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Wildfires drastically alter biogeochemical cycling and transport of nutrient elements, including nitrogen (N),

from terrestrial to aquatic ecosystems, with the potential to degrade water quality. Understanding the

impact of characteristics of wildfire-derived ashes and burned soils on the mobilization of N is essential

for effectively managing wildfires and mitigating adverse effects on watershed functions. This study

quantified the mobility of N in soils and ashes influenced by wildfires in the northern California/Nevada

region in the western United States (Dixie, Beckwourth, and Caldor fires) and the impact of soil/ash

characteristics. The mobile fraction of N ranged from 0.025–0.070 for the ashes, and the mobile fraction

of N was composed of 13.1–39.6% as NO3
−, up to 0.011% as NO2

−, 0.004–86.9% as NH3/NH4
+, and up

to 49.4% as dissolved organic N. The speciation indicates possible nitrification occurring during the

wildfires, but suggests no substantial denitrification. The mobile fraction of N was 11.3 ± 7.4 times that of

organic carbon (OC), due to the high mobility of inorganic N (mainly NO3
− and NH3/NH4

+) and

nitrogenous organic compounds. The mobile N fraction was associated with redox reactions of iron

during wildfires, and was regulated by the redox reactivity of OC. N mobility in the ashes was lower than

in control soils, potentially due to the transformation in the speciation of N. However, the total amount

of mobile N was increased by wildfire, with the amount of increase being closely related to the severity

of wildfires. Overall, wildfires lead to more mobile N, including both organic and inorganic N regulated

by redox reactions and severity of wildfires, with subsequent concerns for water quality and water/

wastewater treatment processes.
Environmental signicance

Wildres, with increased frequency and intensity, exert signicant impact on the biogeochemical cycles of nutritional elements, including nitrogen (N). No
comprehensive understanding is available for the impact of wildres on the mobility of N. Using the samples from wildres in the Sierra-Nevada region, this
study demonstrated that wildres increase the total mobile nitrogen, while the mobile fraction of N was lower in ashes compared to reference soils. The mobile
fraction of N was much higher than that of organic carbon. Wildre severity determined the relative increase in the total mobile N.
Introduction

Climate change is potentially increasing the frequency and
intensity of wildres.1–4 As temperature increases, conditions
conducive to wildres become more prevalent, particularly in
the western United States, where projections suggest that
increasing aridity and moisture decits will exacerbate wildre
occurrences.5 Wildres can signicantly alter the physico-
chemical properties of soils, which in turn affect the
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of Chemistry 2025
biogeochemical cycling of nutritional elements, including the
availability and mobilization of nitrogen (N).6

Following a wildre, incomplete combustion or pyrolysis of
plant and microbial biomass can contribute N to soils.7

Nitrogen can be leached into runoff during rainfall events,
potentially resulting in water quality issues such as
eutrophication.8–10 Wildres can also volatilize part of N in soils,
especially organic N, at temperatures above 200 °C, which
reduces the content of N in soils and its transport to aquatic
ecosystems.11 In addition, pyrolysis and other thermal reactions
occurring during wildre processes can alter the compositions
of N and their mobility. For example, mass spectrometry anal-
ysis and other characterization studies documented that wild-
res triggered Maillard condensation between glycine and
reduced sugars as well as the generation of pyrrolic, pyridinic,
and quaternary N.11–13 The decomposition of organic matter
Environ. Sci.: Processes Impacts
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during the transport of soil particles can release dissolved
organic nitrogen (DON).14 In addition to the changes in
concentration and mobility of N in soils, the altered hydro-
phobicity of soils aer a wildre can promote the transport of
particles and dissolved N.11,15,16 There are still limited data and
knowledge regarding the impact of wildres on the mobility
of N and the controlling biogeochemical processes and physi-
cochemical properties of ashes/soils.

Changes in N content, speciation, and mobility caused by
wildres are associated with microbial soil health. Immediate
changes inmicrobial populations caused by wildres can directly
inuence nutrient cycling processes, such as N xation, nitri-
cation, denitrication, and other reactions.17–19 Microbial trans-
formation of pyrogenic organic compounds can lead to the
production of cyclic N and compounds with more oxidized
functional groups and higher ratios of O/C and N/C, associated
with higher mobility.20,21 Recovery of the soil microbial commu-
nity following wildres is constrained by available critical nutri-
ents, including N, when N normally serves as a limiting factor for
the recovery and growth of the soil microbial community.11,22,23

Depending on the mobility of N, post-wildre processes may
elevate concentrations of N in water bodies, which can have
substantial implications for water quality, including eutrophica-
tion in downstream aquatic ecosystems.24,25 Wildre-derived
elevated N concentrations in aquatic ecosystems can promote
algal growth and disrupt aquatic ecosystems by creating imbal-
ances in nutrient availability.14,26 Eutrophication can threaten
sensitive species, lead to potential local extinction of vulnerable
organisms, and signicantly reduce biodiversity.23,27 High algal
biomass can create a dense surface layer that blocks sunlight
from reaching submerged plants, stunting their growth and
damaging essential habitat for various aquatic species.14 More-
over, excessive NO3

− together with associated changes in pH can
disrupt sh respiration, adversely affecting sensitive species.23

The possible rise in aquatic N concentrations due to wildre
events also creates operational challenges and necessitates
management adjustments for water and wastewater treatment
facilities.17,28–30 Elevated N levels may require adjusted treat-
ment, such as increasing coagulant doses, and extending resi-
dence times needed for effective treatment.29,31,32 These
adjustments may require expensive infrastructure upgrades and
increased operational costs. Furthermore, during chlorination,
the presence of nitrogenous organic matter can lead to the
formation of harmful disinfection by-products (DBPs).24,33,34

These N-containing DBPs (N-DBPs), such as chlorinated
amines, pose health risks to humans, including potential
carcinogenic effects.33,35 Water utilities may require enhanced
monitoring capabilities to respond to short-term spikes in N
levels, which are oen associated with storm events aer wild-
re or wildre-related runoff.36

Therefore, understanding the mobility and transport of N post
wildres is not only important for managing watershed functions,
but also for operating water/wastewater utilities. However, there
are still limited data regarding the mobility of N in wildre ashes
and controlling factors. This study aimed to investigate the
mobility of N in ashes and soils aer wildre events and inuences
of physicochemical properties of ashes and soils impacted by
Environ. Sci.: Processes Impacts
wildres. This series of studies collected samples from northern
Nevada/California wildre sites.37 We have (1) determined and
quantied the mobility of N and species (nitrate NO3

−, nitrite
NO2

−, ammonia NH3/ammonium NH4
+ and dissolved organic

nitrogen DON) in the mobile phase; and (2) analyzed the inu-
ences of ashes/soils characteristics on the mobility of N.

Materials and methods
Soil and ash sampling

Samples of ashes and underlying soils were collected from
locations affected by the Dixie (DF), Caldor (CF), and Beck-
wourth Complex wildres that burned across northern Cal-
ifornia and Nevada in 2021, within 2 weeks aer each individual
re. For sampling, BF stands for the overlap region of BF and
DF, BF2 represents the site in Beckwourth re (SI, Fig. S1 and
Table S1).38–40 Details about the sampling sites and the collec-
tion methods of soil and ashes can be found in our previous
report.37 In brief, according to BAER reports,38–40 all res were
medium-to-intense, and the burned area ranged from 105 670–
963 309 acres. Sampling focused on areas with uniform, high
burn severity, where ground fuels were fully consumed over 30
m2. Ash (0–5 cm) and soil (5–10 cm) samples were collected
from the burned areas, with unburned soils sampled from
nearby (∼10–30 m) locations of similar soil types. Samples were
stored at −18 °C aer collection and prepared for analysis by
freeze-drying, sieving (<200 mm), and removing stones and
roots. Additional sampling details, GPS coordinates, and site
photos are provided in prior studies15,37 and the SI.

Bulk nitrogen and other properties

Total nitrogen (TN) concentrations in both ash and soil were
measured with an elemental analyzer (Eurovector SPA, Milan,
Italy), calibrated against an acetanilide standard containing
10.37% nitrogen by weight (>98% purity, Sigma-Aldrich, St.
Louis, MO, USA). Physicochemical properties of ash and soils
measured mainly include specic surface area and X-ray
diffraction of minerals, as well as X-ray absorption spectros-
copy for Fe in samples, for which the details of the method and
results can be found in the rst paper in our series of studies for
OC mobility analysis.37 Key data are provided in SI, Table S2.

Experiment for N mobility determination

Nitrogen mobility was evaluated by adding 10 g (dry weight) of
ash or soil into 1 L of ultra-pure, double-deionized (DDI) water
(>18 MU cm). Following previous work,41 the mixtures were then
agitated horizontally for 7 days at 200 rpm, aer which the
liquid phase was separated using 0.25 mm glass ber lters and
subsequently tested for total nitrogen content and its various
chemical forms. Soil sample analysis was conducted in tripli-
cate for the mobility of N.

Measurement/analysis of NO3
−, NO2

−, NH4
+ and organic N

For the supernatant collected from the mobility assessment,
total dissolved nitrogen (TDN) was measured with a total OC/
nitrogen analyzer (Shimadzu TOC-L, Shimadzu Corporation,
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Total nitrogen content for ashes (-A), soils beneath ashes (-S),
and control soils (-C) collected from various wildfire locations. Site
abbreviations are as follows: BF (combined Dixie & Beckwourth fires),
DF (Dixie fire alone), CF (Caldor fire), and BF2 (Beckwourth fire alone).
Error bars denote standard deviations from three replicates, and
asterisks mark statistically significant differences compared to
respective control soils (p < 0.05).
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Japan). For dissolved N speciation, the samples were tested in
a Test 'N Tube (Hach Company, Loveland, Colorado, the United
States); Hach Test Method 10019, Method 10020, and Method
10023, were used for measurement of NO3

−, NO2
−, and NH3/

NH4
+.42 The dissolved organic nitrogen (DON) was calculated as

the difference between TDN and the sum of NO3
−, NO2

−

(neglected for the DON calculation due to its minimal level in
the samples), and NH3/NH4

+. As TDN and inorganic N were
analyzed using different methods, cross-checks and calibration
were conducted for the calculation of the DON (SI, Text S1).

The mobile fraction of N was calculated as the fraction of N
mobilized to the dissolved phase relative to the total amount
of N in particles (mg g−1):

Mobile fraction of N ¼
�
CNO2

þ CNO3
þ CNH3

þ CDON

�� V

bulk N

(1)

where CNO2
, CNO3

, CNH3
and CDON are concentrations of NO2

−,
NO3

−, NH3/NH4
+ and DON in the samples measured, as

detailed above. Bulk N represents the total amount of N in soil
particles subjected to the analysis.
Statistical analysis

Data analysis, including correlation tests and comparisons of
means, was carried out using IBM SPSS soware (IBM, SPSS
Inc.). A two-way ANOVA was employed to assess how the sample
type (ash, soil, and control) and site (BF, DF, CF, and BF2)
inuenced measured parameters such as the surface area and N
mobility. Tukey's Honest Signicant Difference (HSD) test was
then used for multiple comparisons to pinpoint signicant
differences among groups. Additionally, Pearson and Spearman
correlations were applied to explore associations between
different measured parameters.
Fig. 2 Fraction of nitrogen (N) mobilized into solution (A) and distri-
bution of N species (B), where DON refers to dissolved organic
nitrogen. Error bars show standard deviations from three replicates.
Asterisks denote statistically significant differences relative to control
samples (p < 0.05).
Results and discussion
Mobile fraction of N and species

Bulk N content ranged from 2.81 ± 1.49 to 5.15 ± 0.212 mg N
per g (average ± standard deviation) for ashes, which was
higher than the control soils’ N content ranging from 0.425 ±

0.050 to 1.28 ± 0.021 mg N per g. Content of N in soils under
ashes ranged from 0.973 ± 0.213 to 3.07 ± 2.63 mg N per g
(Fig. 1). Considering the measurement standard deviation, N
levels in ash samples from the DF, BF, and BF-2 locations
exceeded those of corresponding control soils (p < 0.05). Addi-
tionally, soils beneath ash at the CF site had notably elevated N
concentrations relative to control samples (p < 0.05).

Following a 7 day agitation period in DDI water, the fraction
of N released into solution varied from 0.0353 to 0.307, with ash
samples releasing signicantly less N compared to control soils
(p < 0.05, Fig. 2). Mobile fraction of N in ashes was reduced by
20.8, 72.5, 38.0, and 89.0% relative to the control soils, for the
BF, CF, DF, and BF-2 sites, respectively.

For all samples, the dissolved N mainly consisted of NO3
−

(13.0–73.7%), NH3/NH4
+ (1.3–86.8%), and DON (0–81.4%),

while the concentration of NO2
− was minimal (Fig. 2). Among
This journal is © The Royal Society of Chemistry 2025
the different compositions of mobile N, NO3
− ranged from

0.169–0.737 mg N per L, NH3/NH4
+ ranged from 0.004–

0.742 mg N per L, and DON ranged from non-detectable to
Environ. Sci.: Processes Impacts
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Fig. 3 Water-soluble content (mg g−1) of NO2
− (A), NO3

− (B), NH3/NH4
+ (C), dissolved organic nitrogen (DON) (D), and total dissolved nitrogen

(TDN) (E), presented for ash, underlying soil, and control samples. Error bars reflect standard deviations based on triplicate analyses. Asterisks
mark values significantly different from corresponding control soils (p < 0.05).
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0.815 mg N per L. NO3
− constituted a smaller proportion of

dissolved N in ash samples relative to control soils, in accor-
dance with the reduced N release observed from ashes.

Accounting for the bulk content of N, mobile fraction of N,
and species of N in the mobile phase, mobile N contains 0.041–
0.064 mg NO3

−-N per g, 0.001–0.367 mg NH3/NH4
+-N per g, and

up to 0.206 mg DON-N per g (Fig. 3). Overall, N mobilized into
solution ranged from 0.136 to 0.422 mg N per g for ash, 0.108 to
0.258 mg N per g for underlying soils, and 0.085 to 0.204 mg N
per g for control soils. Compared to control soils, ash samples
had signicantly elevated levels of water-soluble N, showing
relative enhancements of 107.0% at BF, 95.3% at DF, 59.6% at
CF, and 4.2% at BF-2.
Fig. 4 Correlation between the mobility of organic carbon (OC) and
nitrogen (N). The red dotted line represents the 1 : 1 ratio. Symbols
below this line indicate higher mobile fraction of N than OC.
Comparison with organic carbon

As part of a series of studies on the inuences of wildres, data
and details about the mobility of OC and the physicochemical
properties of ashes and soils as well as relevant discussion are
available in a previous manuscript.37 Key data are also available
in the SI (Table S2).

For all samples, there was a weak correlation between the
mobility of OC and the mobility of N (r = 0.468, p = 0.063,
Fig. 4), as most of the samples fell below the line of the 1 : 1 ratio
(red dotted line) indicating the higher mobility of N than C. The
mobile fraction of N for all samples was 11.3 ± 7.4 times that of
the mobile fraction of OC, while the mobile fraction of N in
ashes was 7.8 ± 6.7 times that of the mobile fraction of OC.
These results demonstrated that the mobile fraction of N was
much higher than the mobile fraction of OC. Inorganic N
(NO3

−/NO2
−/NH3/NH4

+) was normally preserved in minerals
and inorganic compounds with high solubility. Nitrogenous OC
was more polar than non-nitrogenous OC, and it is easier to
mobilize. Wildres transformed amino acids/amides to pyrrolic
and pyridine N through reactions including Maillard
Environ. Sci.: Processes Impacts
condensation, when the re temperature and burn severity
increased.12 Although there was no record for the temperature
of the studied Dixie, Beckwourth, and Caldor res, the color of
the collected ash (dark grey to black) and soil (brown) samples
indicates that the temperature might range from 400–600 °C
(Fig. S2), based on reported relationships between temperature
and ash/soil color.43 Controlled burning of soil showed that
nitrogenous soil organic compounds increased when the soils
were heated at temperature <250 °C, and the overall C/N ratio in
the soil organic molecules decreased with the temperature as
high as 450 °C.11 Our results imply the possible generation of
more nitrogenous OC during the wildres studied in this work.
Impact of soil/ash characteristics on N mobility

Surface area is an important physical property of ashes and soils
impacting the mobility of nutrient elements.44,45 Wildres affect
This journal is © The Royal Society of Chemistry 2025
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the surface area of soil particles through thermal expansion,
thermal geochemical reactions affecting the aggregations of
particles, and possible destruction of particle aggregates,
although there are still inconsistent observations reported in
the literature.46 In general, a higher surface area can promote
the release of nutrient elements, including N, but there was no
signicant correlation between the surface area of the samples
(SI, Table S2) and the mobile fraction of N analyzed in this study
(Pearson correlation coefficient r = −0.053, p = 0.435) (SI,
Fig. S3). These analyses suggest that the mobile fraction of N in
these wildre-impacted samples was not controlled by the
surface area, but instead by other biogeochemical properties of
soils.
Fig. 5 Correlation between the relative percentage of increase for the
mobile/water extractable N in ashes compared to control soils with the
percentage of the high severity burning area.
Redox controls

Thermal redox reactions may catalyze the change in N species
and transform N to be associated more with amorphous
minerals, with higher mobility. The oxidation state of Fe was
measured by X-ray absorption near edge structure (XANES)
spectroscopy, and determined by linear combination tting,
which were detailed in our previous report.37 For BF samples
analyzed, the fraction of Fe(II)/(Fe(II) + Fe(III)) was 0.65 for ash,
0.10 for underlying soil, and 0.57 for control soils37 (SI, Table
S1). For BF samples (with limited number of samples noted),
there was a signicant positive correlation between the fraction
of Fe(II) in total Fe and fraction of NH3

−/NH4
+ in dissolved N (r=

0.997, p = 0.024) and a negative correlation with DON concen-
tration (r=−0.991, p= 0.043) (SI, Fig. S2). This indicates the co-
occurrence of thermal oxidation of Fe(II) and nitrication. Re-
ported work also suggests that the redox reactions of Fe can be
coupled to that for N;47–49 the critical reactions include where
Fe(III) acts as an electron acceptor for nitrication (eqn (2)) and
where Fe(II) acts as an electron donor for the denitrication (eqn
(3)).

8Fe(OH)3 + 14H+ + NH4
+ / 8Fe2+ + 21H2O + NO3

− (2)

2NO3
− + 10Fe2+ + 24H2O / 10Fe(OH)3 + N2 + 18H+ (3)

If the direct nitrication by Fe(III) was the dominating
process, there would be a strong negative correlation between
Fe(II) and NH3

−/NH4
+, which contradicts our observation. For

the BF site, thermal oxidation of Fe(II) may just co-occur with
nitrication (with O2 as the electron acceptor), both driven by
same environmental conditions or properties (burning severity
or temperature). The importance of redox reactions in the N
transformation and mobilization was supported by the positive
correlation between the mobile fraction of N and the redox
fraction of OC in the mobile OC (r = 0.590, p = 0.022) (SI,
Fig. S2). Redox-reactive OC has been reported to promote the
redox reactions of Fe, as an electron shuttle reaction and
accelerate the release of OC as a result of weakened associations
between OC and Fe minerals.50,51 Transformation of the DON
was even more complicated, including possible condensation
and pyrolysis, for which the relationship with Fe requires more
studies. While the identication of specic wildre-driven
This journal is © The Royal Society of Chemistry 2025
reactions for Fe and N is out of scope for this work, the
current results warrant more investigations.
Implications for watershed functions

Wildres increased the total mobile/water extractable N
compared to the control soils. The total mobile/water
extractable N in ashes was higher by 4.2–107.0% relative to
control soils (Fig. 3), mainly because of high bulk N content.
When the mobile fraction of N relative to total N in ashes was
lower than in control soils, bulk N content was higher as a result
of the contribution of incompletely burned and pyrolyzed N-
enriched biomass residue. The total mobile N in underlying
soils was higher than in control soils except for the BF site,
when the impact of the wildre on soil under ash is a mixture of
incompletely burned/pyrolyzed biomass and heated surface
mineral soils. The higher total water-soluble N implies more N
can be washed off from ashes compared to control soils upon
storm events. For the sampling sites, except BF, as a mixture/
overlap of Beckwourth and Dixie re, the burning severity
data were available for the site of DF, CF and BF2 with the
percentage of high severity of 25%, 13% and 3%, respec-
tively.39,40,52 For the limited number of sites in this study, there
was a strong correlation between the percentage of high severity
burning and relative increase in the total mobile/extractable N
for ashes (r= 0.918, p= 0.014; Spearman correlation coefficient
= 1, p = 0.01), while the relationship was not signicant for the
soils under ashes (Fig. 5). Our results demonstrated that the
severity of burning controlled the impact on the total mobile N,
consistent with previous reports.31,53,54 Reliable evaluation for
the impact of re severity on N mobility requests further
investigation, given the limited number of sampling sites in this
work.

Both organic and inorganic N were mobilized by wildres.
For BF, DF, and CF, the mobile N was dominated by
inorganic N, i.e., NO3

− and NH3/NH4
+; whereas for BF2 it is

mainly DON and NO3
−. Inorganic N can be directly used by

aquatic plants as a driver for eutrophication, whereas the DON
needs to be mineralized rst before it can be utilized.55 The
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enhanced NO3
− and NH3/NH4

+ in the mobile phase can
potentially cause issues of algal bloom, especially for the water
bodies of Tahoe lake with very low background N, as the runoff
from the Caldor res can directly contribute to the Tahoe lake
water bodies. In addition, NO3

− mobilized by wildres has
immediate toxicity and can make the water unpotable if its
concentration exceeds 20 mg L−1. Last but not least, DONmight
contribute to disinfection byproducts signicantly. Previous
work showed that unique disinfection byproduct precursors can
be generated from wildres.24,56,57 The molecular characteriza-
tion of DON and its reactivity are among our current and next-
step investigation.
Conclusion

The dynamics of post-wildre N mobilization into water
systems are shaped by complex interactions among wildre
properties (burning severity and others), N species/reactions,
and soil biogeochemistry. Our analysis uncovered that N had
a much higher mobile fraction (0.030–0.307) than the mobile
fraction of OC. The mobile N was dominated by NO3

−, NH3/
NH4

+, and DON, whereas NO2
− is minimal indicating negligible

denitrication reactions in these sites impacted by wildre. The
mobile fraction of N and its speciation were closely associated
with redox reactivity of OC as well as redox reactions of Fe.
Wildres increased the total amount of mobile N in all ashes
and most of the soils under ashes compared to control soils,
and the percentage increase for ashes is linked to the severity of
wildres. Such observations, given the limited sites studied in
this work, warrant further investigation on the impact of wild-
re severity on the N mobility. Mobilization and transport of
more inorganic and organic N catalyzed by wildres can lead to
concerns for the water quality and water/wastewater treatment
processes.
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