
seasonality in NO3 + NO2 concentrations and their relationship to 
salinity highlights the importance of seasonal changes in availability and 
biological uptake. For example, concentrations were high in both the 
river and marine waters during the late autumn and winter when bio
logical uptake by terrestrial and aquatic primary producers is low 
(Sponseller et al., 2014) and when mixing and advection processes 
deliver nutrients from deeper marine waters to surface and nearshore 
waters (e.g. Wassmann et al., 1996). Strong evidence of higher biolog
ical uptake along the salinity gradient during the spring and summer 
growth season has also been observed in several other studies in 
northern estuarine systems (Humborg et al., 2003; Ylöstalo et al., 2016). 
The lack of seasonality in marine SiO2 concentrations in the broad 
subarctic system suggests that concentrations are sufficiently high in 
these nearshore coastal waters that changes due to biological uptake (e. 
g. diatoms that are limited by other factors than silicate) or other 
physical removal processes become negligible. Further, the low water 
residence times in these fjords may also limit our ability to detect bio
logical uptake along the study transects. 

In the narrow boreal system, both NO3 + NO2 and SiO2 decline with 
increasing salinity, and there is an effect of seasonality on riverine 
transport of nutrients and their transfer to the ocean, with seasonal 
changes in riverine concentrations setting the stage for surface water 
concentrations throughout the fjord, and evidence of biological uptake 
along the salinity gradient for these nutrients for all sampling dates, with 
SiO2 concentrations that typically plateau at very low values at 
approximately 25, and NO3 + NO2 concentrations that reach very low 
levels, especially during periods of high primary productivity (e.g. 
during spring 2016). For PO4, concentrations remain low between the 
river and intermediate salinities, with increasing concentrations often 
observed above ~15, indicating P-limitation and high biological uptake 
of marine PO4 in the inner and mid-fjord surface waters. 

The OM dynamics of the two systems behave very differently: DOC 
concentrations are higher at the narrow boreal system, where conser
vative mixing is observed. Chlorophyll concentrations are also higher in 
the boreal system, likely reflecting the higher nutrient concentrations in 
the region, but also the highly seasonal nature of primary production in 
the subarctic system, where periods of high productivity may have been 
missed by our sampling campaigns. 

While DOC concentrations and δ13C of POM at the narrow boreal 
system typically decline linearly, reflecting riverine inputs and a gradual 
shift in source of the DOM and POM towards marine sources, S275:295 
changes non-linearly along the transect. Increasing S275:S295 is a 
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common proxy for photochemically-induced reduction in molecular 
weight (Twardowski et al., 2004), although microbial degradation or 
flocculation processes may also impact the molecular weight of the 
remaining DOM in a non-linear way (Boyd and Osburn, 2004; Sholkovitz 
et al., 1978; Twardowski et al., 2004). The variation in S275:S295 in the 
broad subarctic system across seasons co-occur with the δ13C variability 
and reflects seasonality in the relative contribution of terrestrial and 
marine (phytoplankton-derived) POM. This high variability in DOM 
molecular weight and δ13C of POM likely reflect inputs or in situ pro
duction of different sources of OM across the seasons, e.g. due to 
phytoplankton blooms or progressive snowmelt patterns that drain 
different parts of the catchment area or soil depths at different times 
(Avagyan et al., 2016). 

Overall, DOM (and POM) composition in the narrow boreal system 
are structured primarily by riverine inputs of terrestrial OM. This sug
gests that effects on the biota (e.g. visibility conditions, contaminant 
loads) will differ strongly along the gradient, independent of season. In 
the broad subarctic system, low DOC concentrations in the river limit the 
impact of river inputs on OM dynamics in the system, with DOM and 
POM primarily responding to local seasonal phytoplankton blooms and 
spring freshet, reflected in the diverging response curves according to 
season. However, other studies in high latitude rivers focusing on 
riverine DOC fluxes to the coast have highlighted the potential for the 
spring snowmelt period to deliver up to half of total annual OC-fluxes 
over a period of only a few weeks (Finlay et al., 2006; Holmes et al., 
2013), and to deliver DOM that is particularly labile relative to the 
higher molecular weight DOM that is typically observed in other seasons 
(Kaiser et al., 2017). Since DOC mixing patterns were purely conserva
tive at the narrow boreal system, the effect of seasonal phytoplankton 
blooms on the total DOC pool appears to be small. Thus, while overall 
autochthonous production may be higher in the narrow boreal system, 
the relative importance of autochthonous production for driving OM 
dynamics was higher in the broad subarctic system. 

In both systems OM properties for deep water at the marine stations 
were very similar to each other, and were also distinct from their 
respective surface water systems. This suggests a decoupling of surface 
and deep waters, with deep waters being dominated by inflow from the 
Norwegian Coastal Current. The deep water in the broad subarctic sys
tem is, however, more similar to its surface system than is the case in 
narrow boreal system. This is likely due to the lack of contrast in nutrient 
and OC concentrations between river and marine water. Interestingly, 
δ13C of POM differs strongly between surface and deep water in both 
estuaries, despite the fact that POM sinks out and should thus connect 
surface to deep waters. In addition to loss through sedimentation, POM 
is a preferred food source for heterotrophic bacteria (Tranvik and Sie
burth, 1989), and is also utilized by grazers and filter-feeders (Williams 
et al., 2014), providing a pathway for uptake into pelagic and benthic 
food webs. δ13C values of POM can also shift through heterotrophic 
processing or the contribution to the POM pool by bacteria. These dif
ferences could also reflect contribution to the deep-water POM by high 
δ13C particulate matter from subsurface phytoplankton blooms and 
advected phytoplankton from offshore waters. In shallow waters benthic 
organisms and sediments may also be important sources of DOC to the 
overlying water column (Lønborg et al., 2020). 

4.4. Climate change and coastal darkening 

Climate change in Europe will be reflected in increases in heavy 
rainfall and changes in timing and magnitude of spring snow melt that 
can lead to flooding events as well as droughts (Seneviratne et al., 2012). 
These changes have the potential to alter the mobilization and transport 
of DOMterr and nutrients from land to sea, with climate and catchment 
properties interacting to define what will occur downstream. Flood 
events or shifts between droughts and floods may lead to intense pulsed 
inputs of DOMterr that can act as a stressor for impacted coastal eco
systems (Paczkowska et al., 2020). While no such extreme events were 

captured in the current study, previous studies, including during spring 
snowmelt floods, have pointed to the importance of these extreme 
events for land-ocean OM and nutrient fluxes and their potential impacts 
on downstream coastal ecosystems (Paczkowska et al., 2020; Stepa
nauskas et al., 2000; Vidon et al., 2008). 

Given documented increases in inputs of DOMterr to northern coastal 
waters, including along the Norwegian coast, it is particularly important 
to understand the potential consequences of these inputs for coastal 
ecosystems (Frigstad et al., 2020). While increased DOMterr is expected 
to increase coastal light attenuation (“coastal darkening”; Opdal et al., 
2019; Aksnes et al., 2009), these inputs are also a source of OC and 
OM-associated nutrients to coastal waters and sediments, with a range of 
documented and potential impacts on coastal pelagic and benthic eco
systems (e.g. McGovern et al., 2019; Opdal et al., 2019; Paczkowska 
et al., 2020). In systems where OC and nutrient concentrations are 
already high, such as in the narrow boreal system, increased DOMterr 
may negatively impact phytoplankton abundance and community 
composition through shading and may allow bacteria to outcompete 
phytoplankton for nutrients (Paczkowska et al., 2020; Sipler et al., 2017; 
Vallières et al., 2008). This can lead to a shift in the balance between 
heterotrophy and autotrophy, with implications for CO2 balance of 
coastal waters (Bauer et al., 2013; Paczkowska et al., 2020). However, in 
waters where OC and nutrient concentrations are currently low, 
increased DOMterr inputs could also have a positive effect on primary 
productivity, where light availability is still sufficient for growth and 
DOMterr-associated nutrients can mineralized and made available for 
uptake by primary producers (Paczkowska et al., 2020; Vähätalo et al., 
2011). 

5. Conclusions 

The comparison of the two river-fjord systems revealed that while 
inputs of nutrients and OMterr depend on catchment properties and river 
discharge, transport and fate of terrestrial OM and nutrients along the 
freshwater-marine continuum depend strongly on the morphometry of 
the system, a factor that often overrides the importance of seasonal 
patterns in our dataset. In the narrow boreal system, there are more 
gradual directional shifts in nutrient and DOC concentrations and POM 
properties from the riverine to the marine system. Limited connectivity 
with the open marine system paired with the higher riverine nutrient 
and OC concentrations (based on catchment attributes) mean that con
servative mixing patterns dominate in this system, although biological 
uptake of riverine NO3 + NO2 and advected marine PO4 was also an 
important driver of inorganic N and P patterns along the study transect. 
In the broad subarctic system, a lack of contrast in OC and nutrient 
concentrations between the river and marine system paired with com
plex mixing and stratification patterns creates a less structured transect, 
where vertical differences in water chemistry were much more pro
nounced than horizontal or seasonal differences, and where conserva
tive mixing was only observed for SiO2. Although Chl a was generally 
higher in the narrow boreal system, terrestrial OM dominated the DOM 
and POM pool in fjord surface waters, while in the subarctic system, 
despite lower Chl a concentrations, OM of marine origin tended to 
dominate the fjord OM pool, due to lower riverine inputs of OM from 
this relatively carbon-poor mountainous catchment. Deep waters in 
general differed from surface waters but were similar across study sys
tems, likely reflecting inflow of water from the Norwegian Coastal 
Current at both locations. 

Despite the strong differences between the two study systems, we 
found that there were several drivers and patterns that were common to 
both systems. Rivers were sources of SiO2, inorganic N and highly aro
matic DOM to the coastal environment, and advected marine waters 
were a source of PO4 and low molecular weight/photochemically- 
degraded DOM. Finally, the contrasts between these systems, as well 
as the spatial and seasonal dynamics within these systems also provided 
concrete examples of how catchment properties, hydrology, fjord 
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morphology and seasonality interact to shape fluxes, distribution and 
fate of terrestrial nutrients and OM in the coastal environment. 
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