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Abstract Arctic rivers are intricate water networks that chemically and biologically process carbon before
releasing it as carbon dioxide (CO2) into the atmosphere or carrying it to the ocean. Primary producers use
inorganic carbon to build biomass at the base of the trophic chain. Little is known about how biogeochemical
properties in Arctic rivers adapt to climate warming and changes in hydrology. To quantify net and gross
biological productivity, we measured the dissolved oxygen‐to‐argon (O2/Ar) ratios and O2 triple isotopologues
composition in the river Kolyma and in its tributary Ambolikha during late freshet (June) and low‐flow
conditions (August) in 2019. We found that hydrological factors restricted river productivity. The river system
released CO2 into the atmosphere in June and August, however August emissions were only 6% of late freshet
emissions. In June, higher river flow and turbidity restricted river production, but in August, lower flows
allowed more light penetration and a phytoplankton bloom at the tributary‐main Kolyma channel confluence.
CO2 emissions per area during June and August accounted for 5 ± 11% of the gross carbon uptake estimated
during a bloom event. Thus, in‐stream metabolism can exceed riverine CO2 emissions under certain flow and
light conditions. Arctic climate change may promote biological productivity in particular locations along with
changes in dissolved organic matter signature and microbiome, and contribute to Arctic river carbon budgets as
flow slows during prolongued open water periods.

Plain Language Summary Arctic rivers are complex systems of water that break down carbon
chemically and biologically before releasing it into the air as carbon dioxide (CO2) or taking it to the ocean. Tiny
organisms at the base of the food chain, called primary producers, use CO2 to create their food and build up their
bodies with the support of light and nutrients. However, we do not fully understand how they adjust to climate
change in the Arctic. In 2019, we measured the concentration of oxygen and argon and identified the different
sources of oxygen in the water to calculate the amount of carbon that is consumed and released in the Kolyma
and Ambolikha rivers in northeastern Siberia. We found that in June, after the snow and ice melt period, the river
mainly releases CO2 to the atmosphere, and there are few primary producers because the river is turbid.
However, as the river flow settles down in August, more light penetrates the water column, and in some river
areas, primary producers grow. Extended ice‐free periods and reduced flow in Arctic rivers favor the growth and
establishment of primary producers.

1. Introduction
The Arctic has warmed four times faster than the global average over the past four decades (Meredith et al., 2019;
Rantanen et al., 2022). This rapid warming is reshaping Arctic hydrology, with earlier melt, prolonged open‐water
seasons, and intensifying river discharge (Francis et al., 2023; Holmes et al., 2021b). Arctic rivers show extreme
seasonality: high flows during the May‐June snowmelt (“freshet”) and low flows in late summer from August to
October. Discharge in the eight largest Arctic rivers has varied since the 1930s, and recent increases are linked to
greater winter snowfall (Holmes et al., 2021a). Permafrost thaw alters runoff patterns and discharge regimes by
increasing groundwater contributions to rivers (Frey & McClelland, 2009), while thaw‐driven erosion and
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thermokarst reshape channels, influence sediment dynamics, and modify habitat structure (Costard et al., 2007).
These processes mobilize nutrients, ancient organic carbon, gases, metals and microbes from land to rivers
(Barbato et al., 2022; Francis et al., 2023; O'Donnell et al., 2016, 2024; Schuur et al., 2015; Serikova et al., 2018)
with the potential to transform river metabolism, biodiversity, and the balance between carbon sources and sinks
(Vonk, Tank, Bowden, et al., 2015).

Arctic Rivers transport and transform allochthonous material and generate autochthonous carbon (Spencer
et al., 2008; Vonk, Tank, Mann, et al., 2015), and are typically net carbon dioxide (CO2) sources to the atmosphere
(Dean et al., 2020; Raymond et al., 2013). In boreal streams, high light, shallow depths, and nutrient loads
stimulate algal growth (Burrows et al., 2021), while variation in light and flow strongly controls gross primary
production and respiration in rivers across the US (Bernhardt et al., 2022). Aquatic metabolic processes contribute
significantly to CO2 emissions and diel patterns, as evidenced from continuous CO2 and O2 measurements and
13C/12C isotope ratios of dissolved inorganic carbon (DIC) in streams of Sweden and Alaska (Rocher‐Ros
et al., 2019, 2020).

Permafrost‐derived dissolved organic matter (P‐DOM) is more labile than bulk river DOM (Bowen et al., 2020;
Cory et al., 2014; Mann et al., 2012; Spencer et al., 2015; Stubbins et al., 2017). As permafrost carbon is released
upon soil thaw, the subsequent photochemical and microbial decomposition of organic substances in the river,
from both ancient (permafrost) and modern sources, adds to the CO2 pool available for transfer and evasion (Dean
et al., 2020; Hotchkiss et al., 2015; Mann et al., 2015; Schuur et al., 2015, 2022; Turetsky et al., 2020). CO2
emissions are modulated by discharge, peaking during high‐flow periods (Liu & Raymond, 2018). Arctic rivers in
western Siberia emit roughly twice as much CO2 to the atmosphere than the carbon exported laterally to the Arctic
Ocean. Most riverine CO2 emissions are derived from terrestrial carbon decomposed under warm temperatures
and long water residence times (Serikova et al., 2018).

On an annual scale, Arctic river CO2 emissions likely surpass CO2 uptake by autotrophic organisms (Hotchkiss
et al., 2015), yet the metabolic balance between aquatic productivity and respiration under climate change remains
poorly constrained (Fritz et al., 2017; Hobbie et al., 1999; Meredith et al., 2019). High sunlight exposure during
ice‐free periods enhances photochemical terrestrial dissolved organic carbon (DOC) degradation in Arctic rivers
(Cory et al., 2014). Human interventions, such as river damming, alter flow and substances and influence
phytoplankton productivity (Engel et al., 2019). This has been observed at the Kolymskoe dammed area in the
upper Kolyma in northeastern Siberia, where the local phytoplankton assemblages vary due to changes in the
hydrological regime (Gabyshev & Gabysheva, 2013; McClelland et al., 2004). Combined sunlight exposure,
permafrost thaw, and hydrological modifications shape ecosystem structure, biodiversity, carbon processing and
river metabolism (Fritz et al., 2017; Hobbie et al., 1999; Meredith et al., 2019; Wrona et al., 2006).

Northern high latitude marine and lacustrine (lakes and ponds) productivity has been previously quantified
(Bogard et al., 2017; Codispoti et al., 2013; Matrai et al., 2013; Squires et al., 2009), and its controlling mech-
anisms, such as the role of nutrients and freshwater influx, have been well studied (Ayala‐Borda et al., 2024;
Myrstener et al., 2022; Terhaar et al., 2021; Yun et al., 2016). Riverine productivity estimates in the Arctic are
scarce and often indirect. In Kolyma River, aquatic productivity has been inferred from depletion of 13C and 14C
in riverine organic matter (Bröder et al., 2020; Keskitalo et al., 2022;Wild et al., 2019), or via the quantification of
phytoplankton biomass (Gabyshev & Gabysheva, 2013; Vishnivetskaya et al., 2020), also in the Lena River
(Sorokin & Sorokin, 1996). This gap limits our ability to predict ecosystem responses to permafrost thaw and
hydrological regulation.

Here we present the first direct measurements of O2/Ar ratios and the triple isotopologue composition of dissolved
O2 to quantify net (N) and gross (G) O2 productivity in the water column of rivers Kolyma and Ambolikha in
northeastern Siberia. These techniques allow the accurate differentiation of biological and non‐biological oxygen
sources in natural waters. This study is the first application of these methods in Arctic rivers.

We complement these measurements with the characterization of riverine dissolved organic matter and microbial
community assemblages. In Arctic rivers, the bioavailability of carbon strongly shapes microbial and phyto-
plankton productivity (Berggren et al., 2012). The availability of the labile P‐DOM in rivers provides direct
carbon sources for primary producers. Also, microbial assemblages mediate carbon availability to primary
producers across the Arctic river network (Castro‐Morales, Canning, Körtzinger, et al., 2022; Castro‐Morales,
Canning, Arzberger, et al., 2022; Crump et al., 2009; Vonk, Tank, Bowden, et al., 2015). Characterizing DOM
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composition and microbial communities thus offers key insights into carbon sources, transformation, and
ecosystem responses to permafrost thaw and climate change.

To better understand the environmental controls of productivity in Kolyma and Ambolikha rivers, we also
measured the dissolved oxygen concentration (c(O2)), the partial pressure of CO2 (p(CO2)) and a suite of other
chemical and biological properties. We hypothesized that aquatic productivity in Arctic rivers is enhanced during
the less turbid open‐water period. Therefore, our measurements were done along transects of these rivers during
June (late‐freshet period) and August (low‐flow period) of 2019 to provide a spatiotemporal perspective.

The integrated approach presented in this study provides new insights into the mechanisms driving aquatic
metabolism in Arctic rivers and how these may shift under continued warming. This work complements previous
studies from the same campaign that examined (a) the influence of flow variation on the temporal dynamics of
biogeochemical properties in the Ambolikha River (Castro‐Morales, Canning, Körtzinger, et al., 2022), and (b)
the spatial distribution of dissolved methane in the Kolyma and Ambolikha rivers (Castro‐Morales, Canning,
Arzberger, et al., 2022).

Reference to those works is done throughout the manuscript to avoid repetition in methodologies. By combining
DOM composition and microbial community structure within the same analytical framework, the present study
builds upon earlier efforts to provide a more mechanistic understanding of riverine biogeochemical responses to
environmental change.

2. Methods
We conducted fieldwork in 2019 in the permafrost‐dominated Kolyma River (120 km transect) and its tributary
Ambolikha (16 km transect) in northeastern Siberia, using a small research vessel equipped with continuous flow‐
through sensors and discrete sampling devices (2.1). Sampling covered the ice‐free season, with three transects
during late freshet (June) and two during low‐flow conditions (August). At 25 (June) and 13 (August) stations, we
collected continuous measurements (CO2, O2, pH, temperature, turbidity, DOM fluorescence, nutrients) and
discrete samples (2.2). Our combined approach analyzed for gas fluxes using O2/Ar ratios and isotopologues
(2.3), gross oxygen productivity (2.4), DOM molecular signatures (2.5), and complementary microbial compo-
sition analysis (2.6). Together, these methods allowed us to link hydrology, biogeochemistry, and microbial
dynamics across seasonal transitions.

2.1. Study Area

The Kolyma River system in northeastern Siberia has a watershed area of 6.53 × 105 km2 that is completely
underlain by continuous permafrost, being the sixth largest Arctic river basin (Holmes et al., 2012). We sampled a
section of 120 km along the main channel of the Kolyma, bounded at the downstream eastern end by the city of
Chersky (68°45′5.1″N, 161°18′16.6″E), and at the upstream western end by the Duvannyi Yar site (68°38′12.8″
N, 159°5′25.4″E; Figure 1).

We also sampled a 16 km‐transect of the Ambolikha (a third Strahler order tributary of the Kolyma) between its
confluence with the Pantheleikha River (a direct tributary of the Kolyma) at the downstream northern end (161°
24′47.019″N, 68°44′21.901″E) and the Ambolikha site at the upstream southern end (68°36′46.73″N, 161°21′
9.54″E; Castro‐Morales, Canning, Körtzinger, et al., 2022; Figure 1).

The freshet period in Arctic River basins is defined as the flooding period during the spring thaw that takes place
every year between May and June (Mann et al., 2012). In 2019, the freshet in the Kolyma started on 20 May
(0.84 × 103 m3 s− 1) and ended on 10 July (3.09 × 103 m3 s− 1), reaching its peak on 31 May (27.7 × 103 m3 s− 1).
Our sampling took place during the ice‐free season between 20May and 12 October 2019 (146 days). These dates
were obtained from the steep inflexions in the hydrograph of the daily discharge (Figure S1 in Supporting In-
formation S1) at Kolymsk‐1 gauge station (68°43′48″N, 158°43′12″E) located 40 km upstream of station 25
(Figure 1). Continuous measurements and discrete water samples were collected at 25 stations during the late‐
freshet and at 13 stations during the low‐flow period (Figure 1). We navigated the indicated river sections
twice using a small vessel: (a) During the late freshet between 15 and 17 June 2019, Kolyma both upstream and
downstream directions between Chersky and Duvannyi Yar, and on 18 June 2019, Ambolikha upstream (i.e.,
three transects during the late freshet). (b) During the low‐flow period, on 5 August 2019, we navigated the
Kolyma downstream from Duvannyi Yar to Chersky, and on 8 August 2019, we navigated the Ambolikha
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upstream (i.e., two transects during the low‐flow period). The measurements primarily occurred at the center of
the channels, along riverbanks at the confluences of main tributaries, and in areas adjacent to floodplains where
runoff from land with a high load of sediments and the presence of turbid water was observed.

2.2. Continuous and Discrete Measurements of Chemical Water Properties

Direct measurements of the partial pressure of CO2, p(CO2), were only done in June. For this, a flow‐through (FT)
system was continuously fed with surface river water (intake 1 m below the water surface) pumped from the port
side of the vessel. The water was delivered through PVC tubing branched into two outlets that fed the FT‐system
and a 20 L FT box containing an EXO2multiparameter sonde (see below). Both flow paths had approximately the
same flow rate (8.4 L min− 1). A SBE45 thermosalinograph (Sea‐Bird Electronics, Bellevue, USA) was used to
measure the temperature and salinity of the river water. The FT system was equipped with a membrane‐based
HydroC CO2‐FT sensor for non‐dispersive infrared (NDIR) measurements (‐4H‐JENA engineering GmbH,
Jena Germany). The sampling interval of the FT‐CO2 sensor was 5 s; its response time was approximately 1 min at
16°C under a flow rate of 5 L min− 1 according to the manufacturer (Canning et al., 2021). The CO2‐FT sensor was
calibrated prior to the measurement campaign by the manufacturer. Post‐calibration and data validation after the
campaign were done following Canning et al. (2021). Zeroing measurements (i.e., with all CO2 stripped from the
internal measurement gas circuit) were done at regular intervals through the measurement period for linear zero
drift correction.

Because the FT‐system was not used during the August sampling, p(CO2) measurements for this period were
derived from total alkalinity (AT) and pH measurements in discrete samples collected at stations along the river
channels (Figure 1). Alkalinity samples were collected in acid‐washed 250 mL amber glass flasks and kept in cold
and dark conditions until their analysis <24 hr later. Samples were brought to room temperature and a 100 mL‐
aliquot was filtered through a 0.2 μm‐membrane syringe filter. AT was measured in the filtrate using potentio-
metric Gran‐plot titration methods (DOE, 1994) in two replicates per sample. AT had a precision of 16.7 μmol L

− 1

for replicate samples and 25 μmol L− 1 for replicate standards, which is high due to the manual burette reading
error of 5%. AT was corrected for organic ions that is organic alkalinity (Abril et al., 2015), using the empirical
equation of Oliver et al. (1983) based on measured pH and dissolved organic carbon concentration (c(DOC)),
which gave an average contribution of 11± 7% organic alkalinity to AT. This contribution is largest when c(DOC)
is higher, for example, during the freshet, when it was 23 ± 9%. The CO2SYS program (Lewis et al., 1998) was

Figure 1. (a) Kolyma watershed extension (Makarieva et al., 2020), (b) Location of the navigated Kolyma and Ambolikha
sections within the watershed, and the city of Chersky (cyan marker), (c) Navigated transects: white line, upstream direction
Kolyma main channel (15–16 June 2019), and Ambolikha tributary (18 June 2019). Black line, downstream (17 June 2019).
Blue triangles, 25 stations sampled in June. Red circles, 13 stations sampled in August. Letters indicate key sites: A—
Ambolikha site at station 1, B—Ambolikha River, C—Pantheleika River, D—Rivers Malyi and Bolshoi Anui, E—Leonid's
channel, F—Duvannyi Yar, and G—direction toward Omolon River and Kolymsk‐1 station (yellow marker in panel b).
Station numbers shown in black are inside or at the confluence of tributaries: stations 1–5, 7, 9, 11 and 18. Station 23a was
sampled in June; station 23b in August.
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used to calculate p(CO2) from pH (EXO2 sonde; see below) and AT corrected for organic alkalinity using
freshwater dissociation constants from Millero (1979).

An EXO2 multiparameter sonde was immersed into the FT box for continuous measurements of water properties
at a temporal resolution of 5 s: We measured water temperature (T, in °C), electrical conductivity (κ, in μS cm− 1),
pH, dissolved oxygen concentration (c(O2), in mg L

− 1), turbidity (in Formazin Nephelometric Units, FNU),
fluorescent dissolved organic matter (fDOM) concentration (in Quinine Sulfate Units, QSU; equivalent to
1.28 μmol L− 1 quinine sulfate dissolved in 0.105 mol L− 1 perchloric acid), and the concentration of total algae c
(TAlgae) with a dual optical channel for chlorophyll a (Chl a) and blue‐green algae (BGA) concentration (both in
μg L− 1; Table 1). T and c(O2) were corrected for an increase of 0.6°C and 1.2 mg L

− 1 (37.5 μmol L− 1) of c(O2),
during travel through the PVC pipes. The continuous data streams were time‐synchronized and averaged into 1‐
min bins to compensate for the different response times of the different measurements. In August, the EXO2
sonde was used to measure the same water properties as in June, but only for point measurements at 1 m below the
water surface and selected vertical profiles (Figure 1). The EXO2 sensors were factory‐calibrated before the field
work. Two‐point calibration standard checks were carried out for c(O2) and pH on‐site before and after the
measurements to evaluate sensor drift, which was not observed. fDOM concentrations are reported at a reference
temperature of 25°C (Downing et al., 2012; Watras et al., 2011) and corrected for the influence of turbidity on
light attenuation following Snyder et al. (2018).

2.2.1. Discrete Water Sampling for Ancillary Water Analytes

Discrete water samples were collected at 25 sites during June late‐freshet and at 13 stations during the August
low‐flow period. Except for station 23, the same location were occupied at both times (Figure 1). The water was
collected from 1 m below the water surface with a 1.5 L Niskin bottle and divided into six aliquots using silicone
tubing (Supplement A in Supporting Information S1) in the following order: (a) O2/Ar ratios and O2 triple
isotopologues (Sections 2.3 and 2.4), (b) DOC concentration (c(DOC); in mmol L− 1), and AT for the August
samples; Section 2.2), (c) nutrient concentrations c(SiO3

2− ), c(PO4
3− ), and c(NOx

− )= c(NO3
− )+ c(NO2

− ); all in
μmol L− 1; Table S1 in Supporting Information S1), (d) characterization of DOM by high‐resolution mass‐
spectrometry (Section 2.5; Supplement B in Supporting Information S1), (e) hydrogen and oxygen stable
isotope composition of water, δ(2H, H2O) and δ(

18O, H2O), relative to Vienna Standard Mean Ocean Water
(VSMOW), and (f) microbial community composition (Section 2.6; Supplement C in Supporting
Information S1).

Three additional discrete samples were collected on 7 June 2019 (1 week before the late freshet June campaign),
two in the main branch of the Bolshoi Annui tributary, and one near station 11 (stations K01 to K03; Figure 1).

Table 1
Water Properties Along the Transects During the Late Freshet (June 2019)

Parameter Unit

Kolyma 15–17 June 2019 Ambolikha 18 June 2019

Upstream Downstream Upstream

T °C 13.9 ± 0.5 14.5 ± 0.5 19.6 ± 0.3

κ μS cm− 1 94 ± 21 107 ± 18 50 ± 1

pH 1 7.2 ± 0.1 7.2 ± 0.1 6.4 ± 0.2

fDOM concentration QSU 55.6 ± 10.9 59.3 ± 4.9 99.7 ± 5.2

Turbidity FNU 109 ± 102 34 ± 9 7 ± 2

c(Chl a) μg L− 1 2.7 ± 0.5 2.4 ± 0.3 7.2 ± 0.7

c(blue‐green algae) μg L− 1 0.7 ± 0.4 0.3 ± 0.04 0.2 ± 0.01

c(TAlgae) μg L− 1 3.4 ± 0.9 2.7 ± 0.4 7.5 ± 0.7

c(O2) mg L− 1 11.5 ± 0.2 11.4 ± 0.2 6.4 ± 0.2

Δ(O2) % 11.0 ± 1.5 11.6 ± 0.9 − 30.5 ± 1.5

p(CO2) μatm 1578 ± 281 1686 ± 266 5162 ± 530

Note.All parameters were statistically different at a 5% significance level (Wilcoxon rank‐sum test) when compared between
transects.
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These samples were collected manually at the surface and only c(O2), pH, Twere measured on site. These samples
represent the nearest period to the peak of the freshet and thus are included for reference.

On 8 August 2019, we observed a phytoplankton bloom at station 5 at the confluence between Pantheleika and
Kolyma Rivers (Figure 1). We collected water samples for all the parameters described above, as well as for the
identification of phytoplankton communities.

Water discharge for the Kolyma was obtained from the Kolymsk‐1 gauge station (Figure 1). For the Ambolikha,
we used direct instantaneous discharge measurements measured between 28 June and 2 August 2019 using an
acoustic doppler current meter (SonTek‐SL 1500‐3G, Xylem Inc., San Diego, CA, USA) that was mounted at the
Ambolikha site at station 1 (Figure 1), see Castro‐Morales, Canning, Körtzinger, et al. (2022) for details. We
calculated integrated water residence times following Jones et al. (2017). The integrated water residence time
(Supplement E in Supporting Information S1) is the average time that a water parcel takes to travel in the sampled
channel segment. It is calculated from the cumulative sum of the discharge that passes through the upstream and
downstream limits of the channel of interest. The water isotope signatures δ(2H, H2O) and δ(

18O, H2O) were used
to identify predominant water sources. FollowingWelp et al. (2005), we constructed the local meteoric water line
based on endmember values for snow (δ(18O, H2O) = − 26.2 ± 5.0‰) and rain (δ(18O, H2O) = − 16.3 ± 3.8‰)
collected near Chersky.

2.3. O2/Ar Ratio Measurements and Gas Flux Calculations

Our study is the first application of the O2/Ar ratios and the triple O2 isotopologues in Arctic rivers. Because O2
and Ar have similar solubility properties in water, and Ar has no biological sources or sinks, deviations of the O2/
Ar ratio from saturation (as a function of water temperature T and salinity S) reflect biological activity and are
expressed as biological oxygen supersaturation Δ(O2/Ar), that is, Δ(O2/Ar)= cmeas(O2/Ar)/csat(O2/Ar) − 1 (Craig
& Hayward, 1987; Emerson et al., 1995; Kaiser et al., 2005). Δ(O2/Ar) provides a measure of net community
productivity that is gross productivity minus respiration. O2 isotopologues further distinguish photosynthetic
from atmospheric O2: the latter has a relative

17O‐deficit from stratospheric isotope exchange reactions (Luz &
Barkan, 2000; Luz et al., 1999), while photosynthetic O2 reflects the isotopic composition of water, adjusted for
photosynthetic isotopic fractionation, and shows a 17O‐excess relative to atmospheric O2 (Eisenstadt et al., 2010;
Kaiser & Abe, 2012). O2 triple isotopologues have been widely used in marine productivity studies (e.g., Castro‐
Morales et al., 2013; Hendricks et al., 2005; Juranek & Quay, 2013; Luz & Barkan, 2000; Quay et al., 2010;
Stanley et al., 2010), including the central Arctic Ocean (Eveleth et al., 2014; Ulfsbo et al., 2014), and the
Beaufort Gyre (Stanley et al., 2015).

The first aliquot drawn from the Niskin bottle was dedicated for the O2/Ar and oxygen isotopic analysis. A
volume of 300 mL was transferred into pre‐evacuated clear glass flasks fitted with high‐vacuum valves (Glass
Expansion) and previously spiked with 7 mg HgCl2 to prevent biological activity after filling. The flasks were
filled to 50 ± 25% of their volume and stored at room temperature in the dark until analysis at the University of
East Anglia, UK. To avoid any air contamination of the sample or gas leak from the sample, the glass flasks were
fitted with an extended neck that was filled with water to serve as additional seal during storage. Following Seguro
et al. (2017), the water phase was removed from each flask under vacuum and the remaining gas phase sealed into
glass tubes containing molecular sieve pellets. The gas phase was cryogenically and gas chromatographically
purified to remove water vapor, N2 and CO2. A correction for headspace‐water partitioning to derive the original
dissolved gas concentration following Luz et al. (2002) was subsequently done. The remaining O2/Ar mixture was
transferred into a dual inlet mass spectrometer (Thermo Finnigan MAT 253) for quantification of O2/Ar ratios
(ion beam intensities at m/z 32 and m/z 40; by peak jumping) and O2 isotopologue ratios

16O17O/16O2 and
16O18O/16O2 (Section 2.4). The relative standard deviation (1σ) of dry air aliquots measured between samples was
0.7‰ for O2/Ar. The air‐saturation concentrations csat(O2) and csat(Ar) as a function of T and S were calculated
following García and Gordon (1992) and Hamme and Emerson (2004). We derived the Ar supersaturation Δ(Ar)
from Δ(O2/Ar) and Δ(O2) as:

Δ(Ar) =
Δ(O2) − Δ(O2/Ar)
1 + Δ(O2/Ar)

(1)

and the Ar concentration as:
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c(Ar) = csat(Ar)[1 + Δ(Ar)] (2)

2.3.1. Gas Exchange Coefficients

The gas exchange coefficient k was calculated using three methods for comparison purposes (Section 3.4):

1. Empirical hydraulic model (Equation 7 in Table 2 of Raymond et al. (2012), short: R12; Supplement D1 in
Supporting Information S1):

kR12/(m d− 1) = (
Sc
600

)

− 0.5

[4725(V/m s− 1) s0.86 × (Q/m3s− 1)− 0.14 × (D/m)0.66] (3)

kR12 was adjusted to the Schmidt number (Sc) of O2 as a function of temperature followingWanninkhof (1992,
2014). 600 is the Schmidt number of CO2 and O2 in freshwater at a temperature of 20 and 17.5°C, respectively,
and it is commonly used for normalization of k values (Raymond et al., 2012). The river slope (s = Δh/L) and
the flow velocity (V = Q/DW) are calculated from discharge Q, depth D = 10 m and channel widthW = 2 km.
For the Kolyma, s = 0.003%, based on channel length L = 120 km and mean elevation change Δh = 4 m
(Arctic DEM Explorer slope map; 2 m horizontal resolution; Environmental Systems Research Institute, Polar
Geospatial Center; https://livingatlas2.arcgis.com/arcticdemexplorer/, last access: 7 October 2021). For the
Ambolikha (W= 0.05 km), s = 0.009%, based on channel length L = 1.6 km and Δh= 1.5 m between stations
1 and 4 (Figure 1).

2. Wind speed‐based parameterization (Wanninkhof, 2014, short: W14; Supplement D2 in Supporting
Information S1):

kW14/ (m d− 1) = (
Sc
660

)

− 0.5

× 0.24 × 0.251 × (u10/m s− 1)2 (4)

In this formulation, the Schmidt number of O2 or CO2 is normalized to 660, which is the Sc for CO2 in
seawater at 20°C (Wanninkhof, 2014). Wind speed uwas measured every 30 min at an eddy covariance tower
located 8 m above the water surface near station 1 (Kittler et al., 2017). To obtain u10, u was adjusted to 10 m
above the water surface (Amorocho & Devries, 1980). We also calculated a weighted k value (kw) to account
for the variability of O2 (and CO2) in the top water column as a response to varying wind speeds over a certain
period of time. kw is the corrected kW14 using the method of Teeter et al. (2018) (Supplement D2 in Supporting
Information S1).

3. Since argon is an inert gas, it can be used to calculate the gas exchange coefficient kAr in a quasi‐Lagrangian
fashion using its concentration gradient along the river channel, the distance of the transect and flow velocity.
We derived kAr using the change in Ar concentration c(Ar) along the June transect in Kolyma from stations 6 to
24 (excluding stations 5, 10, 11, 18, 19 and 25, which were affected by tributaries), following Equations 5a–5d:

zmix
dc
dt
= − k(c − csat) (5a)

c − csat = (c0 − csat,0) e
− kt
zmix (5b)

ln
c − csat
c0 − csat,0

= −
kt
zmix

(5c)

ln
Δ
Δ0
+ ln

csat
csat,0

= −
kt
zmix

(5d)

For clarity, the label “Ar” has been omitted from c, k and Δ. zmix is the mixed layer depth of 10 m (corresponding
to the mean full river depth D), c0 is the Ar concentration at the upstream end of the June transect, csat is the Ar
concentration at air saturation. We replace time twith the distance along the transect (Δd), since Δd= Vt, with the
water flow velocity, V = Q/DW = 0.67 m s− 2. Thus, we have:
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ln
Δ
Δ0
+ ln

csat
csat,0

= −
kWΔd
Q

(5e)

The slope of a linear regression of the left side of Equation 5e against Δd, divided by Q/W, gives kAr for the entire
transect.

2.3.2. Air‐Water Gas Exchange Flux Densities

We calculated air water gas exchange flux densities Fa of CO2, O2 and so‐called biological O2 in units of
mmol m− 2 d− 1 from the gas exchange coefficient and the concentration gradient c‐csat, where c is the measured
concentration and csat is the air‐saturation concentration in equilibrium with the atmosphere:

Fa (O2) = k(O2) [c(O2) − csat (O2)] (6a)

Fa (CO2) = k(CO2) [c(CO2) − csat (CO2)] (6b)

Positive values correspond to emissions from the river to the atmosphere.

The biological O2 flux density, Fbio(O2) is defined as:

Fbio (O2) = Fa (O2/Ar) = k(O2) csat (O2)Δ(O2/Ar) (6c)

The symbol Fbio(O2) has often been used in the past (Castro‐Morales et al., 2013; Kaiser et al., 2005), but for
consistency with the advective flux symbol Fadv(O2/Ar; see below), we prefer Fa(O2/Ar) here.

2.3.3. Advective Gas Flux Densities and Net Community Production

Diel changes in gas concentrations are expected to be small because of deep mixed layers and long gas residence
times with respect to atmosphere‐water exchange. We have therefore neglected them. However, we account for
horizontal (along‐river) gradients by adopting a similar quasi‐Lagrangian approach to that used with the c(Ar)
gradient to derive kAr. Thus, we can estimate an advective flux Fadv (Seguro et al., 2023) from the gradients in the
O2, CO2 and biological O2 concentrations and the ratio of discharge Q to river width W:

Fadv = zmix
dc
dt
= zmixV

dc
dx
=
Q
W
dc
dx

(7)

The gradient dc/dx is derived by linear regression of concentrations against transect distance, excluding stations
influenced by tributaries. Positive values correspond to a concentration increase from upstream to downstream.

Net community productivity is calculated as:

N(O2/Ar) = Fa (O2/Ar) + Fadv (O2/Ar) (8a)

N(O2) = Fa (O2) + Fadv (O2) (8b)

N(CO2) = − Fa (CO2) − Fadv (CO2) (8c)

2.4. Gross Oxygen Productivity (G(17O)) From O2 Triple Isotopologues

We estimated gross photosynthetic oxygen productivity (G(17O)) from the stable isotope composition of dis-
solved O2 (Luz & Barkan, 2000; Luz et al., 1999), the gas transfer velocity k(O2) and the downstream gradients in
the isotope deltas. Just as net community productivity (Equation 8a), G(17O) is the sum of the gas‐exchange flux
density Fa (

17O) and the advective flux density Fadv(
17O), as defined in Equations 10 and 11:

G( 17O) = Fa( 17O) + Fadv( 17O) (9)

Journal of Geophysical Research: Biogeosciences 10.1029/2025JG009415
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As explained in the introduction, the observed 17O/16O and 18O/16O variations in the dissolved O2 pool can be used
to determine the relative contributions of photosynthetic and atmospheric O2. The isotope ratio variations are
expressed as isotope deltas, δ(17O,O2; short:

17δ) and δ(18O,O2) (short:
18δ), with 17δ and 18δ defined as δ=Rsample/

Rstandard − 1, whereR refers to the isotope number ratiosN(
17O)/N(16O) orN(18O)/N(16O) of sample (dissolvedO2)

and standard (O2 in tropospheric dry air).The relative standard deviation (1σ) of dry air aliquots measured between
samples was 0.010‰ for 17δ, 0.016‰ for 8δ and 0.005‰ for the 17O excess, defined as Δ(17O)= 17δ − 0.5179 18δ
(Kaiser, 2011a).

To calculate Fa(
17O), we followed the dual‐delta method (Kaiser, 2011a):

Fa( 17O) = k(O2) csat (O2)
(1 + 17εE)

17δ − 17δsat
1+ 17δ − γR (1 + 18εE)

18δ − 18δsat
1+ 18δ + Δ(O2)( 17εE − γR18εE)

17δP −
17δ

1+ 17δ − γR
18δP −

18δ
1+ 18δ

(10)

The δ values of dissolved O2 at air‐saturation for 17O and 18O depend on water temperature:
18δsat = e

− 0.00072951+0.42696 K/T − 1 (Benson et al., 1979); 17δsat is calculated from
18δsat as

17δsat = (1 +
18δsat)

0.518

e(0.6θ/°C+1.8)/ppm − 1, with the water temperature θ in °C (Luz & Barkan, 2009). The kinetic isotope fractionation
during O2 invasion for

18O (18εI) is calculated as function of
18δsat and the kinetic isotope fractionation during O2

evasion, 18εE = − 2.8‰, (Knox et al., 1992) as 18εI = (1 + 18εE) (1 +
18δsat) − 1 (Kaiser, 2011a, 2011b). The

17O/16O kinetic isotope fractionation during O2 invasion (
17εI) is calculated as

17εI = (1+ 18εI)
0.516 − 1 (Kai-

ser, 2011a). The ratio of the 17O/16O to 18O/16O respiratory fractionation is γR =
17εR/

18εR = 0.5179; obtained
from experiments covering temperature range of 17–37°C and different organisms (Luz & Barkan, 2005). 17δp
and 18δp are the photosynthetic end‐members calculated as δp = [1 + δ(H2O)] (1 + εp) − 1 (Kaiser & Abe, 2012).
For 18δp, we used river δ(

18O, H2O) and the photosynthetic isotopic fractionation
18εp = 4.426‰ of the diatom

Phaeodactylum tricornutum (Eisenstadt et al., 2010; Kaiser & Abe, 2012), which can live in both seawater and
freshwater (Listwan et al., 2018). We assumed that δ(17O, H2O) = [1 + δ(18O, H2O)]

0.528 + 0.000033 followed
the global meteoric water line (Luz & Barkan, 2010). This assumption agrees with a recent review of this method
in the hydrological cycle (Aron et al., 2021) and deviations to this relationship generally occur beyond the range δ
(18O, H2O) > − 15‰.

Finally, 17δp was calculated from δ(17O, H2O) and
17εp = 2.314‰ (Eisenstadt et al., 2010; Kaiser & Abe, 2012).

To calculate Fadv(
17O) we use a slightly adapted version of Kaiser's Equation 42 (Kaiser, 2011a):

Fadv( 17O) =
Q
W
c(O2)

d[ln(1+ 17δ) − γR ln(1+ 18δ) ]
dx

17δP −
17δ

1+ 17δ − γR
18δP −

18δ
1+ 18δ

(11)

The isotope delta terms in the numerator have been combined to ensure that the uncertainty resulting from the
linear regression against transect distance is not double‐counted. The time–space transformation is done as in
Equation 7 using the ratio of discharge Q and river width W.

2.5. Dissolved Organic Matter Characterization

For DOM characterization, 500 mL of water was filtered through a pre‐combusted GF/F filter mounted in a
filtration unit with a hand pump. The filtrate was collected in acid‐washed HDPE brown bottles and stored at 4°C.
For solid‐phase extraction (SPE), the filtrate was passed through an Oasis HLB cartridge at pH 7.0 to avoid
hydrolysis (Waters, Germany). The organic matter was eluted with 4 mL of methanol (Koch & Dittmar, 2006).

An electrospray ionization (ESI) high‐resolution Orbitrap mass spectrometer (HR‐ESI‐MS, QExactive, Thermo
Scientific, USA) was used to gather high‐resolution spectra (m/Δm = 280,000 at m/z 200) for Ambolikha DOM
samples (n = 40; analyzed in triplicate) in the range m/z 150–700. The device was externally calibrated using a
calibration solution (Proteomass ESI, Sigma‐Aldrich, USA). Methanol extracts were randomized, and equivalent
DOC concentrations (9 mg L− 1) were infused directly into the ESI source (injection volume: 20 μL) and evaluated
in negative ionization mode (Kügler et al., 2019). The average mass spectrum was made up of 100 successive
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images. Using OpenMS v.2.6.0, the spectra were internally calibrated by DOM ions found in all samples (Röst
et al., 2016) to keep the analytical mass error <2 ppm. When a signal appeared in all sample triplicates, it was
considered present. The average signal intensity was used for subsequent statistical analysis (Supplement B and
Appendix files A1–A3 in Supporting Information S1).

2.6. Composition of Microbial Communities

The collection, processing, extraction, and analysis of the samples collected for microbial community compo-
sition have been described by Castro‐Morales, Canning, Körtzinger, et al. (2022). The only difference was the use
of the μgreen‐db database to classify phototrophs. Supplement C in Supporting Information S1 contains further
details on the methodology for gene amplification and sequencing.

2.7. Statistical Analysis

We performed a principal component analysis (PCA) with the water parameters at the station level to identify the
most dominant parameters in terms of their contribution to the variance in the data set and to reveal correlations
between the parameters. This was followed by linear correlation analysis with a p‐value <0.05 among selected
main parameters. A Wilcoxon rank sum test with a significance level of 5% was done to identify statistically
significant relations among the seasons and transects.

For DOM signature analysis, a principal coordinate analysis (PCoA) was performed to explore the overall
structure of the data, supported by a canonical analysis and hierarchical cluster analysis (HCA), to define and
label distinct sample groups of stations based on molecular formulas identified in DOM (for details see
Supplement B in Supporting Information S1). These groupings support and complement the quantitative
correlations observed in the water's biochemical parameters across stations. These groups confirm quantitative
correlations in the water biochemical parameters for the different stations. Results of each analysis are shown in
the corresponding results section below. We calculated the average ±1 standard deviation of the CO2 and O2
flux densities during the late freshet, the base flow period and bloom event per river and group of corre-
sponding stations (Table 3).

3. Results
3.1. Continuous Gas Measurements Along River Transects in June (Late Freshet)

Continuous measurements were only performed during the river transects in June. Therefore, a comparison of
results between different seasons is restricted to the discrete sampling (see below). Large differences in the water
properties, confirmed by statistically significant differences (Wilcoxon rank‐sum test, p < 0.05) were observed
between the Kolyma upstream and downstream transects, and the Kolyma and Ambolikha upstream transects
(Figure 2). Table 1 shows the average±1 standard deviation of the continuously measured parameters along these
transects. The Kolyma was on average 5°C colder than the Ambolikha, had nearly double its conductivity (κ), and
a much higher average O2 supersaturation of Δ(O2) = 11.3% than the Ambolikha Δ(O2) of − 30.5% (Table 1).

The p(CO2) in both rivers was always above atmospheric p(CO2) (global average for June 2019: 409.4 μatm;
Dlugokencky (2019)), but the average Ambolikha p(CO2) of 5162 ± 530 μatm was three times higher than the
Kolyma average of 1,632 ± 274 μatm (Table 1).

The spatial distribution of the Kolyma p(CO2) shows hot spots at the confluence with tributaries (Figures 2a and
2b). These hotspots represent small regions but have p(CO2) values 1.5 and 2 times higher (between 2,200 and
3,200 μatm) than elsewhere (average: 1,500 μatm). The Ambolikha p(CO2) maximum of 5,800 μatm was found in
the headwaters (Figure 2e).

To investigate the spatial distribution of p(CO2) and c(O2) along the transects, we determined the linear corre-
lations between pairs of parameters. Table 2 shows linear coefficients of determination R2 (p < 0.05) of p(CO2)
and c(O2) to other water parameters in June 2019.

Journal of Geophysical Research: Biogeosciences 10.1029/2025JG009415
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3.2. Temporal Comparison of Water Properties at Station Level

We compared water properties between the late freshet (June) and the low‐flow period (August) across all stations
(Figure 1). Strong seasonal contrasts were observed in T, fDOM concentration, nutrients, oxygen and CO2
(Figure 3). In both rivers, T dropped by 3–6°C between June and August, though the Ambolikha remained 3–5°C
warmer than the Kolyma (Figure 3a). Residence time doubled from 1 to 2 days (Supplement E in Supporting
Information S1). DOC and fDOM concentrations were roughly twice as high in June, reflecting higher inputs
during freshet, while pCO2 was nearly four times higher in Kolyma (2,293 ± 1,450 μatm vs. 615 ± 307 μatm),
and decreased nearly 10 times in Ambolikha (5,800 μatm vs. 626 μatm; Figure 3k). By August, c(O2) rose
substantially, particularly in the Ambolikha (196 μmol L− 1 in June to 331 μmol L− 1 in August; Figure 3j), and pH
increased by 0.7 in parallel with declining p(CO2) (Figures 3f and 3k).

Table 2
Linear Coefficient of Determination R2 (Statistically Significant at p < 0.05) From the Most Representative Relationships in Continuously Measured Water Parameters
in the Kolyma and Ambolikha Rivers During June 2019

Kolyma upstream (n = 1116) Kolyma downstream (n = 450) Ambolikha (n = 113)

p(CO2) versus c(O2) (− ) 0.61 (− ) 0.44 (− ) 0.89

p(CO2) versus κ (− ) 0.41 (− ) 0.28 (− ) 0.88

p(CO2) versus T (+) 0.22 (+) 0.47 (+) 0.71

p(CO2) versus fDOM concentration (+) 0.37 (+) 0.47 (+) 0.93

c(O2) versus T (− ) 0.29 (− ) 0.65 (− ) 0.84

c(O2) versus fDOM concentration (− ) 0.24 (− ) 0.13 (− ) 0.93

Note. n: number of 1‐min average data points.

Figure 2. Continuous measurements in June of p(CO2) (panels a, c, and e) and oxygen supersaturation Δ(O2) (panels b, d, and
f) along the Kolyma upstream (a, b) and downstream (c, d) transects, and Ambolikha (e, f) upstream transect. Panels (a, c) for
p(CO2), as well as (b, d) for Δ(O2) share the same color scale. Each data point represents an average of 1 min of continuous
measurements.
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Figure 3. Water properties inAmbolikha (stations 1–4) andKolyma (stations 5–25) during June (blue triangles) andAugust (red circles) 2019. The orange shade highlights
the stations at or near tributaries (1–4 in Ambolikha, and 5, 7, 9 and 11 in Kolyma, and 18 inside Leonid's channel). Diamonds at station 1 (Ambolikha site, Figure 1) were
sampled between June and August to monitor the seasonal transition. The black star at station 5 are measurements from the bloom on 8 August 2019. Error bars for the
nutrients concentrations results (g to i) represent 1σ of sample replicates. Because the location of station 23 differed slightly between June and August, letters (a and b) are
assigned, respectively (Figure 1).
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Nutrient dynamics differed between rivers. In the Kolyma, c(NOx
− ) and c(SiO3

2− ) increased from June to August
(Figures 3h and 3i), while c(PO4

3− ) decreased at stations 7, 11 and 16 (Figure 3g). In contrast, the Ambolikha
showed little change in c(NOx

− ) (Figure 3h), but c(PO4
3− ) decreased half from June to August (Figure 3g).

Average fDOM concentration and c(DOC) were twice as high in June as in August (Figures 3d and 3e).

The principal component analysis (PCA) supported these patterns, with conditions in June characterized by a
positive correlation between c(DOC), fDOM concentration, T, p(CO2), c(PO4

3− ) and c(Chl a). These parameters
correlated negatively with c(O2), pH, κ, c(NOx

− ), c(SiO3
2− ) and Δ(O2/Ar) (Figure 4a). Negative correlations were

found for p(CO2) versus pH, c(O2) and Δ(O2/Ar) (R
2 > 0.90). c(O2) and Δ(O2/Ar) also correlated negatively with

c(Chl a) (R2 = 0.87 and 0.93). This decoupling of c(O2) variations from c(Chl a) could be due to dominant

Figure 4. Principal component analysis of scaled chemical and physical water properties at stations 1–25 in Kolyma and
Ambolikha Rivers in 2019 during (a) June late‐freshet and (b) August low‐flow period. Stations are identified by color and
number next to the symbols. The first two components explained 91% and 76% of the variability in June and August,
respectively.
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respiration processes compared to production. Ambolikha stations 1–4 form a cluster in June, while stations 15–
25 in the upper Kolyma grouped closely. Stations 8, 11, 12, and 13 are isolated, highlighting distinct charac-
teristics of stations near the outlet of tributaries (Figure 4a). The August biplot (Figure 4b) showed weaker but
shifted correlations, for example, c(Chl a) versus Δ(O2/Ar) and c(O2) (R

2 = 0.57 and 0.19) now positively
correlated, indicating greater biological influence on c(O2) and biomass.

During August in the low‐flow period, a pronounced phytoplankton bloom was detected (Figure S2 in Supporting
Information S1). Vertical profiles measured with the EXO2 sonde pre‐bloom (5 August) and during the bloom (8
August) revealed that during the bloom, c(Chl a) formed distinct subsurface maxima reaching values five times
higher (28 μg L− 1) than surrounding waters (6 μg L− 1). This bloom coincided with a decrease in turbidity, fDOM
concentrations, and c(O2) (Figure S2b in Supporting Information S1). Elevated Δ(O2/Ar) values (discrete sample
from 1m depth), missed the c(Chl a) maximum (located at 0.25 and 0.48 m depth), but were 5.3% higher than pre‐
bloom conditions and may represent a lower bound to the biologically produced oxygen during the bloom
(Figures 3 and 6). During the bloom, c(Chl a) and c(BGA) reached nearly double their June values (Figure 3c). p
(CO2) decreased by 21 μatm between 5 and 8 August, and in the same period conductivity and turbidity decreased
from 76 to 48 µS cm− 1 and from 11 to 5.5 FNU, respectively. The hydrograph at station Kolymsk‐1 showed that
during these 3 days the river discharge decreased from 6.4 × 103 to 4.8 × 103 m3 s− 1 (Figure S1 in Supporting
Information S1). During the bloom event, c(SiO3

2− ) declined by 3 μmol L− 1, and c(NOx
− ) decreased by

1.4 μmol L− 1 compared to pre‐bloom conditions (Figures 3i and 3h), indicating uptake of these nutrients during
the bloom. The stoichiometric ratio of the increase in biological O2 concentration (by 12.4 μmol L

− 1) to the c
(NOx

− ) drawdown (ratio of 8.9) from pre‐bloom to bloom conditions, was consistent with phytoplankton uptake
near the canonical Redfield ratio for O2:N being 8.6 ± 1.0 (Li & Peng, 2002).

3.3. Biological O2 Saturation as an Indicator of Biological Oxygen Productivity

To identify biologically produced O2, we compared Δ(O2) and Δ(O2/Ar) versus p(CO2; Figure 5). In June, both
rivers were biologically oxygen‐depleted, with strongly negative Δ(O2/Ar) (− 32.9%) in the Ambolikha (mostly
from biological O2 removal as average Δ(O2) = − 31.7%), and moderately negative values in the Kolyma

Figure 5. Plot of (a) O2 supersaturation Δ(O2) and (b) biological O2 supersaturation Δ(O2/Ar) versus p(CO2) in June
(triangles) and August (circles). Vertical dashed line: atmospheric p(CO2) in June (409.4 μatm). Black‐edged diamonds:
seasonal transition at station 1 (Ambolikha Site). Black star: station 5 during August bloom. Color bar: fDOM concentration.
Station numbers are added next to the symbols.
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(− 12.3%). The dominating melt and upstream water in this river during the high discharge period was oxygen‐
depleted. The Kolyma Δ(O2) was however positive (average: 10.3%; Figure 5a).

By August, p(CO2) and Δ(O2) decreased in both rivers (to 615 μatm and − 7.7%, respectively), shifting toward
saturation as water temperature dropped by 3.5°C on average (Figure 5a). Δ(O2/Ar) increased on average by 10%
in both rivers, shifting conditions toward saturation. The Ambolikha showed a transition to positive Δ(O2) and Δ
(O2/Ar), mostly in station 4 near the confluence with the Pantheleika River (Figures 3l and 5b). The Kolyma
remained undersaturated (Δ(O2/Ar) = − 2.9%), except at tributary confluences, that is, at station 5 (confluence
with the Pantheleika) with 1.5%, and 1.6% at station 11 (confluence with the Bolshoi Anui and Malyi Anui).

Microbial community data supported these patterns (Figures S4b and S4c in Supporting Information S1).
Photosynthetic bacteria in June were 0.1%–0.5% of the total community in the Ambolikha, and five times more
abundant than in the Kolyma (0.03%–0.09%). These proportions increased fifty‐fold by August, reaching 14% of
the community in the Ambolikha, while remaining <1% in the Kolyma.

3.4. Net Community Productivity Derived From Δ(O2/Ar)

The calculated kR12 values for oxygen during the late‐freshet (0.46 ± 0.07 m d− 1) were similar to kW14
(0.50 ± 0.33 m d− 1), while wind‐weighted estimates kweighted ranged from 0.34 ± 0.12 m d− 1 to
0.61± 0.02 m d− 1. For the low‐flow period, kR12 decreased (0.30± 0.06 m d

− 1), but were about twice the k values
derived from wind speed: 0.14–0.18 m d− 1 (Figures 3o and 3p). Estimates from Ar concentrations
(kAr = 0.63 ± 0.44 m d− 1, at the average in situ temperature of 13.8°C, corresponding to Sc(Ar) = 766) were
comparable. For flux density calculations, we used kR12. The average air‐sea (Fa) and advective fluxes (Fadv) for
the different gases (CO2, O2, O2/Ar and

17O) in Kolyma and Ambolikha during the late freshet and low flow,
including the bloom, are shown in Table 3 in rows 1 to 8. The average net ecosystem production (N(O2/Ar)), gross
oxygen productivity (G(17O)) and respiration (R) are shown in Table 3 in rows 9 to 13.

In June, both rivers were net heterotrophic. Negative Δ(O2/Ar), with Kolyma fluxes of Fa(O2/Ar) = − 20 ±
4 mmol m− 2 d− 1 and Fadv(O2/Ar) = − 17 ± 16 mmol m− 2 d− 1 (Figure 5, Table 3, row 3), yielding N(O2/Ar) =
− 37 ± 16 mmol m− 2 d− 1 (Table 3, rows 3, 7 and 11). Ambolikha, was even more undersaturated with
Fa(O2) = − 28 ± 2 mmol m− 2 d− 1 and Fa(O2/Ar) = − 30 ± 3 mmol m− 2 d− 1.

Table 3
Summary of Average ±1 Standard Deviation of CO2 and O2 Flux Densities

Row

Period Late freshet (June) Low flow (August) Bloom (August)

River (stations) Ambolikha (1–4) Kolyma (5–25) Ambolikha (1–4) Kolyma (5–25) Kolyma (5)

Flux densities in mmol m− 2 d− 1 (negative: loss or uptake from atmosphere, positive: production or emission)

1 Fa(CO2) 57 ± 4 27 ± 8 1 ± 4 3 ± 5 − 1 ± 1

2 Fa(O2) − 28 ± 2 17 ± 5 2 ± 3 − 3 ± 3 2 ± 1

3 Fa(O2/Ar) − 30 ± 3 − 20 ± 4 1 ± 4 − 3 ± 3 6 ± 3

4 Fa(
17O) 6 ± 2 − 5 ± 4 43 ± 27 4 ± 18 141 ± 70

5 Fadv(CO2) − 24 ± 28 86 ± 22 − 25 ± 13 − 38 ± 41 − 1 ± 1

6 Fadv(O2) − 14 ± 15 − 34 ± 26 25 ± 13 29 ± 19 − 11 ± 6

7 Fadv(O2/Ar) − 20 ± 20 − 17 ± 16 27 ± 14 34 ± 19 11 ± 6

8 Fadv(
17O) − 10 ± 7 − 34 ± 37 46 ± 30 46 ± 35 40 ± 37

9 N(CO2; Equation 8c) − 33 ± 28 − 112 ± 23 24 ± 13 34 ± 41 3 ± 1

10 N(O2; Equation 8b) − 42 ± 15 − 18 ± 27 27 ± 13 26 ± 20 − 9 ± 6

11 N(O2/Ar; Equation 8a) − 50 ± 20 − 37 ± 16 28 ± 14 31 ± 19 17 ± 7

12 G(17O; Equation 9) − 4 ± 7 − 39 ± 37 88 ± 41 49 ± 39 181 ± 79

13 R 46 ± 22 − 3 ± 41 60 ± 43 18 ± 43 163 ± 79

Note. Fa values were calculated using kR12. Respiration (Row 13) is calculated as R = G(17O) − N(O2/Ar).

Journal of Geophysical Research: Biogeosciences 10.1029/2025JG009415

CASTRO‐MORALES ET AL. 15 of 31

 21698961, 2025, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JG

009415 by U
niversity O

f E
ast A

nglia, W
iley O

nline L
ibrary on [16/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



By August, both rivers shifted toward net autotrophy (Table 3, rows 2 and 3, Figure 5). Ambolikha Fa(O2/Ar) rose
to 1 ± 4 mmol m− 2 d− 1, while Kolyma also moved toward saturation with average Fa(O2/Ar) = − 3 ±
3 mmol m− 2 d− 1. However, positive values were found at tributary confluences in stations 4, 5 and 11 (Figure 1)
with Fa(O2/Ar) of 4, 1 and 2 mmol m

− 2 d− 1, respectively, and six times higher during the bloom at station 5
(6 mmol m− 2 d− 1; Table 3, row 3). Advective fluxes Fadv(O2/Ar) also shifted from negative in June to positive in
August (Ambolikha: − 20 ± 20 mmol m− 2 d− 1 to 27 ± 14 mmol m− 2 d− 1; Kolyma: − 17 ± 16 mmol m− 2 d− 1 to
34 ± 19 mmol m− 2 d− 1 (Table 3, row 7). This resulted in positive net biological production N(O2/Ar) in August
(Ambolikha: 28 ± 14 mmol m− 2 d− 1; Kolyma: 31 ± 19 mmol m− 2 d− 1). At the bloom site, N(O2/Ar) = 17 ±
7 mmol m− 2 d− 1 (Table 3, row 11), being half the river average.

Ar supersaturation Δ(Ar) was pronounced in June, averaging 26 ± 4% in Kolyma, but much lower in
Ambolikha (2.7 ± 1.9%). Increases in Δ(Ar) tracked water warming, for example, at station 11, T = 7.7°C and
Δ(Ar) = 0.8% (station K‐03) 9 days prior to the upstream transect, and rose to 14.9°C with Δ(Ar) to 25.4%
during the transect measurements in warmer conditions. Air temperatures increased over the same period of
9 days from 8.9 to 28.2°C. The warming of the water alone explains a 17.8% increase in Δ(Ar). Warming and
gas fluxes are likely decoupled in this system because of the low gas exchange coefficients of 0.5 m d− 1

resulting in exchange time scales of the order of 20 days (given a 10 m deep water column) and with most of
the warming in Arctic rivers being due to shortwave radiative heating rather than sensible heat fluxes (King
et al., 2016; Schmid & Read, 2022). The remainder of the Ar concentration increase of 7.7% may reflect
injection of air from melting ice.

Lower Ambolikha Δ(Ar) values in June reflected slower flow (6 times lower) and longer equilibration times with
respect to gas exchange. By August, Δ(Ar) approached saturation (0.0 ± 1.8%; Figure S4 in Supporting
Information S1).

3.5. Isotopic Signals in Water and Dissolved Oxygen as Indicators of Water Sources and Gross
Productivity

Our results showed a shift from more depleted values of δ(18O, H2O) = − 22.4 ± 0.5‰ and δ(2H,
H2O)= − 173.0 ± 4.4‰ in June to − 20.6± 0.8‰ and − 161.1 ± 5.4‰ in August. This pattern and seasonal shift
followed a line parallel to the meteoric water line (Figure 6). This confirms the snowmelt signal during the late
freshet in June. In August, conductivity increased at most Kolyma stations (Figure 3b). Water isotope deltas also
increased and got closer to the rainwater end member (Figure S3 in Supporting Information S1). These results

Figure 6. Isotopic composition of water δ(18O, H2O) against δ(
2H, H2O). Blue symbols: late freshet (June) in Kolyma (filled

triangles) and in Ambolikha (filled diamonds). Red symbols: low flow (August) in Kolyma (filled circles) and in Ambolikha
(filled diamonds). The meteoric water line is shown with end members fromWelp et al. (2005) measured in Kolyma samples.
Error bars: standard deviation of three replicates.
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suggest that the high Δ(Ar) values in June are likely caused by the influence of snowmelt (Figure S4 in Supporting
Information S1).

Fa(
17O) showed changes between June and August. Kolyma Fa(

17O) was mostly negative in June
(− 5 ± 4 mmol m− 2 d− 1), except at stations 13 and 19 (1 and 3 mmol m− 2 d− 1, respectively). In contrast, Fa(

17O)
was >0 at all Ambolikha stations in June (6 ± 2 mmol m− 2 d− 1), and August (average: 43 ± 27 mmol m− 2 d− 1;
Figure 7).

In Kolyma, positive Fa(
17O) values were found at stations 5, 7 and 11 in August (at the confluence with tributaries,

or associated with a bloom or pre‐bloom (station 5); Figures 1 and 3). During the bloom at station 5, Fa(
17O) was

positive (141 mmol m− 2 d− 1). This was the highest value, followed by neighboring station 4 (62 mmol m− 2 d− 1).
Combining Fadv(

17O) with Fa(
17O), allows calculating river‐average gross oxygen productivity G(17O) (Table 3,

row 12). Within the measurement uncertainty, G(17O) is zero for both rivers in June (Kolyma:
− 39 ± 37 mmol m− 2 d− 1; Ambolikha: − 4 ± 7 mmol m− 2 d− 1). In August, both rivers had G(17O) value
significantly above zero (Kolyma: 49 ± 39 mmol m− 2 d− 1; Ambolikha: 88 ± 41 mmol m− 2 d− 1, Table 3).
Average negativeG(17O) are shown in Table 3 and are assumed zero as they remain within their uncertainty range
with the underlying productivity close to the detection limit.

3.6. Quantification of Carbon Flux Densities and the Contributions of Biotic and Abiotic Processes

In June, CO2 emissions to the atmosphere, Fa(CO2), were about twice as high in the Ambolikha as in the Kolyma
(57 ± 4 mmol m− 2 d− 1 vs. 27 ± 8 mmol m− 2 d− 1, respectively; Table 3, row 1). Negative biological O2 fluxes in
Ambolikha (Fa(O2/Ar), Fadv(O2) and Fadv(O2/Ar); Table 3, rows 2, 3, 6 and 7), and the corresponding N values
(Table 3, rows 10 and 11), indicate net respiration in both rivers, with no significant photosynthetic activity
detected.

By August, average Fa(CO2) across both rivers declined by an order of magnitude (2 ± 4 mmol m− 2 d− 1 vs.
32 ± 14 mmol m− 2 d− 1 in June). In contrast to June, N(O2) and N(O2/Ar) became positive in both rivers (26–
31 mmol m− 2 d− 1; Table 3, rows 10 and 11), and gross oxygen productivityG(17O) was highest in the Ambolikha
(88 ± 41 mmol m− 2 d− 1), indicating a shift to net autotrophy. Several stations (4, 7, 16 and 25, as well as pre‐
bloom and bloom station 5) acted as small CO2 sinks (Fa(CO2) = − 1 to − 2 mmol m− 2 d− 1) during the low‐
flow in August. Station 5 showed enhanced biological activity in August when Fa(O2/Ar) > Fa(O2), compared

Figure 7. Biological flux of oxygen (Fbio = Fa(O2/Ar)), against Fa(
17O) (Equation 10) from the late freshet in June (blue

triangles) and the low flow in August (red circles). Black star: bloom at station 5. Black diamond: seasonal transition at
station 1 (Ambolikha site).
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to June. Stations 4, 5 (pre‐ and at bloom event) and 11, were the only sites where Fa(O2/Ar) and Fa(
17O) were

positive throughout the study (Figure 7).

Respiration (R = G(17O) − N (O2/Ar)) remained large in both seasons in the Ambolikha (46 ± 22 mmol m
− 2 d− 1

in June; 60± 43mmol m− 2 d− 1 in August; Table 3, row 13), and during August R exceeded Fa(CO2) in both rivers
as CO2 fluxes approached equilibrium (Table 3, row 1). In June, R was close to Fa(CO2) only in the Ambolikha,
while in the Kolyma Fa(CO2) > R (Table 3, rows 13 and 1). On average, the fluxes of CO2 and O2/Ar were an
order of magnitude larger in June than August, confirming stronger emissions and heterotrophic activity during
the late‐freshet (Table 3, rows 1 and 3).

The gross oxygen productivity G(17O) in Ambolikha during August was nearly double (88 ± 41 mmol m− 2 d− 1)
than in Kolyma (49 ± 39 mmol m− 2 d− 1; Table 3, row 12), reflecting the relevance of small tributaries to the
ecosystem productivity in these river systems. During the August bloom at station 5, G(17O) peaked at
181 ± 79 mmol m− 2 d− 1, twice the Ambolikha mean, underscoring the importance of localized bloom events.

3.7. Dissolved Organic Matter Signatures and Microbial Communities in Discrete Water Samples

Seasonal transitions and tributary inflows strongly shape the molecular composition of dissolved organic matter
(DOM) and the structure of microbial communities in permafrost‐affected rivers. Integrating high‐resolution
mass spectrometry with multivariate analyses, we identified consistent seasonal clusters and site‐specific sig-
natures reflecting hydrological and ecological dynamics (Figure 8 and Figures S5–S10 in Supporting
Information S1).

As large storage of organic carbon is locked in permafrost, quantitative differences among the discrete samples
from the late‐freshet and low‐flow periods can be associated with qualitative differences in the DOM profile. This
is illustrated by the hierarchical cluster analysis (HCA, Figure 8a) and principal coordinate analysis (PCoA,
Figure 8b). High‐resolution mass spectrometry identified 1,818 DOM molecular formulas across all samples.
Cluster analysis and PCoA separated the data set into five coherent groups: three associated with the late freshet in
June (clusters A‐I, A‐II, A‐III) and two with the low‐flow conditions in August (clusters B‐I, B‐II; Figures 8a and
8b). These seasonal shifts were consistent with cross‐validation in discriminant analysis (Table S2 in Supporting
Information S1).

Although the relative abundance of identified compounds varied between June and August, their elemental
composition remained similar (Figure S5 in Supporting Information S1). Most DOM consisted of C, H and O
atoms (86% in June, 91% in August); while heteroatom‐containing molecules comprised <14% of the total.
Significant seasonal compounds (sSC, Supplement B in Supporting Information S1) occurred primarily within the
lignin‐like class (Figure S5 in Supporting Information S1) and distinct clusters represented seasonal changes in
the Kolyma (clusters A‐III vs. B‐I; Figure 8b). Moreover, significant differences between rivers were observed, as
the riverine compounds (sRC, Supplement B in Supporting Information S1) formed separate clusters for
Ambolikha and Kolyma (clusters A‐II vs. A‐III (Figure 8) and B‐I versus B‐II (Figure S6 in Supporting
Information S1)).

Stations 7, 9, and 11 in June, located at tributary confluences (Figure 1), displayed distinct DOM signatures that
set them apart from other sites (cluster A‐I; Figures 8a and 8b). These unique DOM signatures likely reflect
stronger contributions from tributaries transporting meltwater and DOM from thawing permafrost. After sub-
tracting features shared with Kolyma freshet samples (A‐III), 271 candidate molecules remained (Figure S10 in
Supporting Information S1), 92 of which match previously reported as permafrost‐thaw signatures (Spencer
et al., 2015; Figure S10 in Supporting Information S1, Appendix A3).

The DOM PCoA analysis shows that Ambolikha stations 1–4 also form a cluster in June (Figure 8a), consistent
with the PCA of water properties at the station level (Figure 4a). During the low‐flow period, Kolyma station 5
clustered with Ambolikha samples (B‐I), confirming the influence of inflowing rivers (Figure S5 in Supporting
Information S1). At station 5, the core set of compounds detected before and during the bloom shared ∼40% of all
features (724 compounds). However, the bloom altered ∼32% of molecular features within three days (Figure S7
in Supporting Information S1): 125 pre‐bloom compounds persisted, while 110 significant bloom‐specific
compounds (sBC; Supplement B in Supporting Information S1) emerged, mainly within the CHO class along
with some sulfur‐containing molecules (Figure S7 in Supporting Information S1).
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Microbial communities mirrored DOM and hydrochemical patterns. Community structure differed significantly
between Ambolikha and Kolyma (Figure S8a in Supporting Information S1, permanova: F = 18, p < 0.001,
R2= 0.13) and between June and August (Figure S8 in Supporting Information S1; F= 23, p< 0.001, R2= 0.17).
The bloom at station 5 was dominated by the diatom Melosira sp. (possibly M. varians; Bacillariophyceae;
Figures S2c, S2d, and S9 in Supporting Information S1) and cyanobacteria (Nostocaceae, Cyanobiaceae, and
Microcystaceae), with photosynthetic bacteria reaching ∼40% of the total community (Supplement F in Sup-
porting Information S1). Downstream, phototroph abundance declined to ∼20%, while upstream at station 1 it
was ∼10% (Figure S8b in Supporting Information S1), indicating the localized impact of the bloom on microbial
assemblages, with potential consequences for nutrient cycling and food web interactions. Along the main stem of
the Kolyma, the transect showed greater variance in beta‐diversity than the Ambolikha, forming putative clusters
along a sample gradient unrelated to the direction of water flow, and instead thought to be influenced by the

Figure 8. (a) Hierarchical Cluster Analysis (HCA) confirms the sub‐groupings indicated by Roman numerals in panel (a).
The same color scheme is used in both panels. (b) Principal Coordinate Analysis (PCoA) reveals patterns in dissolved
organic matter (DOM) composition and identifies distinct groupings: late freshet in June (Group A), low‐flow conditions in
August (Group B). Blue triangles represent late freshet samples (sub‐groups A I–III), while red circles indicate low‐flow
samples (sub‐groups B I–II), including the bloom sample (C). Labeling was accomplished according to the cluster analysis in
panel (a).
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proximity of tributary inflows. Overall, DOM composition and clustering patterns showed strong seasonal
variability, driven by tributary inflows, permafrost‐derived inputs and bloom events. These shifts were accom-
panied by marked changes in microbial community structure.

4. Discussion
4.1. Seasonal Variations in Hydraulic Properties Control Changes in Chemical and Biological Variables

The open‐water period in Arctic Rivers is characterized by warmer temperatures and more daylight, expected to
be the most biologically active period. It lasts ∼150 days and is bracketed by the ice‐covered, dark and lowest
annual flow season (November–April; Holmes et al., 2012).

In this study, we characterized biological productivity in the Kolyma and Ambolikha rivers during the open water
period in 2019. In 2019, the Kolyma was ice‐free for 146 days (20 May–12 October), with discharge peaking on
31 May (27.7 × 103 m3 s− 1; Shiklomanov et al., 2020; Figure S1 in Supporting Information S1). Our sampling in
June after the peak discharge (late‐freshet) and August (low‐flow) captured strong seasonal contrast in water
properties: warmer, oxygen‐rich and lower conductivity waters in June, and more conductive waters in August
due to reduced dilution and greater solute inputs. During the late freshet period, the elevated discharge transports
substances and freshwater from land and headwater, providing a distinctive signal that spreads downstream,
affecting smaller and larger tributaries. In August, the discharge in the main Kolyma stem receded, and the base
water level dominated across the watershed; thus, a more homogeneous spatial distribution of properties is
encountered between streams and the channel. Figure 9 summarizes our observations, illustrating the seasonal
transition from the late‐freshet to low‐flow conditions, highlighting changes in water level, O2 dynamics, DOM
composition, and microbial communities at tributary‐influenced stations (i.e., 4, 5 and 11).

More depleted water isotope δ(18O, H2O) in June confirmed snowmelt compared to August (Figure 6), and DOM
fingerprints were also different in the seasons (Figure 8). These results are consistent with previous findings in
Ambolikha (Castro‐Morales, Canning, Körtzinger, et al., 2022). The present study adds spatial resolution along
the Kolyma.

CO2 was consistently supersaturated in June and August, but its source likely shifted from terrestrial inputs during
freshet to in situ respiration during low‐flow due to varying hydraulic conditions (Hotchkiss et al., 2015). Smaller
tributaries like Ambolikha, emitted more CO2 (57 ± 4 mmol m− 2 d− 1) per unit area than the Kolyma
(27 ± 8 mmol m− 2 d− 1) during June, likely due to closer soil connections. In August, CO2 emissions declined
markedly (2 ± 4 mmol m− 2 d− 1) in both rivers, reflecting reduced turbulence and water flow (Table 3).

O2 dynamics showed a similar transition to that of CO2, and together with O2/Ar ratios, the predominant bio-
logical or physical processes influencing O2 cycling were identified. In June, both rivers had high turbidity
(Table 1), limiting the light penetration in the water column. Supersaturated Δ(O2) and Δ(Ar) (Figure S4 in
Supporting Information S1) but negative Δ(O2/Ar) (Figure 5) in the Kolyma, indicated physical drivers (warming,
air injection from ice melt, and turbulence). High Δ(Ar) in the Kolyma is likely a result of a sudden warming
without sufficient time for the gas concentration to equilibrate, confirming the influence of physical processes.

The Ambolikha however, was not influenced by turbulent flow and showed biological O2 drawdown under turbid,
light‐limited conditions (Δ(O2) around − 32%; Figures 3 and 5).

Enhanced biological productivity during the melt period has been observed in Arctic inland waters such as tundra
ponds, where nutrient pulses stimulate phytoplankton growth (Dokulil & Qian, 2021; Miller, 2013). In contrast,
high discharge in large rivers typically suppresses phytoplankton growth and settling because of turbidity, particle
resuspension, and freshwater dilution (e.g., Descy et al., 2017; Dokulil, 2015; Dokulil & Qian, 2021). Our results
from the Kolyma and Ambolikha confirmed this pattern as high flows limited phytoplankton settlement through
dilution, downstream transport, and short residence times (Allan & Castillo, 2007).

By August, reduced flow, lower turbulence, and longer water residence times in the Kolyma and Ambolikha led to
more lentic conditions, typical of seasonal transitions in rivers worldwide (Collins et al., 2024; Schulz et l., 2023).
These conditions increased exposure of organic carbon to mineralization, enhancing decomposition rates (Catalán
et al., 2016). Our results show that biological activity dominated during low flow conditions, with Δ(O2/Ar) up to
6% at tributary confluences (stations 4, 5 and 11), supporting localized phytoplankton growth. Δ(O2) and Δ(O2/Ar)
shifted toward saturation at other stations (Figures 1 and 5), indicating potential for phytoplankton bloom
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development if low turbidity and slow flows persisted. Hydropower regulation with a dam near Kolymsk‐1,
further reduces flow in the Kolyma during low discharge (Gabyshev & Gabysheva, 2013).

Despite short Arctic growing seasons due to low temperatures, nutrient limitation and reduced sunlight (Hurry
et al., 2002), phytoplankton blooms in Arctic rivers can develop from the assimilation of permafrost‐derived
carbon by microorganisms (Vishnivetskaya et al., 2020). Ultimately, the success of phytoplankton populations
to establish and grow in boreal rivers depends on their capacity to withstand reduced light availability and tur-
bulent conditions (Burrows et al., 2021; Descy et al., 2017). In the lower Kolyma, slower flow allows different
phytoplankton community structures than in more dynamic headwaters (Gabyshev & Gabysheva, 2013). The
August bloom at station 5 developed in a slow‐flowing part of the lower Kolyma, near the confluence with the
Panthelika tributary, where dissolved O2 concentrations increased downstream.

Figure 9. Schematic representation of the seasonal change in stations 4, 5 and 11 in Kolyma and Ambolikha rivers. Top: Late‐
freshet (June) conditions with high water levels and turbidity limiting the light penetrations in surface waters. Elevated
Fa(CO2) and Fa(O2) with dominant abiotic O2 (blue O2 molecules) and net heterotrophy (N(O2/Ar) < 0), and distinctive
organic matter and microbiome. Bottom: Low‐flow (August) conditions with lower water levels and turbidity, allowing more
light penetration and biological production of O2 (green O2 molecules) (N(O2/Ar) > 0) in stations 4, 5 and 11, lead to a
phytoplankton bloom in station 5. Fa(CO2) and Fa(O2) are near equilibrium with the atmosphere. From June to August,
Arctic rivers shifted from allochthonous, heterotroph‐dominated systems to autochthonous, bloom‐forming communities
fueled by photosynthetic microbes and labile DOM.
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The relative abundances of putative photosynthetic microorganisms strongly reflect the patterns in biological
productivity. Cyanobacteria, nearly absent during the freshet, increased to ∼40% of the community in the bloom,
forming dense green mats (Figure S2c in Supporting Information S1). Photosynthetic microorganisms can be
released during permafrost thaw and thrive in low‐flowing environments (Vishnivetskaya et al., 2020). Micro-
scopic analysis identified a diatom of the genus Melosira sp. (Bacilliariophyceae, Melosiraceae; Figure S9 in
Supporting Information S1), tolerant of salinities from 0.5 to 30 (Pratiwi et al., 2018; Suryaningtyas et al., 2022)
and previously reported in Arctic waters (Holger, 1997; Potapova, 2014). While Melosira varians has not been
previously reported in the Kolyma waters (compared to rivers and lakes of North America; Potapova, 2019), it has
been detected in Kolyma sediment cores (Wetterich et al., 2017, 2018). Indeed, the class Bacilliariophyceae
dominated density and biomass in the Kolyma by up to 71% (Gabyshev & Gabysheva, 2013). Similar patterns are
observed in the Lena River, where diatoms and picocyanobacterial biomass dominate lower and delta regions due
to lower turbidity and higher light availability (Sorokin & Sorokin, 1996). However, microscopy alone cannot
quantify the actual contribution of these organisms to productivity. Their role is inferred from O2 fluxes, Δ(O2/
Ar), and isotopic ratios, integrating photosynthetic and respiratory rates during the bloom.

The presence of the bloom also coincides with shifts in the DOM composition with season, location and proximity
to tributaries, emphasizing its role in Arctic river biogeochemistry. DOM contains protein‐like, humic‐like, and
carbohydrate components essential for nutrient recycling, microbial energy transfer, and primary productivity
(Ma et al., 2021; Mackay et al., 2020; Zhang et al., 2009). DOM in Arctic rivers originates from both
allochthonous material from runoff and permafrost thaw, and autochthonous production from secretion and
decomposition of aquatic plants, algae, and microbes (Adamczuk, 2021; Spencer et al., 2015; Zhang et al., 2009).
Autochthonous DOM, rich in labile carbohydrates, fuels microbial processes and primary productivity via
nutrient recycling, whereas allochthonous DOM provides a reservoir of terrestrial carbon (Bao et al., 2023; Yang
et al., 2020), particularly during blooms (Figure S7 in Supporting Information S1). Permafrost thaw can further
supply nutrients and DOM that alter microbial activity and accelerate DOM transformation and degradation.
Thus, the ratio of allochthonous to autochthonous organic matter regulates nutrient cycling, carbon dynamics, and
food web structure, though distinguishing its origin remains challenging (Spencer et al., 2015).

In this study, tributaries influenced by permafrost thaw contributed allochthonous DOM detectable at stations 7,
9, and 11. Molecular signatures matched previously reported markers of permafrost‐derived carbon, including
lignins, in Arctic rivers (Spencer et al., 2015; Figure S10 in Supporting Information S1). Lignins were prominent
in our van Krevelen plots (Figures S5–S7 in Supporting Information S1). This group of compounds is a major
terrestrial plant‐derived polymer resistant to decomposition, and is one of the major constituents of organic matter
in permafrost. Thus, lignins are a reliable indicator of terrestrial (allochthonous) DOM input, making possible the
distinction from autochthonous sources (plant, algal, or microbial sources). Previous findings with stable carbon
isotopes further support the seasonal changes: during the freshet, most DOC in the Kolyma River is allochthonous
as indicated by its δ13C signal (Keskitalo et al., 2022), while in low‐flow conditions, the DOC becomes more 13C‐
depleted suggesting a larger autochthonous contribution. Although terrestrial material remains the dominant DOC
source, assimilation by algae during low‐flow conditions can transform it into autochthonous biomass. For
instance, sulfur‐containing DOM features may serve as additional biomarkers of microbial activity during sea-
sonal transitions (Schmidt, 1988).

Overall, these observations show how flow reduction, lentic conditions, and tributary inputs promote blooms,
while DOM composition both reflects and supports microbial activity, linking riverine carbon sources to primary
productivity and nutrient cycling in Arctic rivers (Figure 9).

4.2. Environmental Factors Influencing Biological Productivity

Beyond discharge, turbulence, and turbidity (limiting light availability), other factors such as temperature and
nutrient availability influence phytoplankton populations (Allan & Castillo, 2007; Myrstener et al., 2018). In the
Arctic Ocean, productivity is mainly controlled by nutrient supply and light (Codispoti et al., 2013; Matrai
et al., 2013; Myrstener et al., 2022; Terhaar et al., 2021; Yun et al., 2016), while in rivers like the Donan in
Indonesia, nitrate, light, salinity, and c(O2) influence phytoplankton abundance (Pratiwi et al., 2018). In our study,
c(NOx

− ) was communicated by c(NO3
− ) (90% in June, 86% in August), followed by c(NO2

− ) (10% in June, 14%
in August). Bloom nitrate (1.1 μmol L− 1) was less than half of pre‐bloom levels (2.5 μmol L− 1), indicating
consumption during the bloom. In the Arctic Ocean, nitrate is often assimilated by heterotrophic bacteria, while
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phytoplankton biomass is low (c(Chl a) < 2 μg L− 1) and relies on urea (Fouilland et al., 2007). In the Kolyma,
nitrate assimilation appears to support phytoplankton growth. Nonetheless, hydrologic conditions and turbidity
remain the driving mechanisms of phytoplankton settlement and bloom development, though lateral nutrient
inputs from permafrost thaw along the river continuum can further influence aquatic metabolism (Francis
et al., 2023). Thus, the temporal variations in water properties in both rivers were possibly driven by the decline of
discharge and the air temperature decrease between June and August.

Tributaries also contribute to productivity by seeding phytoplankton populations. The Omolon River, the largest
Kolyma tributary, strongly influences downstream phytoplankton populations (Gabyshev & Gabysheva, 2013).
The outlet of the Omolon is 40 km upstream from station 25 on the left bank of the channel and near the Kolymsk‐
1 gauge station (Figure 1). Although we did not sample the Omolon confluence, the bloom at station 5 near the
Panthelika/Ambolikha confluence (Figure 1), shows tributary influence, supported by DOM profiles clustering
with Ambolikha stations 1 to 4 (Figure 8 and Figure S3 in Supporting Information S1). High fDOM concen-
trations can be due to a higher input from headwaters or lateral transfers and were expected to be found in turbid
waters.

Vertical profiles during the bloom at station 5 revealed subsurface c(Chl a) concentrations at 0.25 and 0.48 m
depth, three times higher than the waters above and below (Figure S2 in Supporting Information S1). Such
subsurface c(Chl a) maxima are common in stratified Arctic waters and develop after nutrient depletion due to
photoacclimation in regions of high light incidence; however, they might not coincide with maximum phyto-
plankton biomass (Brown et al., 2015; Cullen, 2015). Subsurface c(Chl a) and c(O2) maxima can also be
decoupled depending on water column structure (Rollo et al., 2020). At station 5, Fbio increased to
6 mmol m− 2 d− 1 during the bloom, compared with − 25.3 mmol m− 2 d− 1 in June and 1 mmol m− 2 d− 1 just 3 days
before the bloom.

4.3. Method Robustness and Limitations

Arctic rivers are naturally low in O2 and high in CO2. The O2/Ar measurements confirmed the prevalence of net
heterotrophy even when O2 was supersaturated, with this supersaturation attributed to abiotic processes such as
meltwater input (Figure 5). Combined measurements of gross productivity G based on O2 triple isotopologues (G
(17O)) and net productivity N based on O2/Ar (N(O2/Ar)) demonstrated the coexistence of gross carbon uptake
(gross production) and net heterotrophy. By including the advective oxygen fluxes in a robust mass balance, in
June there is an overall loss of oxygen from upstream to downstream waters, whereas in August there is an
apparent gain as the river flow is slower and more opportunities for phytoplankton communities to settle
downstream.

The biological O2 supersaturation Δ(O2/Ar) not only served as a valuable tracer for biologically produced oxygen
but also as an indicator of water sources. In June, we observed a significant Ar supersaturation Δ(Ar) = 26 ± 4%.
This can be largely explained by rapid warming without sufficient time for the gas concentrations to equilibrate,
but may also reflect contributions from air injection from melting ice, in line with high N2/Ar ratios in permafrost
ice wedges (Park et al., 2022). High Δ(Ar) values (up to 3%) in Canadian Basin surface waters were attributed to
the release of Ar‐enriched bubbles trapped in sea ice (Eveleth et al., 2014).

The average negative G(17O) values shown in Table 3 are considered here as zero because the values remain
within the uncertainty. To avoid negative values, the measurement model could be refined in the future. For
example, recent measurements have shown γR values as low as 0.499 for the ratio of 17O/16O to 18O/16O res-
piratory fractionation during abiotic photochemical DOC oxidation (Sutherland et al., 2022). A γR value below
0.5179 (used in this study) would bring the calculatedG(17O) values closer to 0. However, in our low‐productivity
system even such extreme and unlikely variations in the parameters would not significantly alter the results
because the samples contain very little photosynthetic O2.

4.4. Comparison to Productivity Estimates for Other Arctic Rivers

Aquatic productivity can be quantified using 13C/12C ratios of DOC, radiocarbon (14C) or H2
18O assimilation

during photosynthesis, or diel c(O2) variations (Regaudie‐de‐Gioux et al., 2014). Though methods often yield
different results and require cautious comparison of results. While estimates for Arctic rivers are scarce, Arctic
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Ocean studies show high spring productivity in marginal seas and strong river influence (e.g., Codispoti
et al., 2013; Matrai et al., 2013; Terhaar et al., 2021; Ulfsbo et al., 2014).

Reported approaches on productivity in Arctic rivers include phytoplankton biomass (Sorokin & Sorokin, 1996),
dissolved O2 (Huryn et al., 2014), and δ(

13CDIC), CO2 and O2 measurements (Rocher‐Ros et al., 2019, 2020). For
example, 14C assimilation in the Lena River averaged 0.18 g m− 2 d− 1 (mass fluxes in this section are given as C
equivalents), peaking at 1.2 g m− 2 d− 1 at the mouth. In a small shallow and warmer slow flowing stream of the
Ivishak Spring (Alaska; average discharge of 0.136 m3 s− 1), July gross productivity estimated from c(O2) var-
iations was mostly driven by light, and yielded 4.4 g m− 2 d− 1, with respiration twice as high (8.7 g m− 2 d− 1;
Huryn et al., 2014). Ambolikha productivity (G(17O) = 88 ± 41 mmol m− 2 d− 1; or 1.1 ± 0.5 g m− 2 d− 1, for a 1:1
ratio of O2:CO2) in August was comparable to the Lena River maximum but four times lower than in the Ivishak
Spring.

Isotopic tracers (14C/12C and 13C/12C ratios of DOC and POC) in the Kolyma reveal that summer POC was
dominated by δ(13CPOC), consistent with in‐stream productivity fueled by terrigenous CO2 (Bröder et al., 2020;
Keskitalo et al., 2022). Continuous c(O2) and c(CO2) measurements in northern Sweden streams showed net
heterotrophy (N < 0), with a net ecosystem productivity (NEP) = − 1.7 g m− 2 d− 1 from the late freshet (June) to
autumn (September) of 2015 and 2016 (Rocher‐Ros et al., 2019). Similarly, the Ambolikha and Kolyma were net
heterotrophic in June, with N(O2/Ar) of − 0.6 and − 0.4 g m

− 2 d− 1 (− 50 and − 37 mmol m− 2 d− 1; Table 3, row 11),
consistent with Alaskan rivers (Rocher‐Ros et al., 2020). In June, respiration accounted for 81% of CO2 flux
(Fa(CO2)) in the Ambolikha and exceeded Fa(CO2) considerably in August for both rivers (Table 3). The average
June and August Fa(CO2) = 22 ± 18 mmol m

− 2 d− 1 for both rivers was equivalent to 12 ± 23% of G(17O) during
the bloom event (181 ± 79 mmol m− 2 d− 1), indicating strong metabolic influence on CO2 emissions and sup-
porting conclusions of Rocher‐Ros et al. (2020).

The CO2 concentration is affected by biological and physical processes, such as photochemical oxidation of
organic carbon, organic matter degradation by bacteria, respiration, lateral inputs of surface or groundwaters, gas
exchange and vertical mixing (when the river is stratified). Some of these processes contribute more than
respiration: Photochemical oxidation was estimated to contribute about one‐third to CO2 emissions (Cory
et al., 2014), with the remainder comprising CO2 from soil respiration and groundwater inflow and a minor (3%)
contribution from in‐stream respiration (Winterdahl et al., 2016). 28% of CO2 emissions from US streams and
rivers are estimated to be due to ecosystem respiration, with emissions increasing with channel size (Hotchkiss
et al., 2015). This is close to the estimated 30% contribution of in‐stream metabolism to spring and summer CO2
emissions fromUK streams (Rovelli et al., 2022). High turbulence in the river, especially in spring, promotes CO2
emission.

In line with others (Rocher‐Ros et al., 2019, 2020), we show that respiration is high in Arctic rivers, particularly in
small tributaries such as the Ambolikha, amounting to 81% of CO2 emissions in June, and up to 70 times higher
than the CO2 emissions in August. In the Kolyma river, R in August is six times Fa(CO2). Our results also show a
shift in the metabolic balance from June late freshet to August low flow period, as well as the influence of smaller
tributaries. While net heterotrophy dominated in June (N< 0) in both rivers, net productivity dominated in August
(N > 0), with higher Fa(O2/Ar) at sites close to tributaries (stations 4, 5 and 11). The intermittent appearance of
blooms during the low‐flow period seemed to be spatially confined to river sections with suitable hydraulic
conditions, available nutrients and light. Blooms in Arctic rivers are likely sporadic events during low‐flow
periods that last only a few months every year. Thus, sporadic bloom events are unlikely to currently turn
Arctic Rivers into net carbon sinks over a complete annual cycle. However, further studies are warranted as this
might change in the future warming climate.

4.5. Perspectives for a Changing Climate

The observed shift to earlier freshets and later freeze‐up in Arctic rivers (Holmes et al., 2021a), will lead to longer
open water periods, which will affect these ecosystems. Water retention time controls organic carbon decom-
position in inland waters (Catalán et al., 2016), and according to satellite imagery analysis over the last 50 years,
Arctic rivers are slowing down at a mean rate of 3.7% per year in response to climate warming and expansion of
shrubs in river banks, which in turn limits the overland water flow (Ielpi et al., 2023). The discharge of Arctic
rivers is changing over time, but it is unclear if this is due to increased precipitation in winter, changing timing of
snowfall, or snow accumulation (Holmes et al., 2021a). As longer open water seasons in response to early melt is
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predicted with climate change (Francis et al., 2023; Holmes et al., 2021b), and the river flow slows, a summer
low‐flow characteristic (lotic to lentic) will prevail after the freshet period and enable the environmental con-
ditions for the growth and settlement of primary producers.

An increase in DOC export as a result of increasing discharge has recently been documented (Clark et al., 2023),
which might lead to an increase of in‐stream DOM processing and CO2 availability (Hotchkiss et al., 2015).
However, the increased DOC export can also expand areas with light limitation.

We showed that for Kolyma low‐flow conditions, availability of nutrients and light provided a suitable envi-
ronment for developing a phytoplankton bloom at the confluence with the Pantheleika/Ambolikha Rivers
(Figure 9). This agrees with analyses of US rivers, where light and flow regimes are drivers of gross primary
productivity and ecosystem respiration (Bernhardt et al., 2022). Thus, the river conditions during low‐flow
(Figure 9, bottom) may be enhanced under climate warming.

Radiocarbon (14C) measurements in tundra ponds of Alaska showed an increase in net primary productivity in
recent years compared to 40 years earlier, indicating a potential shift of these ecosystems from sources to annual
net carbon sinks (Miller, 2013). A consistent decline in CO2 emissions over a period of 23 years was observed in
lakes in the sub‐Arctic tundra region of Nunavut, Canada (Brothers et al., 2021), and these observations might
support a metabolic shift, specifically in primary production, in response of climate warming in Arctic freshwater
ecosystems.

Organic matter and nutrients from thawing active layers may enhance carbon uptake in Arctic rivers and streams
during more extended low‐flow conditions. The development and persistence of blooms can then become more
common during the open water season, enhancing biological carbon uptake and respiration. This raises the
question: Are Arctic rivers shifting towards higher productivity in response to climate change?

The contribution of permafrost carbon released after thaw to biological productivity and organic carbon
mineralization in the river is still unclear. The CO2 excess in Arctic rivers is mostly fueled by the mineralization of
terrigenous material, and lateral inputs from soil microbial and root respiration in and around small streams (Ward
et al., 2017; Wild et al., 2019). However, DOC composition in Arctic rivers is dominated by recent primary
production and contains only 12% of permafrost organic carbon (Wild et al., 2019), with the remainder in the
particulate pool (Keskitalo et al., 2022; Wild et al., 2019). In addition, most CO2 emissions originate from the in
situ oxidation of recent carbon (Dean et al., 2020), particularly in large rivers. Therefore, it is likely that pro-
ductivity and autochthonous organic matter production are currently sustained by the uptake of recycled
allochthonous carbon, which contains only a partial contribution from permafrost sources.

5. Conclusion
This study of Arctic rivers highlights the interplay between hydrology, biological productivity, and gas dynamics
under a warming climate. Seasonal contrasts were strong: during the late freshet, high turbulence and dilution
promoted net heterotrophy, with respiration and CO2 release dominating, whereas low‐flow conditions in August
favored net autotrophy, with enhanced gross oxygen production at localized phytoplankton blooms. Slower flows
and increased light penetration at tributary confluences supported phytoplankton settlement and growth, while
microbial communities shifted from low abundances of photosynthetic bacteria in June to up to 40% of the
community during blooms. Similarly, DOM composition reflected both seasonal hydrology and tributary inputs,
that is, freshet waters enriched in lignin‐like allochthonous compounds and low‐flow waters with more labile
autochthonous components. Despite in‐river productivity pulses, the contribution of permafrost carbon to new
aquatic productivity remains unclear. Most CO2 excess in Arctic rivers derives from the mineralization of recent
terrestrial carbon, with only limited contributions from permafrost sources. Overall, autochthonous production
appears primarily supported by recycled allochthonous DOM, highlighting the importance of tributary inputs,
microbial dynamics, and hydrological shifts shaping the carbon balance of Arctic rivers. Future research should
aim to quantify the contributions of allochthonous and autochthnonous carbon to aquatic productivity, and
evaluate their impact on carbon cycling and greenhouse gas dynamics in Arctic rivers.
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Data Availability Statement
The hydrochemical continuous and discrete data presented in this study are available at the Zenodo EU repository
via https://doi.org/10.5281/zenodo.15229557 under the license Creative Commons Attribution 4.0 Internations
(Castro‐Morales, 2025).
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