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Dissolved organic matter (DOM) degradation in freshwaters plays an important role in 
the global carbon cycle, yet there is limited understanding of how the origin and composi-
tion of DOM regulate the production of riverine greenhouse gases. We investigated the 
molecular composition of DOM using Fourier transform ion cyclotron resonance mass 
spectrometry (FT-ICR MS) and measured the potential carbon dioxide (CO2) production in 
pristine subarctic rivers of Finnish Lapland. During 21-day incubations, dissolved organic 
carbon (DOC) was effectively mineralized into CO2 in the clearwater river associated with 
mineral soils. The high degradability of mineral soil-derived DOM was supported by a 
high presence of aliphatic and peptide-like compounds. Significantly lower CO2 produc-
tion per DOC was observed in the brown-water river, likely due to a large number of less 
biodegradable, vascular plant-derived compounds from surrounding peatlands. These find-
ings highlight the significance of biolabile molecular compounds in the DOM degradation 
dynamics of subarctic catchments.
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et al. 2012, Catalán et al. 2021). DOM consists of 
a wide range of dissolved organic molecules, and 
it is among the most complex molecular mixtures 
known (Zark and Dittmar 2018). Recent develop-
ments of DOM characterization using Fourier 
transform ion cyclotron resonance mass spectrom-
etry (FT-ICR MS) enable measurements of DOM 
molecular composition by identifying thousands 
of individual molecular formulas for a single 
sample (e.g., Hockaday et al. 2009). In recent 
years, FT-ICR MS has been used to identify the 
molecular composition of DOM in a variety of 
aquatic systems, including rivers (Rogers et al. 
2021, Behnke et al. 2021), lakes (Kellerman et al. 
2015, Mostovaya et al. 2017) and groundwater 
(McDonough et al. 2022). In aquatic ecosystems, 
the sources of DOM are typically categorized into 
allochthonous (terrestrially derived) and autoch-
thonous (algal- and macrophyte-derived) sources 
(Stedmon et al. 2007). Autochthonous DOM 
is associated with lower molecular weight and 
higher bioavailability compared to allochthonous 
DOM (Chen and Wangersky 1996).

Hydrological conditions and catchment char-
acteristics (e.g., soil type, vegetation, and land 
use) have a strong influence on DOM biogeo-
chemistry in headwaters (Ågren et al. 2007, Spen-
cer et al. 2008, Battin et al. 2009, Kothwala et al. 
2015, Catalán et al. 2016). Northern high-latitude 
rivers are associated with seasonal fluctuations 
in hydrology (e.g., an intense runoff during the 
spring freshet and baseflow periods during the 
summer and winter), and these fluctuations largely 
control the export and composition of riverine 
DOM (Olefeldt et al. 2013, Kothwala et al. 2015). 
In subarctic ecosystems, the catchment-scale 
DOM export and composition are closely con-
nected to the area covered by peatlands and the 
contribution of groundwater (Olefeldt et al. 2013). 
Peatland-derived DOM in freshwaters tends to 
have higher concentrations and aromatic content 
(i.e., lower bioavailability) compared to DOM 
derived from other terrestrial sources (Ågren et 
al. 2008, Olefeldt et al. 2013). Northern peatlands 
and forest soils are known to represent a major C 
reservoir (Gorham 1991, Tarnocai et al. 2009), 
and in peat-dominated catchments, the terrestrial 
production and fluvial export of DOM might be 
even more sensitive to climatic changes than in 
mineral soil catchments (Monteith et al. 2015).

Introduction

The lateral transport of dissolved organic carbon 
(DOC) and nitrogen (DON) from catchments 
to freshwaters via surface flow or groundwa-
ter inputs is a crucial link between terrestrial 
and aquatic ecosystems (Battin et al. 2009). In 
a changing climate, northern freshwaters are 
exposed to increasing terrestrial dissolved organic 
matter (DOM) load due to changes in precipita-
tion, air temperature and vegetation cover as well 
as due to reduced sulphur (S) deposition (Sarkkola 
et al. 2009, Couture et al. 2012, Pumpanen et al. 
2014, Finstad et al. 2016, Monteith et al. 2023). 
The increases in the export of DOM have the 
potential to significantly accelerate aquatic CO2 
emissions across northern latitudes (Lapierre et al. 
2013, Berggren and del Giorgio 2015). Similarly 
to lakes that are supersaturated with dissolved C 
gases due to terrestrial DOM inputs (Cole et al. 
2007), recent studies have reported streams and 
rivers to be net sources of carbon dioxide (CO2) 
and methane (CH4) to the atmosphere (Aufden-
kampe et al. 2011, Butman and Raymond 2011, 
Huotari et al. 2013, Rocher-Ros et al. 2019).

Small streams and rivers together with their 
riparian zones are hotspots of biogeochemical 
activity (McClain et al. 2003, Catalán et al. 2016) 
and play an important role in the global carbon 
cycle (Cole et al. 2007). Small fluvial systems as 
processors of DOM are particularly important in 
the northern landscape characterized by a high 
density of small streams and rivers that connect 
the numerous lakes and wetlands (Ågren et al. 
2007). Recently, the molecular composition of 
DOM has gained increasing attention as a con-
troller of DOM degradation (Kellerman et al. 
2015, Mostovaya et al. 2017, Hawkes et al. 2018, 
Wologo et al. 2021). However, to our knowledge, 
there have been very few studies addressing the 
influence of molecular composition on minerali-
zation of DOC to CO2 (Hodgins et al. 2014, Valle 
et al. 2018).

DOM degradation in freshwaters depends on 
the combination of extrinsic (e.g., temperature, 
nutrient and oxygen availability, photochemical 
reactions, and bacterial community composition) 
and intrinsic factors (i.e., chemical properties of 
DOM) (Tranvik and Bertilsson 2001, Bastviken 
et al. 2004, Vähätalo and Wetzel 2008, Koehler 



BOREAL ENV. RES. Vol. 29 • The influence of DOM composition on CO2 production	 133

Material and methods

Site description

Samples were collected from a subarctic conifer-
ous forest located in Värriö Strict Nature Reserve 
(67°44´16´´N, 29°38´58´´E) in Finnish Lapland 
close to Värriö Subarctic Research Station (Uni-
versity of Helsinki) (Fig. 1c). The most dominant 
tree species in the region include Scots pine (Pinus 
sylvestris L.), Norway spruce (Picea abies ssp. 
obovata) and downy birch (Betula pubescens ssp. 
pubescens). The soils in the study area are haplic 
podzols with sand tills (FAO 1990). The climate is 
subcontinental with no underlying permafrost. The 
average annual precipitation and air temperature in 
the study area are 592 mm (Korhonen and Haav-
alammi 2012) and –1°C (Susiluoto et al. 2008), 
respectively. The length of the period of snow cover 
is 200–225 days, while the length of the growing 
season is 105–120 days (Pohjonen et al. 2008).

Here, we investigate how the quantity and 
composition of DOM influence its microbial 
degradability and CO2 production in subarctic 
rivers. We aimed to: 1) gain a more compre-
hensive understanding on the composition of 
riverine DOM at a molecular level; 2) deter-
mine how DOM microbial degradability and 
relative abundance of bacteria differ between 
the brown-water and clearwater river; and 
3) investigate how these factors regulate the 
potential CO2 production in the rivers. We 
hypothesized that DOM in the brown-water 
river has lower degradability than DOM in the 
clearwater river because the water originated 
from peatlands contains recalcitrant humic-
like substances. We also hypothesized that 
DOM degradation is dependent on terrestrial 
plant-derived compounds during spring, while 
the role of autochthonous sources (e.g., mac-
rophyte-derived DOM) is more pronounced 
during autumn.

Fig. 1. (a) Brown-water river (river Yli-Nuortti); (b) Clearwater river (river Kotkakurunoja); and (c) the study area 
in Värriö Strict Nature Reserve (67°44´16´´N, 29°38´58´´E) in Finnish Lapland. Red dots represent the sampling 
locations. Map from National Land Survey of Finland, Paituli open access data base, open data CC-BY-4.0 license, 
available online: http://www.csc.fi/paituli.
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Experimental design

Sampling was carried out on two occasions 
(June 11–13 and October 8–10, 2018) to study 
the effect of the molecular composition of riv-
erine DOM on microbial degradation and CO2 
production with 21-day incubation studies. The 
samples were collected from two rivers that 
differ in catchment characteristics (e.g., vegeta-
tion and soil type). Both rivers drain to Barents 
Sea. The brown-water river (Yli-Nuortti, Fig. 1a) 
is surrounded by pristine open mires with ∼20% 
catchment peatland coverage. In the brown-
water river catchment, the ground vegetation 
consists of dwarf shrubs (Betula nana L., Salix 
glauca L.), flowering plants (Geranium sylvati-
cum L.), graminoids, and mosses (Sphagnum L.). 
The clearwater river (Kotkakurunoja, Fig. 1b) 
flows from a steep gorge and is surrounded by 
mineral soils (< 1% catchment peatland cover-
age). The ground vegetation in the clearwater 
river catchment consists of dwarf shrubs (e.g., 
Vaccinium myrtillus L., Vaccinium vitis idaea 
L. and Empetrum nigrum L.), lichens (Cladina 
(Nyl.)) and mosses (e.g. Polytrichum sp. and 
Pleurozium schreberi (Brid.) Mitt.). 

Water discharge was determined based on the 
continuous water depth measurements carried 
out by pressure sensors measuring the hydro-
static pressure (Levelogger, Solinst, Georgetown, 
Canada) at the bottom of the river which was 
corrected by barometric pressure measurements 
(Barologger, Solinst, Georgetown, Canada). The 
water depth measurements were converted to 
flow rates using channel cross-section, water 
depth and manual flow rate measurements (Flow 
Tracker Handheld ADV, SonTek, CA, USA) 
conducted at sampling locations. Between June 
and October 2018, the discharge varied from 
0.99 to 1.01 m3 s–1 in the brown-water river and 
from 0.10 to 0.12 m3 s–1 in the clearwater river 
(Fig. S1 in the Supplementary Information).

Two liters of water were collected from six 
locations of the brown-water river and five loca-
tions of the clearwater river (Fig. 1a, b) to pre-
combusted (450°C, 3 h) brown glass bottles that 
had been washed with 0.01 M nitric acid (HNO3) 
and rinsed with acetone (C3H6O) and ultra-pure 
water (Milli-Q®). After water sampling, surface 
sediment from one sampling location of each 

river was collected for the inoculum of the incu-
bation experiment. Immediately after transport-
ing the samples from the field to the research 
station, water samples were filtered through the 
filtration assembly with pre-combusted (450°C, 
3 h) glass microfiber filters with a nominal pore 
size of 0.7 µm (Whatman GF/F Glass Microfiber 
Filters, GE Healthcare Bio-Sciences, Marlbor-
ough, MA, USA). The samples were stored at 
~0 °C by submerging them in a stream close to 
the research station for 2–4 days until further 
processing.

In the laboratory, surface sediment samples 
from both rivers were centrifuged to separate 
the particulate matter from the water, and 10 ml 
of the separated fluid was then added to 1 l of 
river water (1:100) as a microbial inoculum to 
stimulate the microbial activity in the incubation 
experiment. Thereafter, 300 ml of each sample 
with the inoculum from the respective river was 
transferred into a 500 ml glass bottle in three 
replicates. Furthermore, one replicate of each 
water sample without the inoculum and three 
replicates of Milli-Q water mixed with the inoc-
ulum from each river, as well as three replicates 
of Milli-Q water as a control, were included in 
the incubation (Fig. S2 in the Supplementary 
Information). Replicates with the inoculum were 
used to determine the potential production of 
CO2. Because no significant difference in the 
potential CO2 production was observed between 
the replicates with and without the inoculum, 
replicates without the inoculum were used to 
investigate the composition of DOM to avoid the 
possible disturbance resulted from the inoculum 
on the interpretation of results.

In the beginning of the incubation, 60 ml of 
water from each incubation bottle was taken to 
measure the concentrations of DOC and total 
nitrogen (TN), as well as wavelength specific 
UV-absorbance at 254 nm (SUVA254). In addi-
tion, 60 ml of water from the bottles without the 
inoculum was taken to measure the DOM molec-
ular composition with FT-ICR MS. Thereafter, 
the bottles were transferred outside to aerate the 
samples with ambient air for 15 minutes. Close 
to each incubation bottle, 25 ml of ambient air 
was taken for a background sample using 60 ml 
BD PlastipakTM syringes equipped with a BD 
Connecta 3-way stopcock valve (Becton, Dick-
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inson and Company, NJ, USA), and the sample 
was injected with a hypodermic needle to airtight 
pre-evacuated 12 ml Exetainer® vials (Labco 
Ltd., Lampeter, Ceredigion, UK). Immediately 
after that, the incubation bottles were closed with 
Butyl Stopper and Aluminum screw caps and 
stored at +10°C in the dark for 24 hours, after 
which they were allowed to stabilize at room 
temperature (+21°C) and shaken vigorously for 
3 minutes. 25 ml of sample from the gas phase 
was then taken through Butyl Stopper via a 
syringe and a needle and injected into a pre-
evacuated Exetainer. After that, the bottles were 
opened, and 60 ml of water from the bottles with 
the inoculum was taken to measure SUVA254 and 
the concentrations of DOC and TN in the water. 

After the first 24 hours of the experiment, 
the same procedure was repeated three times 
for the replicates with the inoculum (2, 6 and 
20 days from the beginning of the experiment) 
(Fig. S2 in the Supplementary Information). 
After 20 days from the beginning of the exper-
iment, the procedure was also repeated for the 
replicates without the inoculum. Between the 
samplings, the incubation bottles were covered 
with loose aluminum foil on top of the bottle 
and stored at +10°C in the dark. The bottles were 
carefully inverted for aeration every 2–3 days 
between samplings.

DOC and TN analyses

The samples for DOC and TN analyses were 
stored frozen (–18°C) until further analysis. 
The concentrations of DOC and TN were deter-
mined with a standard method (SFS-EN 1484) 
using Shimadzu TOC-VCPH (Shimadzu Corp., 
Kyoto, Japan). The biodegradable fraction of 
DOC (%BDOC) was assessed by determining 
the change in DOC concentration between the 
end of incubation (21 d) and the average initial 
concentration among replicates (0 d) (Catalán et 
al. 2021).

SUVA254

Absorbance measurements were conducted at 
254 nm using a 0.01 m quartz cuvette with Shi-

madzu UV-2401 (Shimadzu Co., Kyoto, Japan). 
Wavelength-specific UV-absorbance at 254 nm 
(SUVA254), an indicator of DOM aromaticity, 
was calculated as the absorbance divided by 
DOC concentration (Weishaar et al. 2003).

The concentrations of CO2

The CO2 concentrations were measured using 
Agilent 7890B Gas Chromatograph (Agilent 
Technologies, Palo Alto, CA, USA) equipped 
with Gilson liquid handler GX271 autosampler 
(Gilson Inc., Middleton, WI, USA). The concen-
trations of CO2 (the gas phase concentration after 
24 hours minus the background ambient con-
centration) were calculated based on a one-point 
calibration with standard gas (AGA, Lidingö, 
Sweden), using Henry's Law and the appropriate 
temperature relationships (see Supplementary 
Methods for full details) (Stumm and Morgan 
1981).

For the calculation of cumulative CO2 pro-
duction over the 21 days incubation experiment, 
CO2 production rates (µmol l–1 d–1) measured 
during the four 24 h gas samplings were deter-
mined. Cumulative sums of CO2 production 
rates between each consecutive measurement 
were calculated for the entire duration of the 
incubation experiment by linear interpolation. 
To estimate the CO2 production in relation to 
DOC content, the CO2 production per DOC 
was calculated by dividing the CO2 production 
rate (µmol l–1 d–1) by the DOC concentration 
(µmol l–1) in each incubation bottle at each time 
point. Thereafter, the cumulative sums of CO2 
production rates per DOC (CO2/DOC ratios) 
between each consecutive measurement were 
calculated. 

FT-ICR MS analysis

The molecular composition of DOM was ana-
lyzed from the samples without the inoculum 
before and after 21 days incubation using elec-
trospray ionization (ESI) coupled to ultrahigh-
resolution Fourier transform ion cyclotron reso-
nance mass spectrometry (FT-ICR MS). Samples 
filtered through glass microfiber filters with a 
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nominal pore size of 0.7 µm (Whatman GF/F 
Glass Microfiber Filters) were prepared using 
the solid phase extraction (SPE) cartridge (Bond 
Elut® PPL SPE cartridges, Agilent, CA, USA) 
to remove inorganic salts (Kim et al. 2003, 
Dittmar et al. 2008). The samples were diluted 
with deionized water and methanol to yield 
a final sample composition of 50/50 (v/v) of 
water to methanol. The samples were injected 
into the FT-ICR MS (solariX 7.0T, Bruker Dal-
tonics Inc., MA, USA) using a syringe pump. 
All spectra were externally and internally cali-
brated. The samples were analyzed three times 
per sample, and the peak list of mass-to-charge 
ratio (m/z) shared among the three analytical 
replicates was extracted. The molecular for-
mula calculator (Molecular Formula Calculator 
ver. 1.0; ©NHMFL, 1998) was used to assign an 
expected molecular formula for each m/z value 
with a mass accuracy ≤ 0.5 ppm. The m/z values 
in the range of 150–500 were inserted into the 
molecular formula calculator. Since high errors 
can be associated with the assignments con-
taining S and P (Mostovaya et al. 2017), these 
formulae were excluded from further analysis. A 
detailed description for ESI coupled to FT-ICR 
MS is presented in the Supplementary Methods.

The modified aromaticity index (AImod), a 
descriptor of the degree of aromaticity, was 
calculated as AImod = [1 + C − ½O − ½(N + H)] 
/ (C − ½O − N) (modified by Mostovaya et al. 
2017 based on Koch and Dittmar 2006), where 
C, H, O, and N refer to a number of respec-
tive atoms per molecule. Molecular formulae 
were classified using AImod and oxygen-to-car-
bon (O/C) and hydrogen-to-carbon (H/C) ratios 
as follows: polyphenolics (0.5 < AImod ≤ 0.66); 
condensed aromatics (AImod > 0.66); highly 
unsaturated and phenolics (HUPs; AImod ≤ 0.5, 
H/C < 1.5, O/C ≤ 0.9); aliphatic (1.5 ≤ H/C ≤ 2.0, 
O/C ≤ 0.9 and N = 0); sugar-like (O/C > 0.9); 
and peptide-like compounds (1.5 ≤ H/C ≤ 2.0, 
and N > 0) (Behnke et al. 2021).

16S qPCR analysis

The number of bacteria in the water samples was 
analyzed by using 16S qPCR. The glass micro-
fiber filters with a nominal pore size of 0.7 µm 

(Whatman GF/F Glass Microfiber Filters) used 
in the filtration of river water samples (n = 6 in 
the brown-water river and n = 5 in the clearwater 
river) were stored frozen at –18°C until further 
treatment. The filters were transferred to Bead-
Beater tubes with a sterilized spoon and homog-
enized with BeadBeater (BioSpec Products Inc., 
Bartlesville, OK, USA). BeadBeater lysis buffer 
was added to the tubes to store the sample mate-
rial. Clean Whatman GF/F Glass Microfiber Fil-
ters were used as a control and treated similarly 
with samples. For DNA extraction, homogenized 
filters were transferred into a pre-cooled Lysing 
tube E (MP Biomedicals, USA) with a steril-
ized spoon. For a detailed description of DNA 
extraction protocol, see Siljanen et al. (2019). 
The 16S rRNA gene in water DNA extracts 
was PCR-amplified using F338-forward and 
R518-reverse primers. Reactions were carried 
out using 16S qPCR X1 Mastermix (Table S2 
in the Supplementary Information). For detailed 
steps in the 16S rRNA protocol, see Table S3 
in the Supplementary Information. It must be 
acknowledged that the number of bacteria used 
to compare the relative abundances between the 
river water samples is an approximation based 
on bacteria larger than 0.7 µm. The analysis did 
not include small microbes due to the use of the 
glass microfiber filter with a 0.7 µm nominal 
pore size.

Statistical analyses

To test for differences between rivers and sam-
pling occasions in the cumulative CO2 produc-
tion, CO2/DOC ratios, %BDOC, the number of 
16S rRNA gene copies, DOC and TN concentra-
tions and SUVA254 (0 and 21 days), we applied 
an analysis of variance (ANOVA), coupled with 
Tukey's HSD post-hoc test (aov and TukeyHSD 
functions in R). Furthermore, to test for differ-
ences between rivers and sampling occasions 
in the molecular composition of DOM (i.e., 
m/z ratio, H/C and O/C ratios, and AImod values 
of assigned molecular formulas), the ANOVA 
coupled with Tukey's HSD post-hoc test was 
applied. In all cases, variables were tested for 
normality using a Shapiro–Wilk test (shapiro.
test function in R). Log transformation was con-
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ducted when the variables violated assumptions 
of normality (SUVA254 and the number of 16S 
rRNA gene copies). 

Multiple linear regression analyses were 
used to identify which variables (DOC and 
TN concentrations, SUVA254, %BDOC, and the 
number of molecular formulas in van Krev-
elen diagram-derived classification groups) best 
explained the differences in the CO2 produc-
tion, i.e., the cumulative CO2 production and 
CO2/DOC ratio (cumulative sums of CO2 pro-
duction rates divided by the DOC concentration 
in each bottle between each consecutive meas-
urement). Variables with high (> 5.0) variance 
inflation factors (VIF) were excluded from the 
models to remove multicollinearity. Best models 
were selected according to the lowest value of 
AICc index (Akaike information criterion). The 
models were calculated as:

 CO2 = DOC0 + DOC21 + SUVA0 
              + Peptide0 + Condensed0    , (1)

        CO2 / DOC = DOC21 + TN21 
                    + Aliphatics0 + Peptide0   , (2)

where CO2 is the cumulative CO2 produc-
tion (µmol l–1), CO2 / DOC is the cumula-
tive CO2 production per DOC concentration, 
DOC0 and DOC21 are the concentration of 
DOC (µmol l–1) before and after the incuba-
tion, SUVA0 is SUVA254 (mg l–1 m–1) before 
the incubation, TN21 is the concentration of 
TN (µmol l–1) after the incubation, and Pep-
tide0, Condensed0 and Aliphatics0 refer to the 
number of aliphatic, peptide-like and condensed 
aromatic compounds before the incubation. 
All statistical analyses were performed using 
R (ver. 3.6.2; R Core Team 2020) in RStudio 
(RStudio Team 2020).

Results

DOC and TN concentrations and SUVA254

The DOC concentration was signifi-
cantly higher in the brown-water river 
(range 217–392 µmol l–1 in June and 
210–415 µmol l–1 in October) than in the clear-

water river (106–210 µmol l–1 in June and 
144–291 µmol l–1 in October) after 21 days 
of incubation (two-way ANOVA F1,17 = 22.77, 
p < 0.001), while at the beginning of incuba-
tion, the differences in the DOC concentration 
were smaller than the variability (Fig. 2a). The 
decrease in the DOC concentration over the 
incubation was statistically significant only in 
the clearwater river during October (one-way 
ANOVA F7,33 = 4.67, p = 0.04; Fig. 2a).

Fig. 2. The concentrations of (a) DOC (µmol l–1);  
(b) TN (µmol l–1); and (c) SUVA254 (mg l–1 m–1) over the 
incubation period (days 0 and 21) in June and October. 
Boxplots show the median (horizontal line), upper and 
lower quartile, as well as the smallest and largest value 
(n = 6 in the brown-water river and n = 5 in the clear-
water river). Asterisks indicate significant differences 
between the brown-water and clearwater river. Level of 
significance: *** significant at p < 0.001, ** significant at 
p < 0.01, and * significant at p < 0.05.
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At the beginning of incubation, the concen-
tration of TN was significantly higher in the 
brown-water river (5.7–8.1 µmol l–1 in June 
and 8.8–12.6 µmol l–1 in October) than in the 
clearwater river (4.1–6.7 µmol l–1 in June and 
5.2–11.2 µmol l–1 in October) (two-way ANOVA 
F1,18 = 5.11, p = 0.04; Fig. 2b). Furthermore, the 
brown-water river had significantly higher TN 
concentrations (5.5–10.4 µmol l–1 in June and 
1.4–4.2 µmol l–1 in October) compared to the 
clearwater river (4.0–5.4 µmol l–1 in June and 
0.5–5.1 µmol l–1 in October) after the incubation 
(two-way ANOVA F1,19 = 7.89, p = 0.01; Fig. 2b). 
In both rivers, the concentration of TN decreased 
over the incubation during October (one-way 
ANOVA F7,35 = 9.05, p < 0.001 in the brown-
water river and p = 0.005 in the clearwater river; 
Fig. 2b), while the decreases in TN were not sta-
tistically significant during June (Fig. 2b).

SUVA254 was higher in the brown-water river 
both before (3.6–6.2 mg l–1 m–1 in June and 
2.9–7.1 mg l–1 m–1 in October) and after the 
incubation (4.2–10.9 mg l–1 m–1 in June and 
5.4–8.9 mg l–1 m–1 in October) (two-way ANOVA 
F1,15 = 15.69, p = 0.001 and F1,15 = 13.99, p = 0.002, 
respectively; Fig. 2c). In the clearwater river, 
SUVA254 values ranged between 2.1–5.2 mg l–1 m–1 
(June) and 1.0–5.2 mg l–1 m–1 (October) before 
the incubation, and 3.0–7.2 mg l–1 m–1 (June) and 
1.9–3.9 mg l–1 m–1 (October) after the incubation 
(Fig. 2c).

Microbial degradation of DOM

The cumulative CO2 production was not sig-
nificantly different between the clearwa-
ter and brown-water rivers. The cumulative 
CO2 production decreased from June (range 
242–502 µmol l–1 in the clearwater river and 
321–475 µmol l–1 in the brown-water river) to 
October (171–285 µmol l–1 in the clearwater 
river and 260–322 µmol l–1 in the brown-water 
river) (two-way ANOVA F1,18 = 18.25, p < 0.001; 
Fig. 3a). The cumulative ratios of CO2/DOC, 
reflecting the degradation of DOC into CO2, were 
higher in the clearwater river (1.5–2.0 in June and 
1.0–1.2 in October) than in the brown-water river 
(0.7–1.4 in June and 0.5–0.9 in October) (two-
way ANOVA F1,18 = 46.41, p < 0.001; Fig. 3b). 

Fig. 3. (a) Cumulative CO2 production; (b) cumulative 
CO2/DOC ratio (the CO2 production per DOC); and 
(c) the proportion of BDOC (%) over the incubation 
period (21 days) in June and October. Boxplots show 
the median (horizontal line), upper and lower quartile, 
as well as the smallest and largest value (n = 6 in the 
brown-water river and n = 5 in the clearwater river). 
Asterisks indicate significant differences between the 
brown-water and clearwater river. Level of significance: 
*** significant at p < 0.001, ** significant at p < 0.01, 
and * significant at p < 0.05.
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The cumulative CO2/DOC ratio decreased in both 
rivers from June to October (two-way ANOVA 
F1,18 = 29.57, p < 0.001; Fig. 3b). The biodegra-
dable proportion of DOC (%BDOC) was signi-
ficantly higher in the clearwater river (43–71% 
in June and 40–70% in October) than in the 
brown-water river (9–42% in June and 14–57% 
in October) (two-way ANOVA F1,16 = 20.94, 
p < 0.001; Fig. 3c).

The molecular composition of DOM

The molecular composition of river water samples 
was determined using FT-ICR MS (Table S4 in the 
Supplementary Information). Number of mole-
cular formulas assigned to each compound class 
varied between the rivers and seasons (Figs. 4 and 
5). In both rivers, the molecular composition of 
DOM was dominated by highly unsaturated and 
phenolic compounds (HUPs). HUPs accounted 
for over 50% of total assigned molecular formu-
las in both rivers (Fig. 5b, d). The percentage (%) 
of molecular formulas above the molecular labi-
lity boundary (MLB) at H/C ≥ 1.5 (i.e., aliphatic, 
peptide-like and sugar-like molecular formulas) 
ranged from 22% to 30% in the clearwater river 
and from 18% to 22% in the brown-water river 
(Table S4 in the Supplementary Information). 
While the percentage of formulas assigned to 
aliphatics was similar in both rivers during June 
(13–15%; Fig. 5b), the clearwater river had a 
clearly higher percentage of aliphatic molecular 
formulas in October (24% in the clearwater river 
and 12% in the brown-water river; Fig. 5d). In 
addition, the percentage of formulas assigned 
to peptide-like compounds was higher in the 
clearwater river (9%) than in the brown-water 
river (4%) during June (Fig. 5b). Both in June and 
October, the brown-water river was associated 
with a higher percentage of condensed aromatics 
(11–12%) and polyphenolics (13–15%) compared 
to the clearwater river (Fig. 5b, d). 

In both rivers, the molecular compound clas-
ses changed moderately over the incubation. In 
the clearwater river, the changes in DOM mole-
cular composition were most evident in formulas 
assigned to aliphatics, which decreased by 6% 
in October (Fig. 5d). In June, the percentage of 
molecular formulas assigned to HUPs decreased 

by 7% in the brown-water river after 21 days of 
incubation (Fig. 5b). Furthermore, in October, the 
percentage of condensed aromatics decreased by 
3% and polyphenols by 2% in the brown-water 
river (Fig. 5d).

Bacterial abundance in rivers

The number of bacterial 16S rRNA gene copies 
quantified from October water samples varied 
between 4.91 × 103 l–1 and 5.78 × 106 l–1 in the 
clearwater river (Fig. 6). In the brown-water river, 
the concentration of bacterial 16S rRNA genes 
ranged from 1.74 × 104 l–1 to 6.10 × 105 l–1. The 
number of bacterial 16S rRNA gene copies did 
not differ significantly between the rivers due to 
the large variation within sampling locations.

Relationships between microbial 
degradation and molecular composition 
of DOM

The variables influencing potential CO2 produc-
tion were assessed in two multiple linear regres-
sion models (Table S5 in the Supplementary 
Information). Model 1 (Eq. 1) explained a sta-
tistically significant and substantial proportion 
of variance in the cumulative CO2 production 
(r2 = 0.75, F5,12 = 7.07, p = 0.003, adjusted 
r2 = 0.64). The concentration of DOC, SUVA254, 
and the number of peptide-like compounds and 
condensed aromatics at the beginning of incubat-
ion had significant positive relationships with the 
cumulative CO2 production (intercept β = 0.35, 
SE = 0.16 and p = 0.047, β = 39.58, SE = 9.99 and 
p = 0.002, β = 5.49, SE = 1.55 and p = 0.004, and 
β = 1.86, SE = 0.79 and p = 0.04, respectively), 
while there was a negative relationship between 
the cumulative CO2 production and DOC concen-
tration after the incubation (β = –0.61, SE = 0.24 
and p = 0.02). Model 2 (Eq. 2) explained a stati-
stically significant and substantial proportion of 
variance in the cumulative ratios of CO2/DOC 
(r2 = 0.76, F4,13 = 10.51, p < 0.001, adjusted 
r2 = 0.69). There was a significant positive rela-
tionship between CO2/DOC ratio and the number 
of peptide-like compounds at the beginning of 
incubation (β = 0.02, SE = 0.01 and p = 0.007).
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Fig. 4. Molecular element ratios (van Krevelen diagrams) from the FT-ICR MS analysis of river water samples in 
June: (a) Brown-water river before incubation; (b) Brown-water river after 21-day incubation; (c) Clearwater river 
before incubation; and (d) Clearwater river after 21-day incubation; and in October (e) Brown-water river before 
incubation; (f) Brown-water river after 21-day incubation; (g) Clearwater river before incubation; and (h) Clearwa-
ter river after 21-day incubation. Different colors represent compound groups assigned using AImod and oxygen-
to-carbon (O/C) and hydrogen-to-carbon (H/C) ratios as follows: polyphenolics (0.5 < AImod ≤ 0.66); condensed 
aromatics (AImod > 0.66); highly unsaturated and phenolics (HUPs; AImod ≤ 0.5, H/C < 1.5, O/C ≤ 0.9); aliphatic 
(1.5 ≤ H/C ≤ 2.0, O/C ≤ 0.9 and N = 0); sugar-like (O/C > 0.9); and peptide-like compounds (1.5 ≤ H/C ≤ 2.0, and 
N > 0). Different sizes of bubbles represent peak intensities normalized to the sum of all signal intensities in each 
sample.
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Discussion

We conducted the combination of potential CO2 
production measurements and molecular-level 
characterization of DOM with water from two 
subarctic river ecosystems that represent con-
trasting types of catchment characteristics. The 
results demonstrate a higher mineralization of 
DOC into CO2 in mineral soil-associated clear-
water river during 21 days of incubation under 
controlled conditions. In contrast, significantly 
lower CO2 production per DOC was observed 
in water from the brown-water river surrounded 
by peatlands (Fig. 3b). The higher microbial 
degradation of mineral soil-associated DOM, 
as indicated by CO2/DOC, coincided with sig-
nificantly lower aromaticity (SUVA254) in the 

Fig. 5. Comparison of average values of the number of m/z peaks (± standard error) from the FT-ICR MS 
analysis in each compound group in (a) June and (c) October, and percentages of molecular formulas assigned 
to each compound group (based on the number of m/z peaks) in (b) June and (d) October. Compound 
groups were assigned using AImod and oxygen-to-carbon (O/C) and hydrogen-to-carbon (H/C) ratios as fol-
lows: polyphenolics (0.5 < AImod ≤ 0.66); condensed aromatics (AImod > 0.66); highly unsaturated and phenolics 
(HUPs; AImod ≤ 0.5, H/C < 1.5, O/C ≤ 0.9); aliphatic (1.5 ≤ H/C ≤ 2.0, O/C ≤ 0.9 and N = 0); sugar-like (O/C > 0.9); 
and peptide-like compounds (1.5 ≤ H/C ≤ 2.0, and N > 0).

Fig. 6. (a) Abundance of bacterial communities esti-
mated by quantifying the bacterial 16S rRNA gene 
copies (l–1) in brown-water and clearwater river during 
October 2018. Boxplots show the median (horizontal 
line), upper and lower quartile, as well as the smallest 
and largest value (n = 6 in the brown-water river and 
n = 5 in the clearwater river).
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clearwater river compared to the brown-water 
river (Fig. 2c). The degradation dynamics of 
mineral soil-associated DOM suggest the pres-
ence of more labile, easily biodegradable com-
pounds in the DOM pool of the clearwater river 
(Kalbitz et al. 2003, Roth et al. 2019). Indeed, 
we found a high proportion of molecular formu-
las above the molecular lability boundary (MLB, 
H/C ≥ 1.5; D'Andrilli et al. 2015) in the clear-
water river (22–30% of all assigned molecular 
formulas), including aliphatic and peptide-like 
compounds (Fig. 5). The abundance of these 
compounds has been associated with high bio-
availability and microbial activity in fluvial sys-
tems (Behnke et al. 2022, Begum et al. 2023). 
The positive relationship between the cumula-
tive CO2 production per DOC and the number of 
peptide-like molecular formulas at the beginning 
of incubation further supports these observa-
tions. 

Since molecular compounds with high H/C 
ratios are often derived from algal sources (Chen 
et al. 2016, Mostovaya et al. 2017, Liu et al. 
2020), the aliphatic-rich signature in the clearwa-
ter river during October (24% of total assigned 
molecular formulas) could also indicate DOM 
of algal origin. Algal-derived DOM is associated 
with higher bioavailability compared to terres-
trial or plant-derived DOM (Guillemette et al. 
2013), and it supports a greater growth efficiency 
of bacteria (Kritzberg et al. 2005). In October, 
the decline in the percentage of aliphatics over 
the incubation (Fig. 5d) further implies that ali-
phatic compounds were important substrates for 
aquatic microbial metabolism in the clearwater 
river (Chróst and Gajewski 2006, Berggren et al. 
2010, Spencer et al. 2015).

In the brown-water river, the lower CO2 pro-
duction per DOC under controlled conditions 
together with higher aromaticity (i.e., SUVA254 
values) indicate that the degradability of peat-
land-derived DOM was more limited compared 
to mineral soil-derived DOM (Figs. 2c and 3b). 
This observation is further supported by the 
significantly lower proportion of biodegradable 
DOC (BDOC%) in the brown-water river com-
pared to the clearwater river (Fig. 3c). The lim-
ited degradability coincided with a large number 
of terrestrial and aromatic compounds in the 
DOM pool of the brown-water river (i.e., highly 

unsaturated and phenolic compounds, condensed 
aromatics and polyphenolics) (Figs. 4 and 5). 
These compounds are vascular plant-derived 
lignin compounds that most probably originated 
from surrounding peatlands (Spencer et al. 2008, 
Mostovaya et al. 2017, Behnke et al. 2021). 
The abundance of lignin compounds is typical 
of colored, peatland-derived DOM with high 
aromatic content (Ågren et al. 2008, Zark and 
Dittmar 2018). Lignin compounds tend to be 
degraded at a lower rate than other plant-derived 
compounds (e.g., cellulosic and non-cellulosic 
polysaccharides and proteins) (Martin et al. 
1980).

During both spring and fall, the studied rivers 
were strongly dominated by highly unsaturated 
and phenolic compounds (HUPs), as is typical 
of DOM globally (Behnke et al. 2021, Rogers et 
al. 2021, Wologo et al. 2021, McDonough et al. 
2022). HUPs have been attributed to vascular-
plant derived lignin degradation products and 
chemically stable carboxylic-rich alicyclic mol-
ecules (CRAM) (Hertkorn et al. 2006, Roth et al. 
2019). Interestingly, HUPs have been found to 
be more stable over time than compounds with 
higher aromatic content (i.e., condensed aromat-
ics and polyphenolics) (Kellerman et al. 2015, 
Mostovaya et al. 2017).

While peatland-derived DOM was associated 
with limited degradability in our 21-day incuba-
tion experiments, DOM from different sources 
can become similarly bioavailable at timescales 
of months to years (Vähätalo and Wetzel 2008, 
Koehler et al. 2012). This is because compared 
to vascular plant-derived components of ter-
restrial origin, the degradation of more labile 
fractions of DOM (i.e., aliphatic and peptide-like 
compounds) mainly occurs on shorter timescales 
due to the rapid turnover of the low-molecular-
weight compounds (Kalbitz et al. 2003). In con-
trast, highly unsaturated compounds, such as 
CRAMs, might accumulate in the water due to 
their resistance to rapid microbial degradation 
(Mostovaya et al. 2017, Wen et al. 2022). In both 
rivers, SUVA254 values increased over the incu-
bation, suggesting preferential microbial uptake 
of low-molecular-weight labile compounds and 
a relative increase in the aromaticity of DOM 
over the incubation (Drake et al. 2015, Raudina 
et al. 2022). On timescales longer than a month, 
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paradox of spring freshet DOM being both bio-
labile and aromatic (Spencer et al. 2008, Behnke 
et al. 2021). The differences in DOM composi-
tion and biodegradability between spring and fall 
could be related to the dominant source of DOM 
shifting from surface runoff during the spring 
freshet to groundwater during base flow condi-
tions (Guo and MacDonald 2006, Neff et al. 
2006, Spencer et al. 2008). For example, Shen 
et al. (2015) found that groundwater DOM was 
associated with lower bioavailability and molec-
ular weight compared to surface water, suggest-
ing that DOM had undergone extensive micro-
bial alteration in the groundwater. Furthermore, 
longer water residence times during base flow 
might also result in extensively processed DOM 
that is relatively resistant to microbial degrada-
tion (Wickland et al. 2007) and persistent in 
aquatic environments (Kellerman et al. 2015). 
On the other hand, the increased abundance 
of benthic macrophytes in both rivers during 
fall (observed by ocular perception) could also 
explain the transition toward DOM with lower 
biodegradability. It has been reported that some 
macrophyte species can release DOC from their 
roots to stimulate endomycorrhizal (Wigand et 
al. 1998) or microbial activity (Catalán et al. 
2014) in the sediment, and that a significant frac-
tion of the DOC produced by macrophytes can 
remain in the water as unreactive low-molecular-
weight molecules (They et al. 2013). The vari-
ations in DOM microbial degradability during 
spring and fall thus suggest that the degradation 
of these complex DOM pools is not only regu-
lated by their composition and concentrations 
but also by hydrologic controls on the export of 
DOM, as well as shifts between allochthonous 
and autochthonous sources of DOM.

Across northern landscapes, climate-induced 
terrestrial greening and changing hydrology are 
expected to accelerate the export of DOM from 
terrestrial to aquatic ecosystems (Bragazza et 
al. 2013, Finstad et al. 2016, Zhu et al. 2022, 
Tank et al. 2023). However, given the slower 
degradation potential of peatland-derived DOM 
compared to DOM from other sources (Fig. 3b), 
increased export of terrestrial plant-derived aro-
matic compounds may not lead to increased 
aquatic CO2 flux potentials in northern peat-dom-
inated catchments. Low-molecular-weight com-

the compositional similarities between the rivers 
(e.g., the predominance of HUPs) could ulti-
mately lead to diminished differences in DOM 
degradability. While the majority of DOM bio-
degradation is known to occur within 28 days 
from the beginning of the incubation (Vonk et al. 
2015), a longer time step (e.g., several months) 
could be included in future incubation experi-
ments to assess the relevance of slowly degrad-
ing DOM fractions on overall degradation poten-
tial of riverine DOM. It must be acknowledged, 
however, that DOM processing in these rivers is 
affected by a variety of physical and hydrological 
processes (e.g., transit times, radiation, and tur-
bulence) that cannot be addressed by the incuba-
tion approaches. Also, while it is strongly recom-
mended to conduct incubations at a stable tem-
perature (Vonk et al. 2015), this approach cannot 
consider the temperature dependence of stream 
metabolism that has important implications for 
mineralization of DOC into CO2 (Demars et al. 
2011). Based on earlier studies (Jankowski et 
al. 2014), the temperature sensitivity of DOM 
processing might also differ between the studied 
rivers draining contrasting types of catchments 
with variation in geomorphic and chemical con-
ditions. Furthermore, while the incubations were 
conducted in the dark, sunlight can play an 
important role in DOM processing of Arctic 
freshwaters (i.e., DOM photodegradation, Cory 
et al. 2014), resulting in the formation of labile 
molecular compounds available for subsequent 
microbial degradation (Moran and Zepp 1997). 
Since humic, shallow waters are typically rich 
in light-absorbing chromophoric DOM (CDOM) 
labile to photodegradation (Cory et al. 2014), the 
role of DOM photodegradation could be relevant 
in the brown-water river.

The results in the studied rivers showed 
higher CO2 production per DOC during spring 
than later in the year (Fig. 3b). Although this 
study was only performed twice a year, the 
results agree with previous studies showing that 
the DOM exported during spring is younger and 
more labile than during other seasons (Neff et al. 
2006, Raymond et al. 2007, Holmes et al. 2008). 
At the same time, the results also suggest that 
DOM exported during spring was highly aro-
matic (Figs. 2c and 5), which is similar to previ-
ous Arctic river studies showing the chemical 
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pounds derived from mineral soil catchments 
are typically more mobile than high-molecu-
lar-weight aromatic compounds from peatlands 
(Kaiser et al. 2002), and they have a short 
turnover time in receiving waters, which allows 
continuous export of dissolved labile metabolites 
to aquatic ecosystems (Berggren et al. 2010). 
Our data revealed efficient mineralization of bio-
labile DOC into CO2 in mineral soil-associated 
clearwater river during the incubation, highlight-
ing the importance of aliphatic and peptide-like 
compounds in the DOM degradation dynamics 
of subarctic rivers. These findings underscore 
the relevance of mineral soil-associated clear-
water systems for DOM processing in northern 
high-latitude catchments.

Conclusions

For the first time, we conducted the combina-
tion of molecular-level characterization of DOM 
and the potential CO2 production measurements 
in two subarctic rivers located in the pristine 
areas of Finnish Lapland and draining to Barents 
Sea. The results showed efficient mineralization 
of DOC into CO2 in mineral soil-associated 
clearwater river during the incubation. The high 
microbial degradation of mineral soil-associated 
DOM was supported by a high presence of ali-
phatic and peptide-like molecular compounds, 
providing evidence for microbial activity in the 
clearwater river. These results emphasize the 
importance of energy-rich, bioavailable DOM 
substrates and the role of clearwater systems 
in the DOM degradation dynamics of subarc-
tic catchments. While northern freshwaters are 
exposed to high loads of DOM from surround-
ing peat soils, peatland-derived DOM in the 
brown-water river had lower degradability com-
pared to DOM in the clearwater river. This was 
likely caused by a large number of less biode-
gradable, vascular plant-derived compounds in 
the DOM pool of the brown-water river. The 
slower degradation potential of peatland-derived 
DOM suggests that increasing export of terres-
trial plant-derived compounds due to climate 
change may not necessarily stimulate aquatic 
CO2 production in subarctic peatland catch-
ments.
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