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ABSTRACT

The impact of wildfire on terrestrial and aquatic ecosystems in permafrost-affected regions is a major and still
poorly understood consequence of climate warming in high latitudes. Towards better characterization of pro-
cesses controlling post-fire nutrient migration and to establish the relationship between forest litter and aquatic
systems during a fire event, we studied organic and inorganic solute leaching from ash that was produced via
burning organic litter (topsoil) collected in permafrost-affected forest in western Siberia. Litter samples were
burned at 300, 450 and 600 °C and dissolved organic carbon (DOC), major elements (Ca, Mg, Cl, SO4, Na, N, P, K,
Si), carboxylic organic acids, and ~ 40 trace elements were analyzed in leachates (<0.45 um and < 3 kDa)
produced from ash reacting with water. The ashing temperature was one of the major factor controlling solute
release to the aqueous solution, notably via its impact on leachate acidity and DOC concentration. The con-
centrations of DOC, organic (carboxylic acids) and inorganic nutrients, cationic metal micronutrients, and low-
mobility geochemical tracers decreased with an increasing of ashing temperature. In contrast, labile anionic-
group elements and alkaline metals were preferentially released at high ashing temperature. We also per-
formed batch leaching of fresh (unburned) litter samples under identical experimental conditions. Results
demonstrated that ash obtained from burning soil litter samples is less reactive than fresh litter. In particular, the
majority of inorganic nutrients and carboxylic acids exhibited a factor of 3 to 10 higher mass-normalized yield to
aqueous solution from fresh litter compared to that from ash. It follows that the fire severity is one of the main
factors controlling organic and inorganic nutrient release from ash to soil and surface water. Results of the
present study may help to foresee possible consequences of wildfire regime changes in permafrost regions on
biogeochemical cycles of organic and inorganic macro- and micronutrients between the forest/tundra biomes
and adjacent aquatic ecosystems.

1. Introduction

with emerging warmer and drier fire seasons, accounting for 10 % of
global fire carbon dioxide emission (i.e., Zheng et al., 2023). Wildfires in

Despite a general agreement that fires are the primary destabilizing
factor in high latitude biomes (Kasischke et al., 2005; Kasischke and
Turetsky, 2006; Hu et al., 2015; Kharuk et al., 2021; Nelson et al., 2021;
Talucci et al., 2022; Potter et al., 2023), the magnitude of wildfire
impact on element cycling in terrestrial and adjacent aquatic ecosystems
remains poorly understood. In these regions, the climate warming is
capable of increasing the wildfire area, frequency and severity therefore
modifying element cycling in the soil profile and downstream river
export. Currently, wildfires are rapidly expanding into boreal forests
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permafrost regions are especially important given that these territories
store sizable proportions of carbon (C) in the form of aboveground
biomass, surface litter, and soil organic and mineral layers (Botch et al.,
1995; Czimczik et al., 2003; Beilman et al., 2009; Ackley et al., 2021;
Gao et al., 2023). Thus, while it is known that wildfires are among the
most important driving forces for permafrost carbon release into the
atmosphere (Chen et al., 2021; Heim et al., 2022; Miner et al., 2022), the
fate of other constituents in burned organic matter (macro- and micro-
nutrients) in permafrost impacted terrestrial and aquatic ecosystems is
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rather elusive.

The main unanswered question is to what extent do climate warming
induced increases in wildfire area, fire frequency and fire severity in
high latitudes (Flannigan et al., 2000; Kasischke et al., 2010, Ludwig
et al., 2018; Novenko et al., 2022) modify elemental (C, macro and
micronutrients, major and trace elements including pollutants) cycling
in the soil profile and downstream river export. Although these elements
are vulnerable to post-fire leaching into and through the soil and
drainage to downstream waterbodies (Christensen, 1973, Grier, 1975,
Kauffman et al., 1993; Burke et al., 2005; Petrone et al., 2007; Wu et al.,
2022), there remain significant questions as to what determines
magnitude and temporal dynamics of post-fire elemental release at the
watershed scale (Ackley et al., 2021; Granath et al., 2021). On a world-
wide scale, meta-analysis demonstrated strong heterogeneity in re-
sponses of water quality to wildfires in forested catchments (e.g., Rust
et al., 2018; McCullough et al., 2019; Basso et al., 2020; Crandall et al.,
2021; Mishra et al., 2021; Hampton et al., 2022). Several studies have
addressed the impact of fire on dissolved organic carbon (DOC), major
elements and nitrate in stream water across fire chronosequences in
larch forests of Central Siberia (Kawahigashi et al., 2011, Parham et al.,
2013, Diemer et al., 2015, Knorre et al., 2019; Rodriguez-Cardona et al.,
2020) and boreal forest of Northern Europe (Granath et al., 2021) and
Alaska (Betts and Jones, 2009). These studies demonstrated the largest
impact of forest fire on stream chemistry during the first years after the
fire event, with a gradual decrease over the first decade. However,
studies of element dynamics in fire-impacted, permafrost-bearing eco-
systems remain very limited; there exist only occasional investigations
on Canadian (Burd et al., 2018; Gibson et al., 2018; Ackley et al., 2021)
and European (Liu et al., 2023) peatlands.

Ash deposited on surface soils after a fire is light and loose and highly
mobile by wind and water. It is particularly enriched in essential nu-
trients like nitrogen, sulfur, phosphorus and potassium (Harden et al.,
2004; Neff et al., 2005; Koyama et al., 2010) and also some trace ele-
ments (e.g., Hredja et al., 2022). Most elements contained in plant ash
are present in a water-soluble state (Pereira et al., 2012, 2017). As a
result, these elements are highly mobile over the first few days to weeks
after a wildfire has occurred (Christensen, 1973; Grier, 1975; Kauffman
etal., 1993). Overall, through consuming a sizable amount of ecosystem
organic carbon (OC) stock, wildfires accelerate the recycling of major-
and micro-nutrients such as K, S, N, P, Si and trace metals (Whelan,
1995; Moilanen et al., 2002; Spencer et al., 2003). Although there were
several studies on ash from moss, lichen and peat reactivity in aqueous
solutions (Manasypov et al., 2017; Kuzmina et al., 2022), these works
were conducted on individual species rather than on bulk soil litter that
is typically subjected to ground fire. Furthermore, former studies lack
comparison with initial organic biomass which is necessary to assess the
relative role of ash versus non-burned vegetation in element cycling
between soil and aquatic ecosystems of permafrost regions. Indeed,
considering consequences of wildfires on element delivery from land to
rivers, there are two counteracting factors. On one hand, ash is highly
reactive and susceptible to quick contact with incoming surface flow
thereby releasing its constituents into the aqueous solution. On the other
hand, wildfire consumes a sizable amount of vegetation litter which is,
potentially, a sizable source of macro- and micronutrients for the hy-
drological network. As such, a comparative study of nutrient release
from fresh litter and ash is needed to quantitatively assess possible
impact of wildfire on the element delivery to soil porewaters in
permafrost peatlands.

As a first step towards this assessment, we chose three contrasting
microtopography positions of the forested site in the discotinuous
permafrost of western Siberia and performed laboratory experiments to
address the following objectives. First, to quantify the yield (mass-
normalized release) of organic C, macro- and micronutrients from litter
ashed at 300, 450 and 600 °C into the aqueous solution, via measuring
elemental concentrations in relevant leachates. Selected temperature
range reflects in-situ temperatures documented during ground fire in
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tundra biomes (Agafontsev and Kasymov, 2020) and in organic-rich
soils of smoldering peatlands (Benscoter et al., 2011), which is, how-
ever, lower than that of the boreal forest fire (Santin etal., 2016). The
second objective was to compare elemental yield from ash to that from
fresh litter, in order to quantify the capacity of both ash and litter to
release nutrients into the soil porewater. Finally, we aimed to quantify
the concentration of total dissolved, low molecular weight (LMW) and
colloidal forms of OC, major and trace elements released into aqueous
solution from ash and unburnt litter, and to identify possible governing
factors (pH, organic carbon) of leaching process. Although comparative
studies of ash and unburnt litter reactivity in aqueous solutions relevant
to temperate forest ecosystems have been occasionally performed (e.g.,
Pereira et al., 2014), such comparisons have never been attempted for
permafrost settings.

In the forest-tundra biome of west Siberian permafrost peatlands, the
dominant soil catenas include ancient flat polygons (currently, sand
dunes), their slopes, and depressions, separating adjacent dunes. All
these microtopographic positions are covered by recent pine forest with
dwarf shrubs, lichens and mosses in the understory. We therefore hy-
pothesized, first, that microtopography position and the dominant plant
species in the litter control the release of solutes from ash [as is known
from microcosm and macrocosm experiments with individual plant
species (Manasypov et al., 2017; Shirokova et al., 2021; Kuzmina et al.,
2022)]. We then hypothesized that ashing temperature strongly controls
the yield of organic and inorganic nutrients into the aqueous solution [as
demonstrated for a limited number of nutrients such as S and P (White
et al., 1973; Gray and Dighton, 2006)]. Our third hypothesis was that
solution pH and DOC concentration are the main indicators and po-
tential factors affecting cation and anion release to the aqueous solution
from reacting ash or litter [as is known from numerous natural obser-
vations in undistrurbed settings of western Siberia (Manasypov et al.,
2017; Kuzmina et al., 2023)]. A novelty of the present study consist of
characterizing not only major elements and macro-nutrients, but
assessing a large suite of micro-nutrients, toxicants, and geochemical
tracers, as well as organic acids capable of affecting biotic functioning of
surface waters.

2. Methods
2.1. Environmental context of sampling sites

Despite the fact that wildfire effects are very heterogenous, the
ground fires in the forest-tundra biome typically consume the upper 10
cm (+5 cm) of the organic (litter) layer (e.g., Liljedahl et al., 2007;
Maximova and Abakumov, 2017; Abakumov et al., 2020; Mergelov
et al., 2020; Loiko et al., 2022). In August 2021, which is the period of
maximal wildfire in western Siberia, we collected organic litter in three
main microtopography position, in the vicinity of the Khanymey
Research station (INTERACT Network, 63°47'N, 75°43'E) of the
permafrost-affected part of the western Siberial Lowland (WSL). The
catena is located within a former polygonal tundra, which was subjected
to intense ice wedge thaw over last 10,000 years and aeolian processes
that smoothed initial micro-relief and initiated pine forest growth
(Velichko et al., 2011) (Fig. 1). The typical microlandscape settings are
convex forms, similar to sand dunes in Alaska (Lea and Waythomas,
1990; Mann et al., 2002). Three microtopography positions include
upland (top of ancient polygon), its slope and a depression which sep-
arates two adjacent uplands. The studied territory of permafrost peat-
lands (1941 km?, middle reaches of the Pyakupur River) is partially
covered by pine forest (229 km?). Globally, the Pyakupur watershed is
comprised of flat mound palsas (28 %), fens (sedge-moss depressions,
7.2 %), river floodplains (15 %), forested areas (11.8 %), khasyreys
(drained lakes, 15.8 %), and thermokarst lakes (22.2 %). Within the key
site of forested region, the surface coverage contribution of upland,
slope and depression is 35.2, 51.5 and 13.4 %. Generally, a combination
of upland-slope-depression constitutes typical soil catenas in northern
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Fig. 1. Location of the study site, three main microtopography positions with relevant soil transects, relief from the orthophotomap and soil distribution on
the catena.
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Europe and Siberia (Goryachkin et al., 2010).

The upland and slope exhibited similar soil coverage that can be
defined as Glossic Stagnic Albic Podzol (according to WRB 2014). The
difference between soils in these microtopographic landforms is that the
Upland Podzols are twice as thick with regards to their Albic horizon
compared to slope soils. Sparse lichened pine forests with mixtures of
blueberries and lingonberries grow across the uplands. Slopes are
covered by denser shrub-lichen pine forests with solitary birches and
larches. Depressions are comprised of pine forests with wild rosemary,
dwarf birch, and green moss. The depressions are covered by Gleyic
Folic Albic Podzol with organic Folic horizons over 10 cm thick.

First of all, we made sure that sampled microtopography positions
are representative for the entire region of Pyakopur peatlands, located in
the discontinuous permafrost zone. For this, we examined three inde-
pendent dunes, three slopes and three depressions located within several
km distance between each other. Based on ground observations and
pedological examination of soil profiles, we found them fairly identical
in terms of soil type, litter thickness (+3 cm) and the proportions (+10

Micro- Homo-
landscape Replicate enization /
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position bulking

20 cm

20 em

20 em

Slope

300 °C
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Influence of ashing
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microtopography position
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%) of dominant vegetation. Prior choosing the test plots for fresh litter
sampling, large rectangular profiles of litter and soil (2 x 2 m size, 1 m
deep) were created in each component of the selected microtopography
position) as illustrated in Fig. S1 of the Supplement.

Three microtopography positions included 1) the upland (top of the
dune, labelled ‘T’), developed on Glossic Stagnic Albic Podzol that was
covered by pine trees [Pinus sylvestris, and less often Pinus sibirica and
Larix sibirica] with dwarf shrubs [Vaccinium vitis-idaea, Ledum palustre]
and understored lichens [Cladonia sp.]; T litter was dominated by li-
chens (90 %), occasionally was comprised of < 10 % of lichen-pine
needle combination, and rarely contained < 2 % pine bark, branch
debris and intermixed pine cones; 2) the slope (labelled ‘S’) was covered
by more dense pine trees and dwarf shrubs [with equal proportions
Vaccinium vitis-idaea, Vaccinium myrtillus (blueberry) and Empetrum sp.
(crowberry)], developed on Glossic Stagnic Albic Podzol (Turbic); S
litter was dominated by pine needles intermixed with dwarf shrub leaves
and roots (60 %) with lesser proportions of lichens (35-40 %); 3) the
depression (labelled ‘D’), located at the intersection of two paleo-cracks
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Fig. 2. Scheme of litter sampling, ashing, experimental set-up and analyses of solutes.
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between polygons, developed on Gleyic Folic Albic Podzol and covered
by pine trees and evergreen shrubs (Ledum sp.) with understored green
mosses; D litter was dominated by green mosses, evergreen leaves and
roots, and wood and bark debris of pine in addition to a small proportion
(5-15 %) of lichens.

The scheme of initial material preparation and conducted experi-
ments is provided in Fig. 2. Litter layer was sampled via removing upper
0-10 cm of organic horizon over the surface of a 20 x 20 cm rectangle. At
each microtopography position, these rectangles were made in tripli-
cates at a distance of 10 + 5 m from each other and collected samples
were pooled together, via mechanical mixing without grinding, to create
a maximally representative composite samples of litter in each micro-
topography position. Note that bulking of soil samples is commonly used
to obtain a spatially averaged measure of soil properties (i.e., Giesler and
Lundstrom, 1993). After sampling, litter was rinsed in Milli-Q water in
order to remove admixtures of atmospheric dust, following standard
procedures of organic plant material conditioning prior to chemical
treatment (e.g., Delplace et al., 2020). This allowed to create a stock of
homogeneous material and use it for comparative study of ash and non-
burned litter leachate chemistry as described below.

2.2. Ash preparation

The litter was dried at 30 °C for 3 weeks using Osmofilm® bags till
constant weight. The use of osmofilm allowed to preserve the intact state
of the litter and prevented it from external contamination during drying.
Regardless of the microtopography, the residual moisture was equal to
7.7 £ 0.75 % of total weight and it was explicitly taken into account
when calculating element yields. We placed 100 g of dry non-ground
litter in acid and MQ-cleaned porcelain cups (5 cm diameter, 10 cm
height) and exposed them, over 3 h separately at 300, 450 and 600 °C in
a Vecstar® furnace, by gradually raising the temperature from ambient
to the target temperature over 0.5 h, followed by a 1 h period at the
target temperature, after which the sample was cooled to ambient
temperature for a period of 1.5 h. The total of 3 h duration time of
thermal treatment is a reasonable compromise between fast ground fire
event, when the fire front propagates with a rate of several cm per
second (Thomas et al., 2021; Filkov et al., 2023), and slow smoldering of
upper peat horizons in non-permafrost regions (e.g., Liu et al., 2023).
While the first regime is typical for slope and upland microtopography
position, the second one is typical for studied depressions. By applying
this treatment, we expected a difference in component volatility and
residual OM content at different ignition temperatures, hence covering
the natural range of possible environmental conditions during ground
fire events.

Ashing of litter at 300 and 450 °C produced a material of black color
presumably indicating an incomplete combustion (Bodi et al., 2014)
whereas the ash produced at 600 °C was grey to white. The ash content
of the litter (T, S and D sites) ranged from 10-20 % during ashing at
300 °C (i.e., 80-90 % reduction in mass with ashing at 300 °C) to 2-3 %
during ashing at 600 °C, as measured in three independent litter sam-
ples, collected from each microtopography position.

2.3. Ash and litter incubation experiments

Measurements of ash and fresh (unburned) litter constituent release
into aqueous solution were performed at a concentration of 100 gqry
ash/litter per liter of water, in 50-mL sterile acid cleaned Nalgene
polypropylene vials. Preliminary tests at 10, 20 and 50 gury L!
demonstrated similar pH, DOC and specific conductivity level in
leachates produced after several days of reaction. Note that the 1:10
solid:water ratio was chosen for consistency with previous studies of our
group on ash of individual plants and peat (Kuzmina et al., 2022; 202.3)
and typical leaching test at 1:20 used in other studies of ash leaching
(Hageman et al., 2007). In a previous methodological work with soil
leachates in the laboratory and native soil porewaters in this region, we
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demonstrated an adequacy of using both 1:10 and 1:100 solid:liquid
ratios, with best approximation of soil fluids achieved at 1:10 ratio
(Kuzmina et al., 2023). Finally, the litter:water and ash:water ratio of
1:10 used in the present study is consistent with typical porewater
content in peat surface horizons of 10 %, as observed in the field at the
Khanymey Research Station (Raudina et al., 2018), water holding ca-
pacity of bryophyte species in western Siberia (Volkova et al., 2023),
and recent laboratory experiments on water leaching of smoldered peat
(Liu et al., 2023). We acknowledge, however, that natural dilution
during post-fire rain events in both surface and subsurface conditions
can be sizably higher.

Experiments were run in dupicates, i.e., two parallel reactors for each
type of ash and litter, using samples from T, D and S microtopography
position. Vials were shaken for one week on a ping-pong shaker (100
rpm) at 20 + 0.5 °C in darkness. After 1 and 7 days of incubation, the
contents of each vial were entirely sacrificed for chemical analyses. We
used two different exposure times to account for kinetics of reaction,
verify the steady-state concentration achievement, and encompass
typical water residence / travel time (several days) in surface and sub-
surface conditions of Siberian permafrost peatlands (e.g., Raudina et al.,
2017, 2018), including post-fire conditions (Parham et al., 2013).
Further, the exposure of 1 and 7 days was based on previous methodo-
logical studies (Kuzmina et al., 2022) where it was demonstrated that
the majority (>80-90 %) of inorganic constituents were leached from
ash of permafrost peatland vegetation and peat during 1.5 + 0.5 days of
exposure, while the rest of solutes were mobilized over the remaining 7
+ 2 days of reaction.

Suspensions were filtered using a sterile syringe and a disposable,
single-use 0.45 um Millipore filter unit. We also tested the presence of
colloidal forms of solutes and assessed the concentrations of low mo-
lecular weight (<3 kDa) fraction (LMW. 3 kp,) using a conventional size
separation procedure (e.g., Raudina et al., 2021; Lim et al., 2022). The
ultrafiltration through 3 kDa pore size was performed using Amicon
Ultracel® centrifugal filters made of regenerated cellulose. The dispos-
able 50-mL polypropylene vials were first treated with 1 % HNO3 and
rinsed 3 times via passing between 50 and 100 mL of MilliQ water
through the membrane. The DOC, organic and inorganic nutrients, and
trace metal blanks were a factor of 3 to 10 lower than the minimal
concentrations of these components in experimental leachates.

2.4. Chemical analyses

The pH and electrical conductivity were measured using Hanna
portable instruments. DOC, organic and inorganic anions, and major and
trace elements were measured in both 0.45-um filtrates and 3 kDa
—ultrafiltrates. Fifteen carboxylic acids which are relevant to soil
porewater environments and can be used as labile organic matter by
aquatic microroganisms (quinate, lactate, acetate, propionate, formate,
butyrate, galacturonate, glutarate, malate, tartrate, maleate, oxalate,
fumarate, phthalate and citrate) and main inorganic anions (F~, Br,
Cl, SO%’, NO3, NO; and PO?{) were measured by high-performance
ionic chromatography (Dionex Ics-5000 + ) with an uncertainty of 2
%. We used an in-house standard for organic acid analysis and two ISO
standards (ISO 10304-1 and ISO 10304-2) for inorganic anion analysis.
The certified reference materials Ion-915 and Ion-964 were used to
verify the accuracy of analyses; the reference material measured con-
centrations were within 10 % of certified values. Quantification limits
were equal to 0.05 mg L~ ! for Cl~, 0.001 mg L™l forF,Br PO%’, 0.01
mg L~! for NO3, SO~ and 0.002 mg L! for quinate, lactate, acetate,
propionate, formate, butyrate, galacturonate, glutarate, malate, tartrate,
maleate, oxalate, fumarate, phthalate and citrate.

DOC and dissolved inorganic carbon (DIC) were determined by a
Shimadzu TOC-VSCN Analyzer with an uncertainty of 3 % and a
detection limit of 0.1 mg/L. Specific UV absorbance (SUVA) was
measured as absorbance at 254 nm normalized for DOC concentration in
L mg*1 m L Major cations (Ca, Mg, Na, K), Si and ~ 45 trace elements
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were determined with an Agilent iCap Triple Quadrupole (TQ) ICP MS
using both Ar and He modes to diminish interferences. About 3 ug/L of
In and Re were added as internal standards along with 3 various external
standards, which were placed each 20 experimental samples. Detection
limits of trace elements (TE) were determined as 3 times the blank
signal. The typical uncertainty for elemental concentration measure-
ments was 5 % at 1-1000 pg/L and 10 % at 0.001 — 0.1 pg/L. The Milli-Q
blanks were routinely processed to monitor for any potential contami-
nation introduced by our sampling and handling procedures. The SLRS-6
(Riverine Water Reference Material for Trace Metals certified by the
National Research Council of Canada) was analyzed every 20 samples to
check for accuracy and reproducibility of analyses (Yeghicheyan et al.,
2019). All certified elements exhibited good agreement between repli-
cated measurements of SLRS-6 and the certified values (with relative
difference < 10-15 %).

Total (bulk) chemical composition of fresh litter and ash was
measured using an X-ray Fluorescence spectrometer (X Bruker S2), via
fusing with Li borate after ashing the dry material at 1200 °C (XRfuse6,
Bruker). We used a set of 7 sediment and rock standards to quantify
major elements (i.e., Mg, Na, Si, Al, P, S, K, Ca, Mn, Ti, Fe) with an
average uncertainty of 1 %. Concentrations of these elements were in
agreement with certified values of geostandards (within + 10 %).

2.5. Data treatment: Statistical tests and thermodynamic modelling

Due to low number of parameters and variables, the ANOVA con-
ditions were not met, and the data were not distributed normally. The
differences between data sets (solute concentrations in leachates and
mass-normalized yields) corresponding to the role of the micro-
topography position, ashing temperature and incubation time were
tested using Mann-Whitney U test, which allows to test one factor at a
time. Note that the Tukey (HSD, HSD for unequal N) test was not suit-
able for our data set. Therefore, to assess the impact of both temperature
and microtopographic position on chemical composition of solutes, we
tested separately the effects of microtopography position (MP) for each
temperature of ashing (Tashing) and each time of exposure. The tests were
performed at a significance level of 95 %. Further, the Pearson corre-
lations between major leachable constituents of ash, such as SOy, Si, P,
K, Al, Fe, Ca, DIC, DOC, pH and and trace element were considered
significant at p < 0.05 (SigmaPlot version 11.0, Systat Software, Inc).
The mass normalized yields of component by ash and fresh litter were
calculated for the first 1 and 7th day of reaction.

Element speciation and solution saturation state with respect to
possible solid phases in the experimental solutions were assessed using
the Visual MINTEQ computer code (Gustafsson, 2014; version 3.1 for
Windows following the procedure for surface waters of boreal and
permafrost landscapes (Raudina et al., 2021). The input parameters of
the model were the solution temperature, pH, DIC, DOC, major anions,
cations, and trace metal concentrations. The model provided a degree of
solution supersaturation with respect to possible solid phases (hydrox-
ides, oxides, carbonates and phosphates of Ca, Mg, Fe(Ill), Al, and some
trace metals).

3. Results
3.1. Chemical composition of ash

Ash content of the studied organic substrates followed the order:
Upland > Slope > Depression, and systematically decreased with an
increase in burn temperature. Total chemical analysis of solid ash per-
formed by XRF demonstrated a high proportion (30-50 %) of Si, fol-
lowed by Al, Fe, Ca, K, S, P, Ti, Na, Mg and Mn (Table S1). There were no
significant differences in element concentration in 300 °C ash of litter
from the upland and the slope (Mann-Whitney test, p < 0.05). Ash
produced at 450 and 600 °C from the S litter demonstrated two to three
times higher concentrations of Na, Mg, Al, K, and Mn compared to ash of
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the upland litter. The litter of the depression (D) was strongly (a factor of
2 to 10) enriched in all major constituents except Si compared to litter
from the top and slope microtopography position.

3.2. Release of organic and inorganic constituents from ash obtained at
different temperature

The microtopography position (upland, slope or depression)
exhibited rather weak control on solute release from relevant ash. First,
regardless of the MP, there was a drastic effect of burning temperature
on ash constituent release (Table 1). There was a strong (a factor of 7)
increase in aromaticity of DOM (SUVAg2s4) and decrease (a factor of 40)
in DOC concentration with ashing temperature (Fig. 3 A, B). The pH of
leachates increased by about 2 units when the litter ashing temperature
increased from 300 to 600 °C (Fig. 3 C). This rise in pH was most likely
linked to a decrease of the proportion of residual acidic organic matter in
the ash produced at higher temperatures. The impact of ashing tem-
perature on release of organic and inorganic solutes was fairly similar
among all three sampling sites (upland, slope and depression). For each
MP, ashing temperature significantly (p < 0.05) impacted most element
concentration in the leachates (Table S2 of the Supplement).

Two groups of solutes were distinguished based on pattern of solute
concentration dependence on the ashing temperature. The first solute
group containing DOC, most carboxylates, F, phosphate and trace metals
(divalent metals, trivalent and tetravalent hydrolysates, known to be
strongly bound to organic matter in the form of colloids) decreased their
concentration by 10 to 20 times for leachates of ash produced at 300 and
600 °C (Table 1, Fig. 4). The second solute group was represented by
labile soluble major and trace elements that are present as anions or
neutral molecules, some carboxylates (e.g., fumarate, galacturonate),
alkaline and alkaline-earth metals, which showed either indifferent
behavior or an increasing yield with an increase in ashing temperature
(Table 1, Fig. 5). These elemental groups were identified by their degree
of yield from ash into aqueous solution and were confirmed by pairwise
(Pearson) correlations (Table 2). Considering all sampling sites together,
in the leachates, labile elements (B, Na, V, Se, Mo, Rb, Cs, Sb) strongly
correlated with K (p < 0.01) as the dominant cation in the solution
whereas immobile elements (Ti, Zr, Y and REEs) correlated with Fe and
DOC (p < 0.01).

Tests on the effect of incubation time on leachate concentrations
demonstrated that the difference in solute concentration between 1 and
7 day of reaction was not systematically pronounced. A general increase
in concentration (a factor of 1.45 + 0.45) was observed for ash produced
at 300 °C. The effect of exposure time was much less pronounced for the
450 and 600 °C ash; the average ratio of 68 component concentrations
after 7 days of exposure to that after 1 day of exposure was equal to 1.14
+ 0.30 (Table S3 of the Supplement). The concentration of Fe and Si
sizably (a factor of 2 to 2.5) increased from the 1st to the 7th day of
reaction. Note that thermodynamic calculation of the solution saturation
state with respect to possible major solid phases (hydroxides, carbonates
and phosphates of Ca, Mg, Fe(Ill) and Al) did not demonstrate over-
saturation (S.I. < -1.0). The main reasons for that are relatively high
acidity (pH = 4.0-6.0) and the presence of DOM from ash residue, which
acted as strong complexant, hence stabilizing dissolved Fe>* and AI** in
oxygenated aqueous solutions and preventing precipitation of insoluble
Ca phosphates and carbonates. Testing the presence of colloidal forms of
solutes (3 kDa - 0.45 um) in ash leachates demonstrated a generally
weak (<20-30 %) proportion of colloids in the total dissolved (<0.45
um) fraction of major and trace elements, regardless of the microland-
scape and ashing temperature (Table S4 of the Supplement).

3.3. Element leaching from fresh (unburned) litter and solute yield
comparison

Similar to ash, the release of fresh litter constituents to the aqueous
solution occurred in the course of first hours to days. Concentrations of
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Table 1
Element yield (mean + s.d.) from ashes prepared at different temperatures and
fresh litter to aqueous solution (averaged across sites) over 7 days of reaction.

Parameter 300°C 450°C 600°C Litter
HEE " ash Hg g " ary
biomass
DOC 2170 255 53.1 9530
SUVAgs4 0.55 1.09 3.70 0.66
DIC 32 28.9 97.2 33.8
F- 1.67 0.117 0.194 21.0
cl- 16.0 10.0 14.2 39.6
Br— 0.843 0.903 1.14 <d.l
N-NO3 0.767 0.773 0.674 <d.l
N-NO3 0.08 <d.L 0.116 0.945
SO?.’ 123 149 176 43
P-PO;~ 192 129 33.2 258
Quinate 1.83 <d.l <d.l 49
Lactate 2.36 0.646 0.321 34.5
Acetate 104 71 0.596 49
Glycolate 9.5 2.10 <d.l. 1.61
Propionate 77 60 0.17 44
Formate 1.16 <d.l <d.l 3.19
Butyrate 0.991 0.271 0.140 1.78
Pyruvate 0.414 0.226 0.212 0.95
Galacturonate 0.493 0.311 0.306 82
Valerate 0.457 0.195 0.141 0.68
Glutarate 15.3 0.594 0.028 6.4
Malate 20.0 1.43 0.022 47.7
Tartrate 1.00 0.529 0.301 9.56
Maleate 10.9 5.90 0.505 2.06
Alpha-keto- 2.42 <d.L <d.l 7.82
glutarate
Oxalate 19.0 2.84 0.293 81.2
Fumarate 0.516 0.565 0.592 0.77
Citrate 10.3 <d.l <d.l 209
Li 0.0654 0.113 0.125 0.0188
Be 0.00025 0.000030 0.0000098 0.00066
B 0.499 0.823 1.39 0.223
Na 14.8 19.04 17.9 12.9
Mg 39.4 44.5 30.1 25.9
Al 19 2.43 0.0769 57.02
Si 28 64.7 84.7 18.1
P 140 96 23.21 146
K 254 279 309.15 338
Ca 130 111 89.0 70.7
Sc 0.00058 <dl 0.00070 0.00095
Ti 0.0122 0.00419 0.00196 0.0535
A% 0.00982 0.00277 0.0500 0.0764
Cr 0.00915 0.00188 0.000695 0.0573
Mn 7.12 3.24 1.01 5.42
Fe 11.6 1.42 0.0463 7.67
Co 0.0122 0.00355 0.000683 0.01101
Ni 0.628 0.00883 0.00598 0.0615
Cu 0.00414 0.000556 0.000532 0.0458
Zn 1.19 0.382 0.0461 1.27
Ga 0.0016 0.00022 0.00019 0.0092
Ge 0.00344 0.0120 0.0148 0.000483
As 0.289 0.285 0.141 0.0476
Se 0.00584 0.0185 0.0333 0.00191
Rb 0.936 1.09 1.36 1.34
Sr 0.897 0.959 0.808 0.448
Y 0.00087 0.00013 0.000044 0.0016
Zr 0.0024 0.000102 0.000089 0.0046
Nb 0.00025 0.0000025 0.0000050 0.0012
Mo 0.000652 0.00464 0.0700 0.00151
cd 0.00487 0.00121 0.000239 0.00823
Sn 0.00067 0.00027 0.00033 0.0040
Sb 0.00625 0.0395 0.0996 0.002003
Cs 0.00863 0.0108 0.0148 0.0189
Ba 1.0 0.640 0.306 0.703
La 0.0138 0.0120 0.0113 0.00696
Ce 0.00105 0.000184 0.0000437 0.00249
Pr 0.000139 0.0000256 0.00000506 0.000323
Nd 0.000594 0.000122 0.0000271 0.00129
Sm 0.000163 0.000139 0.0000621 0.000325
Gd 0.000114 0.0000221 0.00000457 0.000284

Tb 0.0000155  0.00000306 0.000000812  0.0000429
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Table 1 (continued)

Parameter 300°C 450°C 600°C Litter

HE &' ash g 8 dry

biomass

Dy 0.0000930 0.0000162 0.00000312 0.000267
Ho 0.0000207 0.00000384 0.000000771 0.0000586
Er 0.0000645 0.0000115 0.00000212 0.000183
Tm 0.0000103 0.00000178 0.000000406 0.0000303
Yb 0.0000715 0.0000125 0.00000182 0.000219
Lu 0.000011 0.0000021 0.00000042 0.000036
Hf 0.000095 0.00000059 0.0000017 0.00031
w 0.00121 0.000662 0.0116 0.00556
Tl 0.00111 0.000601 0.000247 0.00519
Pb 0.0103 0.00423 0.00248 0.1007
Bi 0.000123 0.0000244 0.000115 0.000326
Th 0.0000941 0.000000188 0.00000213 0.00287
18} 0.0000647 0.0000137 0.00000545 0.000244

most components were similar for 1 and 7 days of exposure, and the
increase over 6 days was less than a factor of 1.3 (Table S3). As such,
due to relatively high litter:water ratio (1:10), we could neglect the ki-
netic aspect for further characterization of solute pattern in litter
leachates and considered 7-day leachates as representative for steady-
state conditions.

The leachates of litter from the depression yielded the lowest pH (3)
and SUVAys4 (0.6..0.7), highest DOC, POy, acetate, glucolate, puryvate,
galacturonate and glutarate concentrations, but also the highest Na, Mn,
Fe, Cu, Zn, Rb, Sr, trivalent and tetravalent hydrolysates. The Mann-
Whitney test for the difference in element yield (concentration in
water normalized per g of initial litter) among the 3 microlandscapes
demonstrated the largest contrast (maximal number of solutes were
significantly (p < 0.05) different) between the upland and depression or
the slope and depression; however, the lowest contrast (minimal number
of solutes) were significantly (p < 0.05) different between the upland
and slope (Table S2 B).

Relevant to DOM control on element release from litter, a sizable (20
— 80 %) fraction of total dissolved (<0.45 ym) OC, major and trace el-
ements were present in the colloidal (3 kDa — 0.45 ym) form (Table S4 of
the Supplement). We tentatively distinguished two main groups of ele-
ments, depending on their affinity to the colloidal versus LMW_ 3 xpa
fraction. Major and trace solutes present in the form of anions, neutral
molecules (B, Si, P, As, Se, Mo and Sb), and alkaline metals exhibited a
low proportion of colloids, ranging from 0 to 20 %. DOC, divalent
transition metals and trivalent and tetravalent hydrolysates were
strongly influenced by organic colloids.

In order to compare the capacity of ash and unburned litter to release
organic and inorganic solutes to aqueous solution, we calculated the
mass normalized 7-days yield of all measured components (Table 1;
Table S5 of the Supplement). The ratio of mean yields for main organic
and inorganic constituents (across all three microlandscapes) for 300 °C
and 600 °C ash and unburned litter is illustrated in histograms in Fig. 6A
and 6B. It can be seen that, even for many inorganic nutrients, yields of
elements from unburned litter are comparable to, or even higher (by a
factor of 3 to 10) than yields from ash. In contrast, labile elements
present in the form of oxyanions and neutral molecules (e.g., SO4, DIC,
Sb, Mo, Ge, Si, Se, Li, B, As and W) and labile cations such as Na, Sr, Ba
and Mn demonstrated a factor of 2 to 5 higher yield from ash when
compared to litter. The majority of inorganic nutrients and carboxylic
acids demonstrated much higher yield from plant litter compared to that
from ash (Fig. 6C and 6D). Overall, these comparisons clearly demon-
strate the lower capacity of litter ash to enrich the aqueous solution such
as soil pore and surface waters in most nutrients compared to fresh
(unburned) litter.
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Fig. 3. DOC concentration (A), SUVAs4 (B) and pH (C) of leachates from ash produced at different burn temperatures in the 3 microtopography positions. Un-
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4. Discussion
4.1. Element leachability from ashes

Fast release of ash constituents to the aqueous solution in both lab-
oratory and natural settings is fairly well known (Bodi et al., 2014; Wu
et al., 2022). Previous field mesocosm experiments in thermokarst lakes
with various organic and inorganic substrates demonstrated that ash is
extremely reactive in natural waters with > 90 % of its elemental stock is
released over the first 10 h (Manasypov et al., 2017). Furthermore,
recent high-resolution laboratory experiments showed the majority
(>80 %) of labile elements mobilized from peat, moss and lichen ash
over the first 10 min (Kuzmina et al., 2022). The present work corrob-
orates these results via demonstrating fast aqueous reactivity of ashes
from all three microtopography positions.

Ash formed on the surface of the soil after a fire is known to be
strongly enriched in essential nutrients like N, S, P and K (Koyama et al.,
2010; Harden et al., 2004; Neff et al. 2004; Pereira et al., 2012). How-
ever, the release of these macronutrients, including organic ligands
(carboxylates), as well as micronutrients and toxicants depends on i)
concentration and speciation (forms) of leachable solutes in the ash, ii)
the pH of the aqueous solutions, which controls the solubility of solid
phases and adsorption/desorption of solutes, and iii) the concentration
of dissolved organic matter (DOM) in leachates that can mobilize major
and trace cations into the aqueous solution in the form of organic col-
loids or complexes. First, we noted that the D litter ash was strongly
enriched in Mg, P, SO4, K and Ca relative to ash of litter from the upland
and slope. These highly soluble labile elements were also preferentially
leached in D litter ash. Aluminium, Ti, Mn and Fe are likely to present in
the form of insoluble (refractory) oxides, and they were strongly
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enriched in ash litter from the depression. These elements did not
demonstrate any sizable variation in leachate concentrations among
three studied ashes. Therefore, the release of low mobility cationic el-
ements from the solid phase is chiefly governed by the acidity of aqueous
solution and the DOM concentration in the leachates. For example, a 10-
fold decrease in DOC concentration and a two-unit increase in pH be-
tween leachates of ash produced at 300 °C and that produced at 600 °C
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Table 2
Pearson correlations coefficients of labile and low mobile elements with K, Fe
and DOC (all ashes from three habitats treated together).

K Fe DOC
La 0.943 Tb 0.935 U 0.842
Rb 0.893 Er 0.934 Zr 0.778
Cs 0.874 Ho 0.934 Fe 0.753
Se 0.725 Dy 0.933 Ti 0.744
Sb 0.670 Tm 0.924 Yb 0.665
Mo 0.526 Zr 0.923 Ho 0.664
B 0.523 Yb 0.923 Er 0.660
\ 0.200 Lu 0.918 Lu 0.656
Na 0.192 Gd 0.916 Tm 0.651
Ce 0.903 Dy 0.649
Pr 0.897 Tb 0.645
0] 0.887 Gd 0.612
Nd 0.886 Pr 0.567
Ti 0.801 Nd 0.563
DOC 0.753 Ce 0.560
Y 0.729 Eu 0.469
Eu 0.605 Sm 0.439
Sm 0.444

For all values p < 0.01

was accompanied by a concomitant decrease in concentration of ele-
ments that are likely linked to organic ligands (divalent metals, trivalent
and tetravalent hydrolysates). These elements can also be adsorbed at
the surfaces of insoluble solid phases dominating ash material (oxides,
carbonates, black carbon) at pH 6 (ashing at 300 °C). At pH 4, corre-
sponding to leachate of ashing at 600 °C, these elements are desorbed
from ash surfaces into the solution.

In contrast, oxyanions, which are most strongly adsorbed to solid
surfaces in acidic solutions, are desorbed with pH. As a result, anion
concentration increases in the fluid reacted with ash of progressively
increasing preparation temperature. An increase in pH and a decrease in
cation concentration of leachates for high temperature ash have been
reported in other studies like those on Mediterranean vegetation (Ubeda
et al.,, 2009). In forested permafrost soils, burning at 150-200 °C
resulted in decreased soil pH and increases in water-soluble organic
carbon concentration when compared to ashing at 300-500 °C
(Masyagina et al., 2016). A more recent study demonstrated that the
peat ash may increase the soil pH in the northern temperate zone
(Marcotte et al., 2022). It is important to note that the two group of
elements identified above correlated either with K (labile oxyanions and
alkaline metals) or organo-ferric colloids (low mobile cationic metals;
rare earth elements) as shown in Table 2. Such correlations can be used
for approximating relative leachability of various inorganic solutes from
ash and litter in soil environments.

In ash leachates, water-extractable sulfate did not exhibit consistent
behavior between 300 and 600 °C as it increased (S and D litter) and
decreased (T litter). Therefore, the volatilization of sulphur during the
burning of organic matter at 575 °C (e.g., Body et al., 2014) did not
occur in all studied litters. In contrast, a systematic decrease in leachable
phosphate between the 300 and 600 °C ash (by a factor of 5 to 10) is
consistent with previous observations on heat-induced conversion of
non-available (organic) P into PO4 (Carter and Foster, 2004). It is known
that, under moderate intensity fires, soils are enriched in the inorganic
labile P (Saa et al., 1993, 1994), whereas high intensity burns (above
500 °C) strongly decrease availability of phosphates (Quintana et al.,
2007). This, combined with the experimental results of this study, sug-
gests a conversion of the organic P pool into mineral forms at higher
temperatures. These phases could be represented by insoluble alkaline-
earth elements (Grubb et al., 2000) or Fe and Al phosphates (Vlamis,
Gowans, 1961). This is consistent with a sizable increase in the pH of
leachates between 300 and 600 °C burned ash, given that metal phos-
phate solubility decreases with increasing pH (Lindsay, Vlek, 1979;
Stumm and Morgan, 1995).
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4.2. Comparison of elementary yield between fresh litter and its ash

A recent study on tundra fire impact demonstrated that, among the
three main organic substrates of palsa peatbogs—moss, lichen and peat,
the moss ash was by far (by a factor of 2 to 10) more reactive because it
yielded the largest changes in solute concentration over first 2 days of
reaction time (Kuzmina et al., 2022). The dominance of moss in litter
from the depression can partially explain the much higher yield of many
organic and inorganic solutes from the ash of this microlandscape
observed in the present study. This is also confirmed by mesocosm ex-
periments in natural lake water with ashes and biomass comprised of
ground vegetation from permafrost peatlands (Manasypov et al., 2017;
Shirokova et al., 2021), which demonstrated a dominance of moss and
its ash in DOC and element release into the aqueous solution. Therefore,
results of the present study further corroborate previous findings that
both moss (a dominant component of litter in the depression) and its ash
provide the highest yield of most macro- and micronutrients.

A novel find in this study is the much lower mass normalized yield of

A
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organic and inorganic solutes from ash compared to fresh (unburned)
litter (Table 1 and Fig. 7). For the same initial solid: solution ratio, the
DOC, carboxylates, many major nutrients (N, P, K) and major cations
and anions as well as micronutrients, geochemical tracers and toxicants
were enriched by a factor of 3 to 10 in litter leachates compared to ash
leachates. A possible reason explaining high reactivity of organic litter
compared to ash is less refractory nature of an element which is
dispersed in the organic matrices compared to mineral phases of the ash
produced after burning. For example, in Central Siberian watersheds,
larch litter is capable of delivering the majority of dissolved elements to
the river, in the amount comparable to or exceeding the downstream
export, on the annual scale (Pokrovsky et al., 2005, 2012). In particular,
due to sizable pools of dispersed Ca and Si in the organic matrix of plant
biomass, the release rate of these elements from the litter is superior to
that from soil-contituent minerals (Fraysse et al., 2010).

In contrast to colloidal (3 kDa - 0.45 um) forms, which dominated
most elements in DOM-rich litter leachates, much lower concentrations
of DOM in ash leachates allowed for a higher proportion of “truly”
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dissolved low molecular weight (<3 kDa) forms. Indeed, we noted a
clear difference in the chemistry of leachates from ash and litter. The
majority of elements are present in colloidal form in unburned litter
leachates. This difference can be linked to a much higher concentration
of colloidal OM and some mineral components (i.e., Fe and Al) in litter
leachates. These organic and organo-mineral colloids can bind many
trace metals via adsorption onto the surface, coprecipiate with the bulk
of Al / Fe hydroxides or form complexes with organic matter, as has been
established for surface and soil waters in permafrost peatlands (Pok-
rovsky et al., 2016; Raudina et al., 2021). Despite the lower amount of
colloids in ash leachates, the yield of low molecular weight (LMW_ 3
kpa), potentially bioavailable fraction from the ash was still lower or
comparable to that of fresh litter exempting a few labile elements pre-
sent in the form of anions or neutral molecules such as Ge, Sb, Se, Mo
and W (Fig. S3).

To summarize, considering that i) the apparent rate of organic nu-
trients and major and trace element release from fresh litter is compa-
rable or even faster than that from litter ash and ii) the yield of both
conventionally dissolved (<0.45 pm) and LMW. 3 yp, bioavailable
fractions of most nutrients from ash is lower than that from fresh litter,
the overall leachability of organic and inorganic nutrients from the litter
of each microtopography position is greater than that from the relevant
ash.

4.3. Possible implications and limitations of this study

Unlike arid climate regions, where mobilization of ash constituents
from soil to surface waters is limited by water availability after a fire
event (i.e., Bodi et al., 2014; Certini, 2005; Preston and Schmidt, 2006;
Flannigan et al., 2009; Olefeldt et al., 2013; Hauer and Spencer, 1998),
the humid climate of western Siberia (with its excess of precipitation
over evapotranspiration) and impermeable permafrost layers allow
rapid, complete and essentially surface or shallow subsurface export of
ash constituents to the adjacent hydrological network (e.g., Parham
et al., 2013; Kuzmina et al., 2022). As a result, the fire severity will be
the dominant factor controlling the degree of wild fire impact on aquatic
environments, compared to soil water residence time and the position of
burned sites on the catena. At the same time, the fire severity and in-
tensity can impact the release solutes in a different degree, via generally
decreasing the release of organic nutrients and trace metals and
increasing the yield from ash of anions and neutral molecules (Table 1,
Fig. 5). In contrast to ash, fresh litter demonstrated a much higher ca-
pacity to release organic and inorganic nutrients to external aqueous
media.

Collectively, results of the present study suggest that, given climate
predictions (Ludwig et al., 2018; Novenko et al., 2022) increased fre-
quency, severity, and areal extent of wild fires in northwestern Siberia
resulting in removal of organic litter by fire and transformation it into
ash will likely decrease the leaching of DOC, organic nutrients (car-
boxylates), inorganic macro nutrients (N, P, Si, K, Ca and Mg) and most
micro-nutrients such as Zn, Ni, Co, Mn, Fe and Mo to soil porewater.
Assessment of coupled C and macro-nutrient and micronutrient response
to wildfire in the taiga of the discontinuous permafrost subarctic zone
will contribute to understanding wild fire impacts on surface water
quality and the CO5 exchange between receiving water bodies and the
atmosphere. Results of our experiments suggest that low-severity
(smoldering) fires of forest and bog litter produce the ash which is
capable releasing the highest amount of macro- and micro-nutrients to
the soil porewater.

However, our estimations of ash leaching impact on soil pore water
and aquatic ecosystems are highly conservative and subjected to strong
uncertainties. Among the factors that were not considered here is the
temporal pattern of wildfire. Indeed, the effects of wildfire may be
drastically more important at the scale of a single burn event (i.e.,
Carignan et al., 2000), or immediately after the fire (Granath et al.,
2021). Furthermore, we could not assess other physical, chemical and
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biological effects of groundfire such as post-fire ecosystem productivity
(Amiro et al., 2000; Loranty et al., 2016), organic soil layer disturbances
(Gonzalez-Perez et al., 2004; Jiang et al., 2017), CO2 emissions (Tur-
etsky et al.,, 2011; Walker et al., 2018), nitrogen cycling (Rodriguez-
Cardona et al., 2020; Abbott et al., 2021), microbial activity (Ludwig
et al., 2018), particulate emissions and surface albedo change (Jafarov
et al., 2013; Loranty et al., 2018). Other limitations of our approach
include (i) ignoring post-fire hydrology such as runoff-enhanced soil
erosion and relevant increase in suspended particulate matter transfer
from the soil to the river and (ii) elements volatilization and their loss
with smoke. Taking into account aforementioned factors is certainly
necessary for further assessment of element mass balance at the coupled
terrestrial-aquatic ecosystems of permafrost peatlands.

5. Conclusions

Laboratory experiments of major organic and inorganic nutrients
and trace elements leaching from burnt and fresh litter allowed for
identification of first order physico-chemical factors controlling solute
yield and indicated a possibility for extrapolating these laboratory
findings to natural permafrost-affected forest/peatland ecosystems that
are subjected to ground fire. Experiments demonstrated a role of a
microtopography position within the catena on element release from the
ash, thereby confirming the first hypothesis of this study. The pH and
DOC in leachates were largely controlled by the burn temperature of the
litter, and thus the yield of DOC, carboxylates and a number of macro-
and micronutrients strongly decreased with increased ashing tempera-
ture. This generally confirms the second hypothesis of this study, on
ashing temperature control on chemical composition of leachates. In
accordance with the third hypothesis of this study, aqueous solution
acidity and concentration of DOC were two primary factors controlling
major and trace element release from ash. Two main group of solutes
were identified dependent on their concentration or the mass-
normalized yield from ash prepared at different temperatures. Solutes
of the first group (organic nutrients such as DOC and carboxylic acids),
phosphate, metal micronutrients, toxic metals and low-mobility trace
elements strongly decreased their concentration in leachates with in-
creases in ashing temperature. Solutes of the second group (labile, sol-
uble major and trace elements present as anions or neutral molecules,
alkalis and alkaline-earth metals) either increased (by a factor of 2 to 3)
or remained indifferent to ashing temperatures. Correlations between
different solutes in ash and fresh litter leachates revealed DOC and Fe as
main carriers of trace metals and micronutrients, essentially in the
colloidal form.

The mass-normalized release of the majority of organic and inor-
ganic macro- and micronutrients from fresh (unburned) litter was up to
an order of magnitude higher than that from litter ash, regardless of the
microtopography position. Furthermore, the capacity of ash to deliver
most bioavailable low molecular weight (<3 kDa) forms of inorganic
nutrients is not higher than that of fresh litter. The broad significance of
this experimental finding is that the impact of forest-tundra fire on
carbon, nutrient and major and trace element release from ash to soil
solution will be strongly dependent on fire severity and in a lesser degree
on microtopographic position on the soil catena.
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