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ABSTRACT

Critical factors in dissolved organic matter (DOM) cycling are changing in subarctic to arctic systems, with less knowledge than
boreal and temperate systems on soils, flowpaths, and biogeochemistry to inform process understanding and catchment modelling.
We test the hypothesis that riparian soils accumulate appreciable concentrations of total and labile carbon (C), nitrogen (N), and
phosphorus (P) and contribute strongly to subarctic macronutrient cycling across the terrestrial-to-aquatic interface. Such subarctic
soils are rarely described, especially in terms of combining C, N, and P data together. We sampled hillslope to riparian transitions
at four subcatchments (31-61km?) of the 16,000km? Norwegian River Tana (69°N) to: (i) assess soil C, N, and P concentrations,
stocks, soil reactive chemistry, and water soluble macronutrient forms; (i) understand spatial variability; (iii) consider the role of
near-channel soils in DOM fate across scales in large subarctic rivers, including experimentation on subsoil DOM sorption and soil
flowpath conceptualisation. Horizon-based differences in total C, N, P concentrations and water-extracted macronutrients showed
wetter riparian and stream-side positions had enhanced total C, N concentrations and DOC concentrations (up to ~200mgC/L).
Stocks of C (2-28kg/m?), N (0.1-1.2kg/m?), and P (<0.1-0.9kgP/m?) were highly variable, greatest in riparian positions in the pla-
teau tundra sites. Similar P stocks to that of N suggest moderate P and low N supply to ecosystems. Organo-mineral soil transitions
studied show lateral flows through high DOM source layers near-channel and important hillslope interactions between surface and
subsoil pathways capable of retaining (30% DOC removal in column experiments) and altering DOM quality. Our data inform frame-
works for DOM cycling in large arctic riverscapes, by: (i) showing strong DOM sources in near-channel soils highly connected to
headwaters, (ii) understanding amounts and quality (absorbance properties and stoichiometry) of potentially transported DOM, and
(iii) reactivity and flow routing controlling DOM mobility, sorption and alteration of DOM forms. There is a clear role for combining
soil biogeochemistry and hydrology to look inside the catchment ‘box’ to better understand DOM cycling in changing ecosystems.

1 | Introduction Globally, gradients of precipitation and temperature have led to

considerable SOM reserves in mid to higher latitudes. Despite
Soil organic matter (SOM) is a dominant source of dissolved a considerable body of literature on how soils control DOM ex-
organic matter (DOM) to rivers in semi-natural catchments. ports in temperate to boreal catchments (Jansen et al. 2014),
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Summary

« Subarctic ecosystems are change sensitive and have a
key role in global nutrient cycling.

« Soil knowledge is needed to support dissolved organic
matter (OM) cycling modelling.

« Subarctic riparian soils have enhanced OM stocks and
biogeochemical reactivity.

» Landscape complexity in soil chemistry and flow-
paths needs to be represented in catchment models.

recent focus has been brought to DOM delivery and reactivity
along the soil-freshwater-sea continuum in arctic and subarc-
tic catchments (Prowse et al. 2015). This is due to increased
sensitivity to climate and other superimposed environmental
changes at higher latitudes and the role this may collectively
have in influencing large-scale global nutrient cycles (Shogren
et al. 2019; Frey et al. 2007). In particular, SOM stocks, compo-
sitions, and biogeochemical interactions in high latitude catch-
ments are poorly understood as a basis for incorporating large
northern rivers into modelling of future nutrient cycle changes
(Wieder et al. 2019).

Soil surveys have historically addressed the need for classi-
fication and management of soils in agricultural regions.
Ecosystems at higher latitudes generally have much less devel-
oped soil resources and knowledge relative to lower latitudes
(Batjes 2002), but this is spatially variable. Canada has a uni-
fied national soil profile database with dense coverage at lower
latitudes, extending well into high latitudes (NSDB 2022). In
contrast, soil mapping in Norway is limited to agricultural
lowlands (Arnoldussen 1999) and broader coverage is lacking
such that Norway has been excluded from some European
soil carbon (C) mapping due to data paucity (de Brogniez
et al. 2015) and the potential uncertainties when extrapo-
lating from few samples to national habitat scales (Bartlett
et al. 2020). In some cases, soil types are assumed through
broader habitat and land cover mapping, informed by remote
sensing. Whilst this can help classify broad soil classes, for
example, peat, organo-mineral, and mineral soils, import-
ant detail on spatial organisation, heterogeneity, and soils of
disproportionate influence are overlooked. Given these un-
certainties and the rapid environmental changes at higher lat-
itudes, concerted effort is being given to increase observations
of sensitive soils and to document the effects on Arctic eco-
system processes (Kjar et al. 2024; Miner et al. 2021; Mueller
et al. 2015).

Animportant step to integrate soil into catchment hydrochemical
and biogeochemical process research is the linking of soil func-
tional types and landscape positions to source and transport con-
trols on river solute and particulate fluxes (Shogren et al. 2019;
Abril and Borges 2019). From broader whole catchment predic-
tors like percent catchment cover of peaty soils relating to river
DOM fluxes across landscape types (Aitkenhead et al. 1999),
research targets have shifted towards hot spots and hot mo-
ments, encompassing new soils knowledge (Krause et al. 2017).
Spatial organisation and resulting connectivity of soils in catch-
ments is important to solute delivery and reactivity (Abril and

Borges 2019; Covino 2017; Laudon and Sponseller 2018) as well
as ecology (Broll et al. 2007). Riparian soils have a disproportion-
ate effect on matter fluxes and altered processes sensitivity be-
cause of their landscape position within the drainage network,
specific soil type dominance, and change susceptibility (Stutter
et al. 2023; Zhang and Furman 2021). Responsive riparian zones
are known to strongly influence dissolved organic carbon (DOC)
loads and compositions in temperate and boreal climates, and in
the Arctic (Harms and Ludwig 2016). In boreal forest regions,
spatio-temporal delivery concepts of DRIPS (discrete riparian in-
puts) and Dominant Source Layers (near surface layers of dispro-
portionately large water-soluble DOM concentrations) have been
developed to model DOM exports with 2D and 3D soil wetting
and flushing (Ploum et al. 2021). In advancing this understand-
ing, classification schemes of soil water flow path behaviours in
relation to soil types (Scheider et al. 2007) and other geomorphic
units for assessing nutrient stocks (Ola et al. 2022) are useful if
available at appropriate scales.

The subarctic occupies the intermediate zone between arctic
frozen soils and the more widely studied boreal-temperate
peat and organo-mineral soil ecosystems. A particular sea-
sonality affects hydrology and biogeochemistry associated
with low overall rainfall, periods of frozen dormancy, strong
flushing during spring snow melt, and then biologically active
summer periods dominated by low river flows. Hence, soils
have distinct connectivity behaviours of catchment areas to
the drainage networks in space and time. During the freshet
(snowmelt flood) a high degree of hydrological connectivity
occurs across large catchment areas and solute source zones
are maximised. This flood pulse is short-lived and its con-
tribution towards overall annual DOM quality and fluxes is
generally poorly quantified. Conversely, low flow conditions
constrain connectivity of outlying areas and increase the im-
portance of valley bottom and wetland DOM contributions.
With general low rainfall, the impacts of occasional rain-
driven flushing events to network DOM dynamics and the
properties and relevance of contributing catchment ‘hot-spots’
are not well studied (Shogren et al. 2019).

The current study was part of a wider project, QUANTOM
(QUANTI fication of dissolved Organic Matter and the metabolic
balance in river networks; 2021-2025) improving understanding
of DOM sources and delivery along the River Tana and in-river
transformations leading to carbon dioxide (CO,) emissions. To
support this, we set out to test the hypothesis that due to their
watershed position and hydrologic connectivity, near-channel ri-
parian soils accumulate appreciable concentrations of total and
labile C, nitrogen (N), and phosphorus (P) and, therefore, may
have strong contributions to macronutrient cycling across the
terrestrial-to-aquatic interface. More specifically, we first assess
(i) concentrations and stocks of soil carbon (C), nitrogen (N), and
phosphorus (P) macronutrients (total and water extractable), (ii)
geochemical properties, and (iii) translate soil profiles into soil-
type hydrology in seldom-characterised subarctic riparian soils.
Second, we (i) test whether soil nutrient concentration, stocks,
and geochemical properties relating to retention versus mobili-
sation in soils differ more within profiles, along transects (near
channel to base of the hill slope) or between subcatchments
draining different vegetation types. Third, we test sorption and
then desorption of native topsoil DOM by subsoil material rich
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FIGURE1 | Vegetationand location map of the subarctic River Tana basin, northern Norway, draining to the Barents Sea (Arctic Ocean). The four
subcatchments are delineated in red and include: Caerrogasjohka (Czr), Mareveadji (Mar), Skierrejohka (Ski) and Darjohka (Dar). The river outlet is
notified with a red dot (North-East). The channel network is derived from Copernicus 30 m global DEM (European Space Agency 2024) using Q-GIS

(QGIS Development Team 2024).

in sesquioxide in a soil column experiment. Finally, we consider
how the resulting knowledge of near-channel soil processes
helps inform river biogeochemical study of DOM origins and fate
across scales in large subarctic rivers.

2 | Methods
2.1 | River Tana Catchment and Selected Sites

The continuum under wider study was the 16,380km? River
Tana catchment in northern Norway (Figure 1), with four sub-
catchments for the present study selected amongst monitored
basins spanning representative vegetation zones and presumed
different soils (details below). We did not include deep peat mire
and palsas (discontinuous permafrost) recently surveyed (Kjer
et al. 2024). Note the surface area of palsas in Tana is extremely
limited and not necessarily adjacent to the stream network.

Located north of the Arctic Circle, the River Tana has a subpolar
climate with limited seasonal variation in precipitation, long win-
ters and short summers. With a low population density (<0.5per-
sons/km?), it has limited human impacts apart from those related
to reindeer herding and grazing, and some grass production along
the lower reach of the main stem. Amongst the Norwegian rou-
tinely monitored waterbodies, the rivers in the region are char-
acterised by low N and P concentrations and good water quality
(Kaste et al. 2024). The four subcatchments outlets had average
concentration ranges of 1.1-9.6mgC/L for dissolved organic

carbon, 0.11-0.19mgN/L total dissolved N and <0.005mgP/L for
total dissolved P in 2022 (Table 1).

In the absence of mapped soils, we created a vegetation map
and used it to select subcatchment areas. The vegetation map
was based on Sentinel-2 satellite data with 10m pixel resolution
(Drusch et al. 2012). We merged 10 cloud-free tiles and classified
them using K-means clustering. The classified map was inter-
preted in the field and cross-referenced with previous vegetation
maps (Johansen and Karlsen 2005; Karlsen et al. 2017, 2023).
The final vegetation map had 23 classes. Figure 1 presents an
aggregated version with 10 vegetation classes.

As part of the wider project, tracer studies were performed to
characterise lateral flows. The four subcatchments (Table 1)
were 31-64km?, a spatial scale where streams are strongly con-
nected to the land with substantial lateral and/or vertical flow
exchanges (Table 1). Dominant habitats included lichen birch
forest, mountain heath, mire, snow-bed, and boulder (Table 1;
Figure 1).

2.2 | Soil Sampling and Field Characterisation

Soils were sampled once in October 2022 at four loca-
tions, one each in the four subcatchments: Carrogesjohka
(Ceer), Mareveadji (Mar), Skierrejohka (Ski), Darjohka (Dar)
(Table 1, Figure 1). Target sampling points were selected by
analysing aerial images and walk-over surveys to confirm
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Dar
1.1
(0.9-2.2)
14

Ski
24
12

6.3
(4.2-12.2)

58

9.5
(5.2-18.1)

Mar

Cear
7.9
(4.5-13.9)
43
10

| (Continued)
concentrationsd, 2022
Mean DOC flux during
spring flood and

(mgC/L)
summer®, 2022 (kgC/

km?/day)
Abbreviations: BB, Bedrock and boulder fields; CBBF, Crowberry-bilberry birch forest; ERGLH, Exposed ridges and heavily grazed lichen heath; LHHR, Lichen heath and heather ridge communities; MALSB, mid alpine and late

snow beds; MHW, Meadow, heaths and willow thickets; MLBF, Mountain and lichen birch forest.

2Data taken from Cransac (2023).

Mean (range) DOC

Attributes

YDetermined the week before the soil profile work from in-stream NaCl tracer studies along two consecutive stream segments (90-294 m long each) contiguous to the soil profiles. Negative percentages indicate net outflows (i.e., net

loss of water flow within the reach).
Spring flood (May-20 June) and summer (21 June-October).

dDerived from cDOM sensors and grab samples.

TABLE 1

suitable gradients of riparian to hillslope soils. Sample points
were perpendicular to the stream channel by 10 to 30m and
20 to 30 m parallel along the watercourse. Layout followed the
idealised conceptual riparian to hillslope gradient depicted in
Figure 2. Sampling design comprised three landscape posi-
tions: streamside (~1 m from the bank; hereby termed lower),
mid (termed mid), and base of hillslope (termed upper) lo-
cations (Figure 2), each having a row of three sampled soil
profiles. The exception was Mareveadji (Mar) where the short
distance (~10m) to the hillslope led to excluding the mid sam-
pling points. Landscapes of the four locations are shown in
Figure 3.

At nine points per location (six at Mar) soil pits (~0.5m?) were
dug with a spade to a maximum achievable depth (~0.4-0.7 m).
Site plots and soils were described in terms of slope and local
topography, horizon type, depth, colour, texture, stone and root
contents, and moisture and other morphological features, and
photographed. Vegetation was photographed and described.
Samples for chemical analysis (n=136) were taken using a
trowel from the undisturbed upslope face of the pit at a mid-
point of the soil horizons, or multiple samples every ~10cm for
deeper horizons. Samples for soil bulk density were collected
using a stainless-steel ring corer (6¢cm diameter, 6cm depth)
minimising soil compression. The litter layer was also sampled.
Spongey litter layers and rocky horizons could not be sampled
for bulk density (n=>51) and their bulk densities were modelled
(Section 2.6; Figure S1). For several horizons where drainage
and red colour indicated high subsoil iron (Fe) and aluminium
(Al) sesquioxide concentrations, bulk (~1kg) samples were also
taken. Soils were kept field moist at ambient conditions in the
field (~2°C-5°C) for a maximum of 5days, were briefly in transit
to two laboratories in Norway and the UK, then kept at 5°C in
the dark.

2.3 | Soil Physical Characterisation

Soil core samples (field-moist state) were weighed, then air-dried
(30°C, until stable mass, 3-7days), passed through a 2mm ap-
erture sieve and reweighed. Stones and woody debris >2mm
were discarded, but partly decomposed litter was gently pressed
through the sieve. This allowed the calculation of the follow-
ing: air-dried total mass, stone and woody debris-free air-dried
mass, percent moisture content, percent stone and woody mass
content, and dry bulk density of both total soil and of stone and
woody debris-free soil.

2.4 | Soil Chemical Characterisation

Soils for chemical analysis were <2 mm sieved and air dried.
Total C and N were determined on ball-milled subsamples
(~2mg) by combustion analysis with natural abundance sta-
ble isotope C and N analysis (Flash EA 1112 CN, Thermo-
Finnigan, Italy). The 8'3C and 8'°N values were reported in
units of per mille (%o) with respect to the international refer-
ence material for carbon (Vienna Pee Dee Belemnite; VPDB)
and atmospheric air for nitrogen. The presence of inorganic
C was determined on a subset (n=5) by reanalysis following
exposure to fuming concentrated hydrochloric acid (12M
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Depth (cm) Hor Characteristics C N P
(g/kg) (g/kg) (mg/kg)

\ -2to0 LF Root mat, litter 433.1 14.5 1023
Oto5 H Humic 455.2 12.0 897
S5to9 E Fine sand, common roots, stones absent 6.0 0.3 224
9to 17 Bsh  Fine sand, humic, common roots, stones absent 11.6 0.5 372

17 to 55+ C Fine sand, stones absent, few roots 7.4 0.3 272

c ot C N P
Depth (cm) Hor Characteristics (@/kg) (g/kg) (mg/kg)
4
Upper 2 0to10 Of Organic matter, many roots 430.7 6.5 436
’
Podzol 10to 45 Oa Med sand, few stones, few 361.7 13.6 1312
roots
45 to 55+ BC Fine-med sand, few roots, few 4.7 0.2 331
_____ stones, saturated
Mid 1,
i ( Depth Hor Charact- Cc N P
Histoso ~_(em) eristics (g/kg) (g/kg) (mg/kg)
Oto 10 of Organic 3404 115 866
matter,
“ many roots
~ ® 10to 18 Ah Wet, 161.7 9.1 902
‘ Riparian . * abundant
g S " roots
3 18to40+ C Fine sand, 76.2 3.1 492
saturated,
stones
i absent, few
roots

FIGURE2 | A schematic of the sampling basis using lower (streamside), mid and upper landscape positions, showing representative soils and data
from Cearrogeasjohka (Cea), photographs, and basic soil descriptions with total C, N, and P concentrations against depth. Soils in this example were
classified as Podzol, Histosol, and Fluvisol (from upper to lower positions according to WRB major reference groups).

FIGURE 3 | Images of the landscapes of the four study locations (a) Cer, (b) Mar, (c) Ski, and (d) Dar.
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HCI) and was found negligible (<0.5mg/kg inorganic C).
Total P was determined by a sodium hydroxide (NaOH) fu-
sion method (Smith and Bain 1982) comprising ignition of
0.1 g samples with solid NaOH, titrating the melt to pH 7 with
20% sulfuric acid (H,SO,), and subsequent P analysis by in-
ductively coupled plasma optical emission spectroscopy (ICP-
OES; Agilent 7500ce instrument, Agilent Technologies, CA,
USA). Oxalate extractable elements of P, Al and Fe (P, Al ,
Fe ) were determined by extraction of the soil with acid am-
monium oxalate (Farmer et al. 1983) and analysis of the ex-
tract by ICP-OES. The P saturation index was calculated as
the molar ratio P, =[P_]/([Al_ ]+ [Fe_]). An internal refer-
ence soil included in triplicate achieved < 5% relative standard
deviation across triplicates in all analyses. Soil concentrations
are reported based on dry matter (DM) basis (mg/kg or g/kg
DM) following drying of a subsample at 105°C.

Water soluble nutrient forms were determined on 1g (equiv-
alent DM) air-dried, 2-mm sieved soil in 20mL Milli-Q water,
shaken by an orbital shaker at 200 r.p.m. for 16h (20°C), cen-
trifuged at 1500g, and filtered <0.45um using GF/F filters into
clean vials. Filtrates were analysed by automated colorimetry
(Skalar San ++, the Netherlands) for nitrate-N (NO,-N), am-
monium-N (NH-N), total dissolved N (TDN), soluble reactive P
(SRP; approximating to phosphate), total dissolved P (TDP), and
DOC concentrations using an automated persulphate/UV di-
gestion procedure. Colorimetric detection limits were 0.1, 0.01,
and 0.001 mg/L for C, N, and P species, respectively. Dissolved
organic nitrogen (DON) was calculated from the difference
between TDN and the sum of dissolved inorganic N species
(NO,-N+NH,-N) and molybdate unreactive P (approximating
to dissolved organic phosphorus; DOP) was calculated as the
difference between TDP and SRP. Soil pH was determined on
fresh extracts at 1g DM: 10 mL water ratios after 4h of shaking.
Absorbance of the soil water extracts was determined by UV-
visible spectroscopy at 254 nm wavelength (Abs,,; Spectra Max
190, Molecular Devices, CA, USA) using absorbance units (AU/
cm), with specific UV absorbance determined as absorbance
normalised to DOC concentration (hereby termed SUVA,.,;
L/mg/m). Stoichiometric ratios of C:N:P in solid and aquatic
phases were determined as molar ratios.

2.5 | Subsoil DOC Sorption Experiment

Experiments determined the sorption and filtration of topsoil
DOC by subsoils in 2.5cm diameter glass chromatography col-
umns. A DOC solution of 57.2mgC/L was water extracted (1g
DM:10mL, filtered <0.7um) from topsoil organic horizons at
Ski and compared to a 46.9 mgC/L characterised fulvic acid (FA)
DOC standard solution (Filius et al. 2000).

Field-moist, sesquioxide-rich Bs horizon subsoil material from
Tana subsoil (with Al and Fe , concentrations of 1564 and
3145mg/kg DM) was packed into two columns (A and B) to a
depth of 2cm (7.9 cm3) comprising 10.8 and 11.1 mg DM soil.
After saturation with a 0.01 M NaCl priming solution (outflow
end upwards) solutions were switched (determined as time
zero) to the DOC extract and FA solution for columns A and B,
respectively, at 0.1 mL/min. Sample fractions were collected

over 4days, whereby 168 and 148 column pore volumes (PV)
were the DOC sorption phase; then inflow was switched
back to 0.01M NaCl (desorption phase) up to a total of 239
and 210 PV. Column eluant fractions were analysed for Abs,.,
and concentrations of DOC, TDN, and TDP colorimetrically
(Skalar San++). Full details are given in Supporting Methods
of Supporting Information.

2.6 | Data Analysis and Statistics

Basic exploration of relationships across all data was carried
out using a standardised principal component analysis (PCA)
based on a correlation matrix in Minitab (Minitab Inc. v17.1.0.0)
and represented in a biplot. Statistical testing focussed on hy-
pothesis testing of differences between soil horizons, sites, and
within-site locations using a crossed design. Factor groups were
(i) landscape position (pos; n=3) comprising lower (stream-
side), mid, and upper positions and (ii) soil grouped horizons
(hor; n=3) comprising organic topsoils (LF, H, and O hori-
zons), topsoil, and near-surface mineral dominated layers (A
and E horizons; hereby referred simply as mineral topsoil)
and mineral subsoils (B and C horizons). Fixed effects testing
(n=134 data rows) was carried out using an ANOVA general
linear model in Minitab (v17.1.0.0) in the form Response vari-
able =constant + hor + pos + site + hor*pos interactions (site*hor
was not used in the model). All variables except pH were log,,
transformed. In total, we ran this test for 25 determinants, and
thus we applied a Bonferroni correction for family-wise error
to the significance level of 0.05. Statistical significance was
0.05/25=0.002 and was applied to ANOVA results and post
hoc testing. Significance results (e.g., Table 3, Table S5) are pre-
sented as the ANOVA significance (in text and tables). Values
passing the p<0.002 threshold are in bold in tables and noted
as significant results text. Group differences were determined
post-ANOVA using Tukey post hoc testing (99.8% confidence
interval including the Bonferroni adjustment) and statistics are
presented in Table S6, with plots of the confidence intervals
around the mean in Figures S2-S4.

Soils were classified according to the World Reference Base
(IUSS Working Group WRB 2022) based on field survey de-
scriptions, images, and analytical data (pH and concentrations
of C, Fe_,, and Al_ ). Soils were grouped corresponding to the
hydrology of soil types (HOST) classification (UK developed;
Boorman et al. 1995) and their hydrological properties. This is
latterly used to support the development of soil groups based
on the prevalence of vertical and lateral soil water flowpaths.
Soil stocks combined data from the overall horizon depth (or
depth segments for multiple samples per horizon), stone-free
bulk density values and total C, N, and P concentrations, then
summed to a standardised 1 m depth (Tables S1-S4) based on
site conditions indicating the lower horizon (e.g., B/C) extended
to the 1 m depth, or for shallow soils a negligible contribution
below the maximum sampled depth. Stone and rock contents
were accounted for. Details are found in Supporting Methods
of Supporting Information. Differences in profile stocks be-
tween sites and positions were explored using ANOVA with
Tukey post hoc testing at the p<0.05 significance level in
Minitab.
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TABLE 2 | Soil classifications using the World Reference Base for soils (WRB) classification (IUSS Working Group WRB 2022) with reference
to field survey and analytical data (pH, organic carbon concentration, oxalate extractable Fe and Al). Dominant HOST (hydrology of soil types) soil

water flow models are included with key at table base (models depicted Table S5).

Classification Sites
Position criteria Ceer Mar Ski Dar
Lower WRB reference Fluvisol Fluvisol Fluvisol Podzol
group Fluvisol Fluvisol Fluvisol Fluvisol
Fluvisol Fluvisol Fluvisol Podzol
Qualifiers Gleyic, histic Skeletic, gleyic Eutric or dystric, Skeletic, entic, albic
skeletic
Subqualifiers Humic Arenic, humic, folic Siltic, clayic, arenic Humic
HOST models G E E E
Mid WRB reference Histosol nd Podzol Regosol
group Gleysol Regosol Podzol
Gleysol Regosol Regosol
Qualifiers Eutric Albic, skeletic, dystric Leptic
Subqualifiers Siltric Arenic, placic
HOST models J A H
Upper WRB reference Podzol Regosol Podzol Regosol
group Podzol Regosol Podzol Regosol
Podzol Regosol Arenosol Regosol
Qualifiers Albic Skeletic, eutric, brunic Albic, dystric, brunic Dystric, skeletic,
brunic
Subqualifiers Arenic, folic, humic Arenic, claric Arenic, humic
HOST models A H A H
Groundwater or aquifer
Key to HOST Groundwater Groundwater No significant
models Gleying or permeability normally >2m normally <2m groundwater
No slowly permeable, Model A Model E Model H
or gleyed layer <1m
No slowly permeable, or Minor presence Not present
gleyed layer at 0.4-1m
Gleyed layer <0.4m Not present Minor presence Model J
Peaty topsoil Minor presence Model G Not present
3 | Results near-channel positions at most sites indicative of depositional

3.1 | Soilsin the Subarctic Riparian Plots

Figure 2 shows a representative soil plot and pit layout at the dwarf
birch forest and mire site (Ceer), with illustrative soil profiles show-
ing a riparian transition from Fluvisols near-channel to Histosols
(and some Gleysols) mid plot, and Podzols in the upper sites lo-
cated at the base of the hillslope. Summary descriptions of soil pro-
files for Ceer, Mar, Ski, and Dar are provided in Table 2 and full soil
profile descriptions can be found in Tables S1-S4.

Fluvisols dominated the near-channel and depositional en-
vironment during spring melt-driven out-of-channel flood
events at these small catchment scales. Fluvisols dominated the

environments at times such as spring melt-driven out-of-channel
flood events at these small catchment scales. The exception was
Dar, where near-channel positions showed Podzols that indi-
cated less channel influence on the surrounding land. The upper
plot sampling positions were dominated by Podzols and either
Regosols or Arenosols respectively, that is, soils with stronger
(Podzols) and weaker development through processes such as
weathering and vertical solute translocation. The mid-position
sites had a variety of soils, with wetter Gleysols and Histosols at
Ceer and Podzols or Regosols at Ski and Dar.

Translation of soil profiles into the HOST classifications
(Table S5, Table 2) shows soils of lower landscape positions
were dominated by HOST class 7, with HOST 12 and 10 present
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FIGURE 4 |

Principal components biplot for all data seperating out symbols for the three horizon groupings and colours for the four study loca-

tions of Cer, Mar, Ski, and Dar. The PC1 and PC2 refer to the first two principal components (with variance in brackets). Radial lines (length explain-
ing weighting, direction explaining relative interaction with PC1 and PC2) use soil property naming as per Table 3.

in some lower transect points at Car and Ski, respectively.
Upper landscape positions showed consistent HOST class 5 at
Cer and Ski, but class 17 at Mar and Dar. Mid positions were
more variable: classes 15 and 24 at Cer, class 5 and 13 at Ski,
class 17 at Dar (see Boorman et al. 1995 for class explanations).
Explaining these classes using simplified HOST conceptual
models shows that hillslope base soils at all sites showed no
slowly permeable or gleyed layer within 1 m depth. At Caer and
Ski, groundwater was expected normally >2m depth, leading to
dominantly vertical unsaturated flow and some surface runoff
(model A). Hillslope base soils of Mar and Dar had no signifi-
cant groundwater (boulders at profile base), with vertical unsat-
urated and bypass flows in the profile and surface runoff likely
(model H). The lower position soils were dominantly model E,
having no slowly permeable or gleyed layer to 1 m, but ground-
water present normally within 2m, such that vertical flow oc-
currence and lateral flows to the stream change seasonally as to
pathways deeper or shallower in the profile. Cer and Ski respec-
tively showed peaty soil (model G) and gleyed mineral (model
F) types also in the lower position, indicative of groundwater
presence, seasonally saturated higher up the profile and verti-
cal flow through topsoils to adjacent streams. Mid position soil
translation showed more different water flow path groups. Mid
positions at Dar (model H) and Ski (model A, one occurrence of
model B showing seasonal saturated lateral flow) were the same
as hillslope base positions. Mid positions at Caer (models D, J)
showed gleyed mineral and peaty soils with prolonged seasonal
saturated lateral flow. This conceptualisation is developed fur-
ther in Section 4.4.

3.2 | Overview of Soil Properties and Relationships
Amongst Variables

Full soil analytical data are given in Stutter et al. (2025). As well
as the diversity of soils taxonomically, there was a considerable
range in many of the analytical properties determined. The soils
showed a range in stone-free dry bulk density of <0.1-1.9 g/cm?
across organic to mineral horizons, with soil moisture weight
loss on drying 5%-91% of the field-moist soil. Soil pH ranged
from 3.8 to 6.8. The ranges in total C, N, and P were 1-482gC/kg,
detection limit to 19gN/kg, and 81-1312mgP/kg, all expressed
on a per dry matter basis. Very large ranges were found in ox-
alate extractable metals, notably Al (178-21,885mg/kg DM)
and Fe (52-17,459mg/kg DM). Water extractable nutrients
showed NO, concentrations consistently below detection limits
(<0.02mgN/L) but appreciable NH, (up to 2.5mgN/L) and TDN
(up to 13.5mgN/L) suggesting high proportions of DON over in-
organic N forms in many soils (mean sum inorganic N/TDN ratio
of 0.11). Concentrations of SRP up to 14 mgP/L were greatest in
organic topsoils and litter layers, with TDP up to 18 mgP/L and a
smaller proportion of DOP (mean SRP/TDP ratios of 0.38). The
range in water extracted DOC was <1-226 mgC/L and the mean
and range in SUVA,, of 3.3 (0.2-9.1) L/mg/m suggested an over-
all moderate to high aromatic character of DOC. There was no
relationship between DOC concentration or SUVA, ., with Al
or Fe_ (either individually or summed).

254 X

An initial PCA biplot (Figure 4) showed strong groupings
by soil horizons and limited grouping for factors of site or
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TABLE 3 | Testing for differences in soil characteristics from soil horizons (three groups), landscape positions (upper, mid, lower) and site effects
(four subcatchments). Stated p values refer to ANOVA outputs, but bold font denotes results presented as significant following Bonferroni correction

(see methods, cut-off p <0.002). F values are given in full in Table S5.

Factor significance

Landscape
Parameter group Term Horizon position Site Hor X Pos
Macronutrient characterisation of soil solid 13C <0.001 <0.001 0.061 0.849
phase 15N 0.053 0.307 0.131 0.150
Cg/kg <0.001 0.001 <0.001 0.094
Ng/kg <0.001 <0.001 <0.001 0.084
P mg/kg <0.001 0.008 <0.001 0.795
Molar C:N <0.001 0.045 <0.001 0.134
Molar C:P <0.001 0.368 0.049 0.861
Soil geochemical properties Soil pH <0.001 0.001 <0.001 0.229
AlOX (mg/kg) 0.551 0.286 <0.001 0.63
Fe,, (mg/kg) 0.523 0.001 <0.001 0.623
Mn_ (mg/kg) 0.003 <0.001 <0.001 0.359
P_ (mg/kg) <0.001 0.338 <0.001 0.546
Siy (mg/kg) <0.001 0.070 0.019 0.010
P /Al +Fe_ (molar) <0.001 0.025 <0.001 0.358

Macronutrient characterisation of the water
extractable phase

NO,-N (mg/L)

Model could not run (all values <D.L.)

SRP (mg/L) <0.001 0.235 0.431 0.804
NH,-N (mg/L) <0.001 0.002 0.019 0.843
DOC (mg/L) <0.001 0.008 0.086 0.659
TDN (mg/L) <0.001 0.022 0.004 0.079
TDP (mg/L) <0.001 0.042 0.062 0.573
DON (mg/L) <0.001 0.037 0.002 0.051
DOP (mg/L) <0.001 0.102 0.002 0.156
Molar DOC:DON <0.001 0.138 0.016 0.042
Molar DOC:DOP <0.001 <0.001 0.057 0.194
SUVA@254 (L/mg/m)  <0.001 0.099 0.002 0.020

landscape position. The first axis explained 45% of the vari-
ance and clearly separated out organic topsoil (O, H and LF)
horizons from subsoil (B, C), with mineral near-surface and
topsoils intermediate (A, E horizons). Main negative loadings
on the first axis, with leverage on the positioning of mineral
soils, were 8'*C, SUVA,,, and soil pH. Positive loadings, re-
lated to C, N, P concentration metrics in total and dissolved
forms, were linked to the separation of organic topsoils. The
second axis explained only 11% of the variance and differenti-
ated mineral topsoils specific to site Mar associated with their
concentrations of Fe  and Al .

3.3 | Concentration Changes in Soil Total C,
N, and P and Geochemical Properties Between
Horizons, Landscape Positions, and Sites

Total C, N, P concentrations in the soils were generally de-
pendent on soil horizons, landscape position, and sites, with
non-significant interaction effects (Table 3). Soil geochemical
properties were mostly differentiated by sites, while macronutri-
ent characterisation of the water-extractable phase was mostly
dependent on soil horizons (Table 3, Table S6). Group mean
values and post-ANOVA Tukey comparisons within the factors
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are given in Table S7. Results are presented as significant only if
passing the Bonferroni-corrected threshold of p <0.002.

Total concentrations of C, N, and P showed a significant influ-
ence of horizon and site (all p<0.001). For C and N concentra-
tions, landscape position was a significant control. Total C and N
concentrations declined through the soil profile with organic top-
soil > mineral topsoil >subsoil (group means of 342, 22, 6gC/kg
and 11.7, 1.1, 0.3gN/kg, respectively). For P, declines with depth
in mineral soils were not pronounced and followed the order: or-
ganic topsoil (759 mgP/kg)> mineral topsoil (331 mgP/kg)=sub-
soil (339 mgP/kg). Macronutrient ratios varied significantly by
horizon (p<0.001), with molar C:N greater only in the organic
topsoil than in other horizons, whereas C:P declined with depth.
In terms of landscape position, total C and N concentrations
showed consistent differences: lower (streamside) position >mid,
but upper was not distinct from other positions. Landscape posi-
tion was not a significant control on total P concentrations, molar
C:N, or C:P. The stable isotope ratio §'*C values showed a signifi-
cant difference (p <0.001) between soil horizon groups, being less
negative in deeper mineral horizons and a significant difference
between landscape positions (p=0.001), being more negative in
lower positions than in mid and upper. Delta >N showed no sig-
nificant horizon or position differences.

Soil pH showed a significant difference only in the organic
horizons (p<0.001), with organic topsoil (group mean
4.42) < mineral topsoil (5.24) =subsoil (5.50). Landscape po-
sition was a significant control (p <0.001) on soil pH: lower
(5.29) > upper (4.95), but mid (4.93) not different to other po-
sitions. Oxalate extractable elements (denoted X_ ; Table 3
and Tables S6 and S7) were associated with amorphous (non-
crystalline) precipitates (e.g., goethite, ferrihydrite) on soil
surfaces that control anionic sorption (e.g., PO,*~ and charged
DOC). Horizon was a significant control (p<0.001) on P_,
Si ., and the P saturation of anion exchange sites (P, =(P ./
Al +TFe ), but was not significant for Fe , Mn_  and Al .
Tukey post-ANOVA testing showed three patterns of depth
control: (i) decreasing values organic > mineral topsoils = sub-
soils for P, , (ii) for P, and Mn_, organic > subsoil, but mineral
topsoil was not distinct, and (iii) increases organic < mineral
topsoil < subsoil for Si_ . Landscape position was a significant
control (p <0.001) on Fe_, Mn__(with lower > upper, but mid
not different to other positions), and was not significant for
Al ., P, Si ,orP.

Interpretation of the effects of site location is complicated by
the ability to sample to varying depths and is not considered
in detail here (but are discussed in terms of stocks to a fixed
soil depth; Section 3.5). For example, Dar showed equal greatest
total C and N concentration (with Cer), but the bouldery sub-
soils meant that sampling was limited to topsoils and not lesser
C and N concentration subsoils.

3.4 | Concentration Changes in Water Soluble
DOC and Dissolved N and P Forms Between
Horizons, Landscape Positions and Sites

Soil horizon was a significant control (p <0.001) on soil water
extraction concentrations of C, N, and P forms, macronutrient

molar ratios, and SUVA,, (Table 3 and Tables S6 and S7). The
exception was NO, concentrations (consistently below detec-
tion limit; 0.1 mgN/L). Four patterns of depth effect were evi-
dent from Tukey testing: (i) a steep concentration decline with
depth: organic>mineral topsoil >subsoil for NH,, DOC, TDP,
and DOP, (ii) a moderate decline from organic topsoils into min-
eral soils: organic > mineral topsoil =subsoil for SRP, TDN, and
DON, (iii) a decline from organic topsoils to subsoil for molar
DOC:DON, and (iv) a depth increase: organic <mineral top-
soil=subsoil for molar DOC:DOP and SUVA,,,. The SUVA
index showed increasing aromaticity of DOM from 1.7, 3.2, and
3.5L/mg/m in organic, mineral topsoils, and subsoil, respec-
tively. Examples of variables fitting pattern (i) were DOC (60,
12, 4mgC/L, for organic, mineral topsoils and subsoil, respec-
tively) and TDP (1.62, 0.14, 0.05mgP/L). Examples of variables
fitting pattern (ii) were SRP (0.048, 0.024, 0.020mgP/L) and
TDN (3.8, 1.1, 0.7mgN/L). The greater organic topsoil values of
water-extractable DOC:DON approximated the depth pattern of
total soil C:N ratios, although at a slightly greater ratio for the
solutes. Conversely, solute DOC:DOP ratios that were smaller
in organic topsoils (182) than mineral topsoil and subsoil (339-
490) opposed the larger total soil C:P ratios in the organic topsoil
(1175) compared to mineral topsoil and subsoil (331-339). This
suggested that the apparent total ecosystem resources of C rel-
ative to P did not translate to such a large excess of bioavailable
(soluble) C relative to P.

Landscape position showed no significant control on any water-
extractable nutrient concentrations. Only the DOC:DOP ratio
showed landscape position as a significant control (p <0.001).

3.5 | Soil C, N, and P Soil Stocks

Stocks calculated to 1 m soil depth (or lowest depth of soil onto
boulders) showed a range in C of 2.28 (Ski, mid) to 28.09 (Ceer,
lower) kgC/m?, a range for N of 0.11 (Ski, upper) to 1.19 (Ceer,
lower) kgN/m? and for P a range of 0.04 (Dar, mid) to 0.88 (Ceer,
mid) kgP/m? (Table 4). Significance of site and landscape po-
sition was explored using a two-way ANOVA (overall model
adjusted R? of 38%, 52%, and 46% for C, N, and P stocks, re-
spectively). Site was not a significant control on C (p=0.04)
and N (p=0.006) stocks, considering our more stringent ap-
plication of the Bonferroni corrected significance threshold
of p<0.002. However, for P stocks (p<0.001) site differed:
Dar < Cer=Mar=Ski. Landscape position was a significant
control on C and N stocks, but was not significant for P stocks.
Soil C and N stocks (p=0.002 and <0.001, respectively) showed
consistent patterns with position: lower>mid =upper. For C
stocks, group means for landscape positions were 14.1, 7.2,
and 6.8kgC/m? and for N were 0.66, 0.33, and 0.32kgN/m?, for
lower, mid, and upper, respectively.

3.6 | Subsoil DOC Interactions

Two column experiments were carried out to determine the DOC
interaction potential with subsoil. The column A experiment ex-
posed native River Tana watershed soil DOC (topsoil water ex-
tract; 57.2mgC/L) to Tana Bs subsoil material over 128 column
pore volumes (PV) and 74h. The column B experiment exposed
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TABLE4 | Stocksof macronutrients in the River Tana watershed determined for soil profile locations and sample numbers (in italics) for chemical
and bulk density (BD) samples, respectively (where discrepancies indicate missing BD determined from a model relationship between SOC and

measured BD).

Ceer Mar Ski Dar
Cerrogesjohka Mareveadji Skierrejohka Darjohka

Site kg/m? n kg/m? n kg/m? n kg/m? n
C L1 28.09 3,3 8.61 55 10.93 2,2 14.05 3,2

L2 18.95 3,3 7.35 4,3 20.44 2,2 11.53 3,1

L3 13.25 55 14.88 4,3 21.57 2,1 13.69 2,2

M1 26.12 3,2 nd 2.28 4,3 8.22 3,2

M2 6.40 3,3 nd 341 3,2 7.42 2,1

M3 9.52 4,3 nd 10.61 4,4 7.16 3,2

U1l 10.23 4,4 8.12 3,2 2.29 4,3 3.87 2,2

U2 13.62 4,4 7.08 2,2 7.94 3,3 7.80 2,1

U3 7.47 4,4 12.89 4,3 2.60 3,3 9.29 3,2
N L1 1.19 0.44 0.52 0.66

L2 0.90 0.54 0.86 0.52

L3 0.82 0.63 0.78 0.47

M1 0.83 nd 0.12 0.37

M2 0.26 nd 0.17 0.46

M3 0.47 nd 0.40 0.35

U1l 0.53 0.36 0.11 0.20

U2 0.55 0.33 0.36 0.39

U3 0.43 0.40 0.12 0.43
P L1 0.71 0.27 0.07 0.13

L2 0.22 0.32 0.07 0.09

L3 0.20 0.33 0.08 0.12

M1 0.16 nd 0.28 0.05

M2 0.88 nd 0.23 0.06

M3 0.78 nd 0.35 0.04

U1l 0.36 0.19 0.45 0.13

U2 0.39 0.13 0.40 0.05

U3 0.48 0.23 0.37 0.16

a redissolved FA standard (46.9mgC/L) to the same Bs horizon
material over 113 PV. The Tana topsoil DOC had a SUVA,., of
2.9L/mg/m and the fulvic standard 2.6 L/mg/m. The sorption
phase led to 30% overall retention of the Tana topsoil DOC mass
and 48% of the fulvic standard DOC mass in the subsoil column
(maximum sorption 0.47 and 0.88 mgC/g soil DM, respectively).
A subsequent desorption phase (DOC feed solution replaced
with 0.01 M sodium chloride (NaCl) over ~100 PV) led to 7% and
2% of the retained C mass being desorbed from column A and B,
respectively.

The outflow concentration (for a given time, relative to inflow;
C/C,) for DOC showed a log function with a fast initial rise, then
a slowing rate to a maximum of ~0.9 and ~0.5 for the Tana topsoil
and FA standard DOC, respectively (Figure 5a). Hence, the Tana
topsoil DOC remained more mobile in the sesquioxide-rich Bs
subsoil matrix than the FA standard DOC. Consequently, total C
mass sorbed at the maximum PV according to the fitted regression
model in Figure 5b was greater (6mg) for the FA standard than
the Tana topsoil (4.5mg). Despite a higher value of Abs,, for the
Tana topsoil DOC inflow solution than the FA standard (1.7 and
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FIGURE 5 | Change in column eluant properties during the sorption phase for exposure of River Tana topsoil DOC (blue lines) and fulvic acid

standard DOC (orange lines) to Tana Bs subsoil. (a) C/C, concentrations of DOC, (b) time course of C mass sorbed, (c) C/C, of absorbance at 254nm
(Abs,.,) and (d) Specific UV Absorbance (SUVA,.,) where the reference (dashed, horizontal) lines equal the inflow SUVA,, value. Where C/C is
the column outflow concentration at a given pore volume normalised to the concentration of the inflow solution.

1.2AUcm™), over time, the column eluant UV absorbance was
similar (Figure 5c). However, the eluant showed lower SUVA .,
values for the Tana topsoil DOC over time, which then stabilised
to the inflow SUVA,, ., after 120 PV. Conversely, the column eluant
SUVA,,., of the FA standard treated column exceeded the SUVA .,
of the column inflow after only 20 PV (Figure 5d).

4 | Discussion

4.1 | Controls of Site, Landscape Position,
and Horizons on Soil Properties

Riparian and hillslope base soils differed at many sites. Soil
WRB classifications (Table 2), informed by field and laboratory
data, showed Fluvisols exclusively at near channel positions of
sites Ceer, Mar, and Ski, demonstrating current fluvial processes
have an influence on soil formation at 34-68km? river scales.
The mid landscape position varied in soil types between sites.
At Cer, restricted soil vertical drainage associated with fine
texture, high density subsoil led to mid position development of
Histosols and Gleysols. A narrow riparian zone at Mar related to
valley configuration. The mid plot positions of Ski and Dar had
Podzols and Regosols like the hillslope base. The transition dif-
fered at the upland Dar site (smallest catchment), where imma-
ture soils were present with less horizon development (Regosols
and weakly developed Podzols).

Spatial differences were observed in chemical soil properties
across the groups of soil total and water-soluble nutrients, and
surface sorption characteristics (Table 3 and Tables S5 and S6).
Compared to other transect positions, near channel soils had
greater pH (more alkaline), larger concentrations of C, N, amor-
phous Fe (Fe ) and water-soluble NH, and DOC than soils at
upper landscape positions. Overall, soils at mid landscape po-
sitions showed more similarity to upper positions, often signifi-
cantly different in properties from streamside lower positions.
Quantification of total and labile forms of soil macronutrients
is important in understanding catchment source areas and
their vulnerability to change, hydrologic connectivity, and in-
fluence on river processes. Knowledge of solid and solution
phase organic matter protection with soil mineral surfaces such
as calcium bound forms and Fe and Al oxides/oxyhydroxides
(Wieder et al. 2019) is important to reduce uncertainty in SOM
decomposition.

Brolletal.(2007)studied aheadwater catchmentin Fennoscandia
(Tenojoki, River Tana; 69°50’, 300-420m altitude) with a soil
mosaic of Podzols and hydromorphic soils, noted to respectively
correspond to a gradient from lichen to dwarf shrub to grass bog
vegetation. Our site descriptions aligned that site to Dar in the
present study. Only the topsoil (O and A horizons) was investi-
gated but soil organic carbon (SOC) ranged from 30% to 45% and
~5% in O and A horizons, respectively, on the valley floor, whilst
on the slopes 15%-40% and 5%-10% in O and A horizons. The
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C:N values ranged from 20 to 50 and ~15 in O and A horizons,
respectively, on the valley floor, whilst on the slopes 20-35 and
18-25in O and A horizons. In the present study landscape posi-
tion strongly influenced SOC concentrations, but not C:N ratios.

Broll et al. (2007)'s conceptualisation of the hillslope transition
comprised: (i) freely drained Podzols on hilltops, and on con-
vex slopes with dwarf shrub and mountain birch, (ii) Podzols
on the slope-foot zone with moderately well-drained hummocks
(cryoturbated) and poorer drainage in troughs, supporting
dwarf birch (Betula nana), willow shrub (Salix glauca, Salix
lapponum) and mosses, then (iii) a valley floor (our ‘riparian
zone’) comprising poorly drained hummocky organic soils,
to (iv) narrow stream-side floodplains of poorly to very poorly
drained humus-skeletal soils with sedges and willow shrub,
with occasional patches of bog peat soils (sedges, cotton grass,
mosses). A sharp gradient of soil moisture from low on tops and
hillslopes to high on the footslope-valley floor, demarcated two
ecotones, accompanied also by more consistent temperate re-
gime in the lower zone and base cation saturation (from seepage
from hillslopes). These factors support the inference of an en-
riched bioactive zone in the valley bottom with conditions more
conducive to higher biogeochemical process rates. The present
study supports that forest and dwarf forest/tundra sites have ac-
tive riparian zones enriched in nutrients, but not the case for the
mountain sites (Dar).

Data on N, and especially P, is less commonly reported than
for SOC. Uhlig et al. (2004) examined Podzols under lichen
heath and dwarf birch communities in the Tana catchment
(69°, 13-22'N) seeking to contrast controls against sites over-
grazed by reindeer, including soil pit description to 80cm depth
(aligned with sites Caer and Ski in our study). Data from Uhlig
et al. (2004) show plant available N (Kjeldahl-N) ranged from
0.9% to 1.5% in the O horizons, 10-fold less in E horizons and
<0.05% in B horizons. These authors' approximate means for
total P (method unstated; data from graphs) for control sites
were 850, 30, and 360 mgP/kg (DM) for O, E and B horizons and
plant available P approximated 160, 5 and 10mgP/kg (DM). In
comparison, our study found similar total P of 760 and 339 mgP/
kg for organic topsoil and subsoil (combined B and C horizons),
respectively (Table S6), but greater concentrations of 331 mgP/kg
for combined A and E horizons.

4.2 | Comparisons of Soil C, N, and P Stocks to
Other Arctic and Temperate Systems and Role in
Overall Ecosystem Nutrient Balances

We evaluated the C, N, and P stocks of the soils in the River Tana
against other literature derived stocks for high latitude systems
(Table 5). Batjes (2002) gives general context to these values
with an inventory of mean European soil C and N stocks, where
Podzols, Regosols, and Fluvisols were 29.6, 10.4, and 21.9kgC/
m?, respectively, and 2.0, 1.1, and 3.5kgN/m?, respectively, to
1m depth. Our data show mean values of 11kgC/m?, similar
to European average Regosols (often in headwater landscapes)
and lower N stocks at 0.5kgN/m?. The mean and range of C for
our sites combined were lower than many other studies in arc-
tic regions and less than studies by Kjellman et al. (2018) and
Kjeer et al. (2024) in the Tana catchment which targeted peat

Comparison of data on soil C, N and P storage in soils [mean (range)] from the River Tana watershed with data reported from published literature for subarctic to arctic regions.

TABLE 5

Investigated site and soils

P stocks (kg/m?)

N stocks (kg/m?)

C stocks (kg/m?)

Source

Riparian-hillslope transition soils, Tana

Mean 0.27

Mean 0.48

Mean 10.84 (2.28-28.09)

This study (0-100 cm)

catchment, Finmark, Norway (69° N)

(0.04-0.88)

(0.11-1.19)

Tana catchment, Finmark, Norway (69°-70°N).
Four permafrost peat soils (84-229 cm depths)

4.6, derived from pooled

56-156

Kjellman et al. (2018)

sites mean data

Tana catchment, Finmark, Norway (69°-

Mean 0.11 derived
from reported data

Mean 3.6
(2.4-4.4), derived

from reported data

Mean 96
(62-143), derived

Kjer et al. (2024)

70°N). Three permafrost-thermokarst

peat soils (85-150 cm depths)

from reported data

Alaksa (71°N), historic large, drained lake
basins, Aquorthels, Aquiturbels, Historthels
Western Siberia (66°-68°N), Cryosols
Herschel Island, West Canada (70°N), Cryosols
Alaska and Canada, (67-~70°N)

Bylot Island, Greenland (73°N), Cryosols

Note: Soil classifications given relate to those in the cited studies and use differing systems. Classifications using WRB (common to general usage in this study) are in plain font and those in italics use USDA soil taxonomic

~ ~~
— )
ik n
a N o
Z e <|r‘
O [ee]
~ S 2
=] =]
I <
s s
—
~ 3 &%
- — o
R
S T B T
e S v e g
© ]
vo.ggl\.
g T &N ~ v
< N —
15} QSZ‘CI
< ®©
= S o O
g s =
~
N
I\
< =
o —
g b=
5 8
w
X o
= 8 ~ 2
~ % Z
a < 5 o Qe
,_:'Uoog:
< g 8 3 xle3
= < .~ | B
9] >v—:'—'.v
:-4 » ® © —S|=§
] O = ¥ ST 2
— »n O O v |l=3
o en Q[ 5S9
5 = B £ =|%2%
= < O & O|5¢
Q

14 of 19

European Journal of Soil Science, 2025

85UB017 SUOWIWIOD 8AIT1D) 3|qedtdde 8y} Aq peusenob ae ss(oie YO ‘88N Jo se|ni 10} Ariq1T 8UIIUO AB|IA UO (SUORIPUOD-PUR-SWBI W0 A8 | IM AeIq 1 Ul UO//:SANY) SUOTIPUOD Pue SWs | 38U 88S *[5202/60/20] Uo AriqiT8uIuO AB|IM ‘Sexe L YLON JO AISRAIUN AQ S8TOLSSE/TTTT OT/I0p/WO00 A8 | IM AIq 1 |BUIUO'S PUINOSSS/:Sdny Wy pepeojumod ‘S ‘5202 ‘686259ET



soils subject to permafrost thaw. Devos et al. (2022) studied soil
C stocks in surface soils (O and A horizons only) across Norway
(10 out of 14 sites above 67°N latitude) comparing mountain
birch forest and tundra across the treeline. These authors found
forest had greater C stocks than tundra (respective medians of
2.02 and 1.33kgC/m?) but when considering amongst-site vari-
ation they concluded vegetation was a minor factor explaining
differences in soil C and elevation, slope and temperature were
of greater importance.

Soil C stocks from our sites were similar to Siberian Cryosols
(similar latitude) studied by Alekseev and Abakumov (2022)
and to Alaskan and Canadian soils studied by Ping et al. (2008).
Soil N stocks from our study were similar to those of Cryosols
in Canada (70°N) studied by Obu et al. (2017), but less than
other reported arctic soils, including the peats in the Tana re-
gion. Total P stocks were seldom reported in other studies, but
the mean 0.3kgP/m? from our River Tana sites was more than
double the value reported by Kjer et al. (2024).

A report on C storage in Norwegian ecosystems (Bartlett
et al. 2020) does not separate (nor mention) riparian ecosystems.
In general, high latitude European soils are poorly represented
in soil databases or mapped at a coarse scale since resources
focus on productive soils. Hence, data on properties such as soil
nutrient stocks contribute to sparse knowledge and collectively
can inform modelling.

4.3 | Surface and Subsoil Interactions Governing
Landscape Nutrient Transfers

Generally, macronutrient concentrations declined with depth
in soil profiles for total C and N, with larger total P concentra-
tions in organic surface than underlying mineral soils, support-
ing that organic matter enriched surface layers are dominant
sources of nutrients. Furthermore, mean data for DOC, TDN,
and TDP all show similar declining concentrations as a func-
tion of depth. This conforms to the dominant source layer con-
cepts developed for boreal forest soils (Lidman et al. 2017) in
which lateral transport of DOM towards the stream is maxi-
mised when water tables reach near-surface horizons contain-
ing large DOM concentrations. As an example, Lower 1 soil at
Cer (histic, gleyic Fluvisol) yielded 79 mgC/L water extractable
DOC in the Of horizon at 0-10cm depth, with common satu-
rated conditions leading to lateral near-surface flows (Host
model D; Table 2). The soil HOST translation suggests diverse
flow conditions influencing solute delivery from surface sources
towards the drainage network, laterally (dependant on water
table seasonality) or to deeper pathways encountering mineral
surfaces where sorption can slow and filter charged anionic
forms of DOM and phosphate. Subsoil interactions depend on
the flow routing (Section 3.1, developed further in Section 4.4),
and sorption chemistry of surfaces. Oxide forms of Al and Fe
are known to control sorption, especially under conditions of
low in situ organic matter production (Kawahigashi et al. 2006).
Although sorption complexes (measured as Al , Fe_; Table 3
and Table S6) did not vary significantly with soil layers, the large
concentrations in Podzol mineral horizons (up to 3g/kg) sug-
gest anion retention. Significantly larger mean concentrations
in the lower transect position sites (Table 3) may be related to

barriers in downward percolation of waters carrying Fe?* under
saturated melt conditions on floodplains then subsequent oxida-
tion during low rainfall summers (as seen in permafrost regions;
Alekseev et al. 2003).

Our column experiments showed that 30% of the surface soil
water-extracted DOC was sorbed onto a podzolic subsoil and
that, under the physico-chemical conditions of the column ex-
periments, this was not readily reversible (7% of C mass sorbed
became desorbed; Figure 5). The maximum sorption of Tana
topsoil DOM of 0.47mgC/g soil DM in the present study was
at the upper range (0.15-0.63mgC/g soil DM) found by Lim
et al. (2022). These authors passed topsoil DOM (at near iden-
tical concentration to our experiment) through E and B hori-
zon subsoils from Siberian discontinuous permafrost peatlands
(forest-bog biome) and found maximum adsorption for sandy
texture Al-Fe-rich Bs horizons. Similar to the present study,
these authors found increasing SUVA254 as sorption increase,d
indicating initial retention/retarded transport of more aromatic,
potentially larger molecules, with diminishing effect over time
(SUVA between 2 and 5L/mg/m for the Bs horizon in Lim
et al. (2022) and 1-3 L/mg/m in the present study; Figure 5d).

Free-draining soils (hillslope base Podzols, Regosols,
Arenosols) with percolation of surface-derived DOM down-
wards to mineral horizons were indicated as prevalent at Car
and Ski (upper position HOST model A) and possible at Mar
and Dar (HOST H). These, and lower landscape positions with
seasonal periods of surface to subsoil connectivity (HOST E)
have subsoil potential to retain DOM and alter amounts, and
selectively forms of DOM transported to streams. Qualitative
changes in DOM quality, that is, its composition characteris-
tics, were indicated with increasing Abs,., and SUVA, ., values
over time (column effluent compared to influent), and their val-
ues stabilising to the reference FA at the end of the experiment.
This indicated initial retention of aromatic DOM composition
(and potentially larger molecular weights) that took longer to
pass through the column (i.e., preferentially retained on the
subsoil). Kawahigashi et al. (2006) proposed the concept that
DOM sorption and filtration were maximised in Inceptisols
(equivalent to WRB-defined Regosols in the present study)
in permafrost regions of Siberia (65°N), where hydrophobic
(H,p0) DOM sourced in organic surface horizons is enhanced
by hydrophilic (H,, ;) DOM from mineral topsoils, then, follow-
ing infiltration into deeper active layers, has selective removal
of H,;; DOM in subsoils.

Questions remain to translate the column simulation data to
landscape scale DOM delivery processes, namely: what are
landscape path lengths for subsoil transport from DOM sources
to watercourses; what are timescales for source mass loads that
approach saturation of subsoil sorption; what biogeochemical
interactions in situ influence sorption reversibility? Catchment
DOM modelling should incorporate best soil chemistry and
transport process knowledge. The combination of reactive
subsoils with respect to DOM sorption, coupled with soil mor-
phology and flow conceptualisation, suggests large potential for
interruption and alteration of DOM transport from catchment
uplands. In such subarctic landscapes, this may infer a height-
ened importance of near-stream areas of continuous or season-
ally elevated water tables as sources of larger DOM loads, or
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DOM forms with specific roles in aquatic ecosystems and the
land-water-air-ocean continuum.

4.4 | Informing a Conceptual Understanding
of Interactions Between Soils and Runoff Relating
to Subarctic Catchment C, N, P Sources

As we continue to make biogeochemical connections between
terrestrial and aquatic watershed components, an overarching
question is: how can soil data improve catchment biogeochem-
ical modelling of DOM source and fate in subarctic systems?
Berggren et al. (2022) argue that aquatic DOM turnover rates
are governed by interacting intrinsic (inherent molecular prop-
erties) and extrinsic factors. The latter include temperature, cli-
mate, light, supply of other nutrients, and biological community
present. They act in conjunction on major biogeochemical as-
pects such as bioreactivity, flocculation, and photo-processing
in freshwaters. Within such a framework, they suggest (i) that
catchment dynamics of water residence time and hydrologi-
cal connectivity integrate many intrinsic and extrinsic factors,
whilst (ii) intrinsic factors dominate DOM turnover in small
headwaters and progressively extrinsic factors dominate at in-
creasing river sizes (greater in-river processing).

Our data cover ecosystem zones of tundra, forest, and moun-
tain; covering scales where high connectivity of streams to land
was found (Table 1) and supporting other project activities using
long-term sensor deployment in streams. Deep peat mire soils
were not sampled directly in our study, although present in some
of our subcatchments (13% in Mar and Ski, 5% in Cer). To in-
clude them in our conceptual understanding, we used data from
the literature (Table 5).

River reaches adjacent to sampled soils were surveyed for lateral
inflows by in-stream tracer studies (Table 1), but we lack con-
sistent direct data in this study on the in situ transport regime
of the studied soil types. Our results showed heterogeneity be-
tween stream segments adjacent to the soil sample locations that
were gaining and losing flow within close distances, suggesting
discrete lateral inflows from riparian soils, two-way exchanges
and lateral or vertical exchanges (Gomez-Velez et al. 2015). Such
processes likely increase DOM source-stream connections, con-
tributions and water residence times for DOM processing (Ryan
et al. 2024; Liu et al. 2022). Our stream hydrochemical data for
comparison with soil data is limited. Arctic systems exacer-
bate such study difficulties and reinforce the need for model-
ling approaches to advance research of catchment-scale DOM
dynamics. Such models will need to parametrise runoff gener-
ation, hydrological response units intersecting source units of
varying C, N, and P stocks, water travel times and seasonality,
and measurements of DOM molecular composition by advanced
analytical chemistry molecular-level techniques such as high-
resolution mass spectrometry.

Figure 6 conceptualises major soils of the River Tana (both di-
rectly sampled and inferred for mires) combining knowledge
on soil classifications, flowpaths, and compositions. Towards
supporting semi-distributed subarctic catchment DOM models,
we propose four major headwater hillslope-riparian units (left
to right; Figure 6): Groups (1) the afforested, floodplain soils
(Fluvisols) and (3) mountain soils share characteristics of flow
contributions through topsoils, moderate influence of subsoils
on DOM, and diffuse DOM inputs by groundwaters (with mod-
erate subsoil DOM filtering; Figure 5). The difference between
(1) and (3) is the greater C source (related to stock and C-density
data) in the lowland floodplain forest than upland mountain

Major unit groups, with 1. Floodplain forest 2. Tundra birch 3. Mountain 4. Peaty mire
related sites, and (Mar) (Ceer, Ski) (Dar) (Data from literature)
landscape position Hillslope Riparian Hillslope Riparian Hillslope Riparian Hillslope Riparian
C stock magnitude M M LtoM M L M H H
Shallow flow prevalence M M L H M M H H
Deeper flow prevalence M M H L M M L L
Distinct stream side L H M L

C source strength M M L H

C alteration by subsoil M H L L

L, low; M, medium; H, high. Wider arrows depict more dominant flow paths.

Topsoil

Subsoil

Srounduatet U U U

Key: - Topsoil - Subsoil - Rock dominated soil Groundwater

FIGURE 6 | Conceptual illustration of hillslope base to stream side riparian transitions representative of subarctic European catchments com-

bining data from the River Tana watershed and literature (peat dominated areas) to understand spatial units of source-transport of dissolved organic

matter to rivers.
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zone. Group (2) the tundra birch upland zone (combining data
from Cer and Ski) differed from the forested alluvial soils in
two important ways (i) that riparian and streamside soils were
variably with often saturated lateral flow through surface hori-
zons indicated as large potential DOM sources, and (ii) that
dominantly vertical transport on the hillslopes brought any
DOM enriched waters in contact with subsoils with high poten-
tial for DOM sorption and fractionation. Group (4) mire soils,
not studied in the current study, were inferred from literature
data (Table 5) and knowledge of peats elsewhere (Boorman
et al. 1995) as the highest C stocks, but with only active transport
and flushing in surface layers. Although C stocks are large in
the riparian peat soils when compared to organo-mineral soils,
these are often disconnected from transport by the low hydrau-
lic conductivity of the peat matrix below the immediate surface.

The extrinsic factors in DOM cycling noted by Berggren
et al. (2022) are changing in arctic systems. Our data inform such
frameworks for DOM cycling in large arctic riverscapes in several
ways: (i) by examining DOM sources in near channel soils highly
connected to headwaters (lower order channels), (ii) understand-
ing amounts and bulk quality (e.g., Abs,.,, SUVA,.,, and stoi-
chiometry) of potentially transported DOM, and (iii) relating soil
properties to interactions such as potential DOM mobility, sorp-
tion, and alteration of DOM form. There is clear role for combining
soil biogeochemistry and hydrology to look inside the catchment
‘box’ to better understand DOM cycling in changing ecosystems. A
key stage will be to make clear links between DOM quantity, qual-
ity between soils and surface waters and timing of delivery. This
could usefully include molecular compositions of riparian soil and
waters from headwaters to longer river transects.

5 | Conclusions

Our study informs catchment DOM processes from soils to wa-
ters in the latitudinal band of subarctic ecosystems. The under-
lying premise was that riparian soils exert a disproportionate
influence on river exports of DOM due to their hydrological
connectivity to channels, distinct source areas, and as reactive
interfaces to upslope contributions. In characterising hillslope-
to-riparian transitional soils in the subarctic River Tana catch-
ment, we found considerable variability amongst sampled
headwaters (3rd order streams; 31-64km? catchments). Strong
horizon-based differences in total C, N, P concentrations and
soluble macronutrients were shown by the dominantly organo-
mineral variants of Fluvisols, Gleysols, Podzols, and Regosols,
alongside differences between sites. Wetter riparian and stream-
side positions had enhanced C, N, and DOC concentrations.
Stocks of C, N, and P were highly variable, greatest in riparian
positions in the plateau tundra sites. Such soils are rarely de-
scribed in terms of combining C, N, and P data together. Data
show that often P stocks were equal to that of N, suggesting
moderate P and low N supply to ecosystems. Unlike peat soils
that have potentially larger C stocks, these organo-mineral soil
transitions show important interactions between surface and
subsoil pathways capable of altering DOM.

To support semi-distributed modelling of DOM cycling in
subarctic ecosystems, we attempted to contrast simplified
soil differences across the dominant ecosystems of mountain,

plateau dwarf forest tundra, and floodplain birch forest using
our data, supplemented by literature data on mire soils in the
area. Differences in flowpaths and interactions with varying
horizon C, N, and P concentrations were conceptualised by soil
type zones that can inform source-transport and hydrological
response unit structures in catchment models.

We conclude from the differences observed that data and
knowledge on near-channel soil processes will help connect
river biogeochemical study of DOM origins and fate across
scales in large subarctic (and perhaps arctic) rivers. The chal-
lenge is to simplify landscape soil complexity using frame-
works like hillslope-riparian units that provide close linkages
to processes needing to be incorporated into dynamic DOM
process models to understand responses of arctic ecosystems
to change.
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Additional supporting information can be found online in the
Supporting Information section. Table Sla: Cer, lower (1m distance
from stream) soil plots. Table S1b: Cer, middle (15m distance from
stream) soil plots. Table S1c: Cer, upper (25m distance from stream)
soil plots. Table S2a: Mar, lower (0.5m distance from stream) soil
plots. Table S2b: Mar, upper (10m distance from stream) soil plots.
Table S3a: Ski, lower (1 m distance from stream) soil plots. Table S3b:
Ski, middle (15 m distance from stream) soil plots. Table S3c: Ski, upper
(30m distance from stream) soil plots. Table S4a: Dar, lower (1m dis-
tance from stream) soil plots. Table S4b: Dar, middle (15m distance
from stream) soil plots. Table S4c: Dar, upper (25m distance from
stream) soil plots. Table S5: Details of soil WRB and hydrology of soil
types (HOST) classifications, with the dominant conceptual models
depicted. Table S6: REML testing data of factors: Landscape position
(n=3), Soil horizon groups (n=23), Sites (n=3), Horizon X Position on
log,, transformed data (except soil pH) with F-statistic values. Stated p
values refer to REML outputs, but bold font denotes results presented
as significant following Bonferroni correction (see methods, cut-off
p<0.002). Table S7: ANOVA General Linear Model Tukey comparison
tests for factors: Landscape position (n=3), Soil horizon groups (n=3),
Sites (n=3), taken from 3-way ANOVA model with interactions on
log,, transformed data (except soil pH). Different letters denote Tukey
significant differences (p <0.002 Bonferroni correction onto the 95%
threshold) and bold font highlights where differences were significant.
Values are data means (non-transformed values). Figure S1: Soil bulk
density (BD) relationship with determined soil carbon concentration
derived from sampled soil cores (n=85) and used to derived model es-
timates of BD for 51 horizons that could not be sampled in cores due
to stone contents. Figure S2: Confidence interval (99.8%) plots for the
Tukey post-ANOVA differences for solid phase macronutrient analyses.
Position (left column of graphs) groups are: 1, lower; 2, mid; 3, upper;
horizons (mid column) groups are: 1, organic topsoil; 2, mineral top-
soil; 3, subsoil; and site (right column) are 1, Cer; 2, Mar; 3, Ski; 4, Dar.
Determinants are in same order as Table S6 (zoom in on electronic file
for details). Figure S3: Confidence interval (99.8%) plots for the Tukey
post-ANOVA differences for soil geochemical properties. Position (left
column of graphs) groups are: 1, lower; 2, mid; 3, upper; horizons (mid
column) groups are: 1, organic topsoil; 2, mineral topsoil; 3, subsoil; and
site (right column) are 1, Caer; 2, Mar; 3, Ski; 4, Dar. Determinants are
in same order as Table S6 (zoom in on electronic file for details). Figure
S4: Confidence interval (99.8%) plots for the Tukey post-ANOVA differ-
ences for water extractable nutrients. Position (left column of graphs)
groups are: 1, lower; 2, mid; 3, upper; horizons (mid column) groups are:
1, organic topsoil; 2, mineral topsoil; 3, subsoil; and site (right column)
are 1, Cer; 2, Mar; 3, Ski; 4, Dar. Determinants are in same order as
Table S6 (zoom in on electronic file for details).
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