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Long-term fire effects on soil and vegetation nitrogen cycling: 
potential links to persistent stream nitrate export 
Allison E. RheaA,* , Timothy P. CovinoB and Charles C. RhoadesC

ABSTRACT 

Background. Soil and stream nitrate (NO )3 concentrations often increase after severe fire from
elevated nitrogen (N) mineralization and reduced plant uptake. However, it is unclear how long 
these effects persist and contribute to stream N export. Aims. We examined the contribution of 
soil N supply and vegetation N demand to 19-fold higher stream NO3 export that has persisted 
since the 2002 Hayman Fire in Colorado, USA. Methods. We compared soil N pools, inorganic N 
production, subsurface (0–100 cm) NO3 concentrations, vegetation cover, productivity and N 
demand 17 years post-fire. We sampled along burned and unburned hillslopes to evaluate 
whether near-stream vegetation and soils attenuated N loss during downslope transport. Key 
results. Mineral soil, leachate and groundwater NO3 concentrations were higher in burned than 
unburned hillslopes, despite similar mineralization rates. Burned uplands showed 62% lower 
productivity and 28% lower N demand relative to unburned forests. Riparian recovery exceeded 
uplands but remained incomplete relative to unburned conditions. Burned uplands acted as N 
sources, with slight reductions in soil NO3 in downslope riparian soils. Conclusions. Sustained 
NO3 export was driven by reduced vegetation N demand and subsurface transport, not increased 
mineralization. Implications. Revegetation of severely burned uplands and riparian zones may 
enhance long-term N retention.  

Keywords: hillslope, hydrologic connectivity, nitrogen cycling, revegetation, riparian, topography, 
upland, wildfire. 

Introduction 

Terrestrial ecosystems are often limited by nitrogen (N), which is retained within 
undisturbed vegetation and soils (Chapin et al. 2011). Wildfires combust vegetation 
and surface organic matter, reduce biotic demand and can stimulate soil N mineralization 
and N-fixation (Hart et al. 2005; Johnson et al. 2005; Hanan et al. 2016b). Following 
severe wildfires, N-rich particulate materials such as ash, organic matter and mineral soil 
are mobilized by surface runoff (Lane et al. 2008; Pierson et al. 2019) and soluble nitrate 
(NO3) may be transported along subsurface flowpaths (Murphy et al. 2006; Bladon et al. 
2008). Elevated post-fire stream N can last years to decades and has been documented 
across western North America (Smith et al. 2011; Rust et al. 2018). Yet, most studies 
focus on short-term post-fire responses, creating uncertainty about which mechanisms 
maintain elevated watershed N export over longer time scales (e.g. >10 years). 

Wildfires commonly stimulate mineralization of organic soil N, though the duration 
of this response is uncertain. Organic matter pyrolysis can result in accumulation of 
ammonium (NH )4

+ in mineral soils (Covington and Sackett 1992; Wan et al. 2001). This, 
coupled with favorable soil temperature, moisture and pH promote the production of 
NO3 (e.g. nitrification), a mobile form of inorganic N susceptible to leaching (Bauhus 
et al. 1993; Hanan et al. 2016b). Short-term (<5 years) post-fire increases in soil N 
mineralization and inorganic N are well documented (Wan et al. 2001; Dove et al. 2020), 
though nitrification can remain elevated for decades in some systems, such as the Arizona 
ponderosa pine forests in the USA (Kurth et al. 2014). 
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Rapid post-fire vegetation regrowth and nutrient uptake 
are known to mitigate N losses to streams (Turner et al. 
2009; Dunnette et al. 2014). However, high severity wild
fire, combined with increasingly hot and dry post-fire 
conditions, has contributed to widespread declines in tree 
regeneration across western North America (Stevens-Rumann 
et al. 2018; Davis et al. 2019). This sparse regeneration 
suggests that recovery to pre-fire forest structure may take 
centuries (Chambers et al. 2016; Rother and Veblen 2016;  
Rhoades et al. 2025b), potentially prolonging suppressed 
vegetation N demand. 

N cycling varies along topographic gradients due to inter
acting effects of soil, hydrology and vegetation. Following 
forest disturbance, upland soils often become sources of 
NO3 , which leaches downslope to lower landscape positions 
and streams (Vitousek and Melillo 1979). In the Hayman 
fire scar, stream NO3 concentrations were highest below 
severely burned, convergent hillslopes (Rhea et al. 2022). 
This pattern is consistent with the role of topographic con
vergence in concentrating runoff and nutrients (McClain 
et al. 2003). In contrast, riparian zones often function as 
nutrient sinks that retain and transform upslope N inputs 
before they reach streams. Fine-textured soils, high moisture 
and abundant organic matter in these zones support vegetation 
uptake and promote microbial processes like denitrification, 
especially under saturated conditions (Lowrance et al. 1995;  
Dosskey et al. 2010). Similar to well-studied agroecosystems 
(Vidon and Hill 2004), riparian vegetation and soil microbes 
have been shown to retain over half of upland N losses follow
ing severe beetle outbreaks and salvage logging (Biederman 
et al. 2016; Rhoades 2018). Although wildfires often extend 
into riparian areas, sprouting shrubs and fire-resilient tree 
species often enable relatively rapid post-fire recovery (Dwire 
and Kauffman 2003). Understanding how riparian zones con
tribute to N retention is essential for predicting long-term 
nutrient transport in post-fire landscapes. 

The 2002 Hayman Fire (Colorado, USA), offers a unique 
opportunity to investigate long-term N dynamics in water
sheds where nearly two decades of water chemistry mon
itoring has shown persistent elevated stream N (Rhoades 
et al. 2011, 2019) and scarce post-fire tree regeneration 
(Chambers et al. 2016). More than a decade after the fire, 
NO3 export was 19-times higher in burned catchments, indi
cating substantially reduced watershed N retention (Rhoades 
et al. 2019). Based on these patterns, we hypothesized that 
elevated soil N mineralization and/or reduced vegetation N 
uptake drive the sustained post-fire N export. To test this, we 
sampled along burned and unburned hillslopes, extending 
from uplands to near-stream riparian zones, to assess how N 
availability changes with proximity to streams and whether 
near-stream soils and vegetation retain excess post-fire N. 
These findings advance understanding of long-term biogeo
chemical responses in severely burned watersheds and may 
inform post-fire revegetation strategies aimed at improving 
watershed health and surface water quality. 

Methods 

Site description 

The 2002 Hayman Fire burned 550 km2 of the Upper South 
Platte watershed, the primary drinking water supply to 
the nearby Denver metropolitan area. The study area fell 
within the lower montane zone of Pike National Forest 
which is dominated by ponderosa pine (Pinus ponderosa) 
and Douglas-fir (Pseudotsuga menziesii) (Kaufmann et al. 
2000). About 65% of the fire burned at moderate to high 
severity and post-fire conifer regeneration density has been 
low in areas >50 m from live forest edges (Chambers et al. 
2016). The fire increased understory plant richness and 
cover in uplands, driven by an increase in short-lived forbs 
(Fornwalt and Kaufmann 2014). Bromus spp., Poa spp., Rosa 
woodsii, Rubus idaeus, Geranium spp. and Verbascum thap
sus dominated the understory at the time of our study. 

All our study watersheds have a granitic lithology, under
lain by Pike’s Peak batholith (Ruleman et al. 2011). The 
batholith consists of medium to coarse-grained biotite and 
hornblende-biotite granite that weathers into coarse, sandy 
loam soils (i.e. Ustorthents and Cryorthents) (Moore 1992). 
Coarse fragments comprise 30% of the soil volume. At the 
time of our study, average pH was 6.3 in burned and 6.0 in 
unburned mineral soils. 

On average, these study sites receive 280 mm of precipi
tation from snow and summer monsoonal rain each year 
(WRCC 2021) (Cheesman RAWS station, site ID: 053102, 
1987–2022). The 2019 water year, when our sampling was 
conducted, was 60% drier than the historical average, with only 
167 mm of precipitation (WRCC 2021). Stream discharge peaked 
in May during snowmelt though there were smaller rainfall-driven 
peaks throughout the late summer season (Supplementary 
Fig. S1). Atmospheric N deposition at our study sites was 
assumed to be relatively low (2.5–2.8 kg N/ha.year) based on 
elevation zones defined by Heindel et al. (2022). Higher dep
osition rates (4.4–4.7 kg N/ha.year) can occur at lower eleva
tions (<1800 m) associated with major urban and agricultural 
areas along the Front Range of Colorado, highlighting the 
potential for spatial variability across the region (Heindel 
et al. 2022). 

We measured several ecosystem N pools and fluxes at 
burned and unburned sites throughout the Hayman Fire 
(Fig. 1a). We focused on watersheds with extensive high 
severity fire, including sites where Rhoades et al. (2019) 
reported 19-fold higher mean annual NO3 export compared 
to nearby unburned streams (0.56 vs 0.03 kg N/ha.year). 
Importantly, pre-fire NO3 concentrations were similar 
across burned and unburned watersheds and between gra
nitic and mixed lithology basins (Rhoades et al. 2011), 
strengthening the attribution of post-fire differences to fire 
effects rather than background variability. Export estimates 
were based on systematic water chemistry sampling that does 
not capture individual storm events. While storm-driven 
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nutrient pulses (Rhoades et al. 2025a) and transient soil 
water repellency (Moody and Ebel 2012; Hallema et al. 2017;  
Williams et al. 2022) can enhance nutrient export after fire, 
these effects typically persist for less than 6 years (Debano 
2000; Moody and Martin 2001; Williams et al. 2022). In 
contrast, our study evaluated patterns nearly two decades 
post-fire. Vegetation loss can alter hydrology over longer 
timescales, but these effects are often complex. For example, 
streamflow might increase from reduced evapotranspiration 
or streamflow could decrease due to reduced snow accumu
lation (Bart and Tague 2017; Kampf et al. 2022; McGrath 
et al. 2023). While such hydrologic changes may influence 
nutrient transport, this study focuses on the biogeochemical 
processes that sustain elevated NO3 export nearly two dec
ades after fire. 

In the spring of 2019, we established 68 sampling sites 
that were distributed along hillslopes spanning from 
uplands to near-stream riparian zones (Fig. 1b). Sampling 
was organized into two networks: near-stream and upland. 
Near-stream networks (Fig. 1a, circles) consisted of three 
discrete topographic positions within 10 m of the stream 
bank: (1) riparian – flat terrain within 1 m of the stream; (2) 
toeslope – the slope break between the riparian zone and 
hillslope; and (3) midslope – on the lower hillslope but still 
within 10 m of the stream. Each watershed included sites on 
both left and right banks, resulting in two riparian, two 
toeslope and two midslope sites per watershed. Across 
four burned and four unburned watersheds, this design 
produced 48 near-stream sites. Upland transects (Fig. 1a, 
triangles) were independent of stream proximity and 
spanned fire severity ecotones. Each of the 10 upland tran
sects included one unburned and one severely burned site 

approximately 500 m apart, totaling 20 upland sites. 
Together, the 48 near-stream and 20 upland sites allowed 
us to compare burned and unburned conditions across a 
continuum of topographic positions. These positions were 
selected to capture gradients in soil properties and vegeta
tion composition that influence terrestrial N transport to 
streams (Fig. 1b). Wildfire severity was high to moderate 
(Eidenshink et al. 2009) at all burned sites though the extent 
and severity of fire in the upstream contributing areas varied 
(Rhea et al. 2022). 

Field sampling and laboratory analyses 

We measured total carbon (C) and N in the organic (O) and 
upper mineral soil (A) horizons to assess the lasting impacts 
of fire on soil C and N pools and as an index of post-fire 
substrate quality. The O horizon (i.e. litter + duff) was 
sampled from 0.1 m2 quadrats, except in burned upland 
sites where there was no O horizon to sample. At each 
site, three mineral soil field replicates were collected within 
~5 lateral meters from center using a bulb corer (11 cm 
depth, 7 cm diameter). Soil from each core was passed through 
a 2 mm sieve to remove coarse fragments. Laboratory analyses 
were conducted separately on each field replicate and results 
were then averaged to represent soil conditions for that site 
(e.g. one average of three field replicates for the riparian 
position on stream right in Brush watershed). Sub-samples 
from each horizon were dried for 24 h (at 105°C for A horizon, 
65°C for O horizon), ground on a roller, and analyzed for total 
soil C and N by combustion reduction and infrared detection 
(CN 802, Velp Scientifica, Deer Park, NY). C and N stocks were 
calculated for the O and A horizons using total C and N 

Unburned upland

Burned upland
Unburned near
stream

Burned near stream
Contributing area
USFS land

Weather station

Cheesman Reservoir

South Platte River

Burn severity
High
Moderate
Low
Unburned

10 km

Riparian

Toeslope

Water table

Midslope

Upland

N
H

yporheic zone

(a) (b)

Fig. 1. (a) Sampling locations in watersheds 
within and adjacent to the 2002 Hayman fire, 
Colorado, USA. Triangles mark upland sites 
(n = 20). Circles mark near-stream networks, 
each of which contained six sites (i.e. riparian, 
toeslope and midslope on both stream banks), 
shown here as single points due to their close 
proximity. Burned sites are orange and unburned 
sites are blue. The Cheesman weather station is 
denoted by a black square ( WRCC 2021). (b) 
Conceptual diagram of the four topographic 
positions along a hillslope used to structure 
site placement and represent landscape transi
tions from riparian to upland environments. 
USFS, United States Forest Service.   
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content, bulk density and sampling depth. Bulk density sam
ples were collected with steel bulk density rings (7 cm depth, 
8 cm diameter) driven into undisturbed mineral soils. Samples 
were oven-dried at 105°C for 24 h, and bulk density was 
calculated as dry mass divided by corer volume (g/cm3). 

We measured concentrations and microbially mediated 
production rates of plant-available N forms (NO3 and NH4

+) 
in burned and unburned mineral soils. Again, three mineral 
soil field replicates were collected with a bulb corer (11 cm 
depth, 7 cm diameter) at each topographic position and stored 
on ice until processing. Fresh soils were passed through a 
2 mm mesh sieve, and a 20 g subsample was extracted with 
100 mL of 2 M potassium chloride (KCl), shaken for 60 min, 
filtered and analyzed for NO3 and NH4

+ using spectroscopy 
(Lachat QuikChem AutoAnalyzer FIA + 800 Series, Loveland, 
CO). A 10 g subsample was oven dried at 105°C for 24 h to 
calculate gravimetric moisture content. A 50 g sub-sample was 
placed in a loosely capped plastic cup and incubated for 
14 days at 20°C (Binkley and Hart 1989). Incubating samples 
were rewetted with deionized (DI) water periodically to main
tain a moisture content of approximately 60% of field capacity. 
Field capacity was determined by saturating soil samples on a 
funnel, allowing them to drain under gravity for 24 h at room 
temperature and weighing the moisture retained after free 
drainage. After 14 days, subsamples of the incubated soils 
were extracted and analyzed as described above. Net mineral
ization was calculated as the difference in the sum of NO3 and 
NH4

+ in initial and incubated soils and net nitrification as the 
change in NO3 (Hart et al. 1994). Negative mineralization 
rates indicate that soil microbes often immobilize all mineral
ized inorganic N. 

We used in situ ion exchange resins (IER) to measure the 
amount of NO3 and NH4

+ percolating within the top 5 cm of 
mineral soil (Binkley and Matson 1983). Two IER bags were 
installed at each of the three field replicate locations at each 
site (Fig. 1b). We deployed IER bags from May 2019 to 
October 2019 and October 2019 to May 2020 to characterize 
movement associated with summer rains and spring snowmelt, 
respectively. At the end of each deployment period, we 
extracted resins with 100 mL of 2 M KCl, shook samples for 
60 min, filtered and analyzed the samples for NO3 and 
NH4

+ concentrations as described above. In four of the 
eight watersheds, we also sampled root-zone soil water using 
30 cm porous cup, tension lysimeters (Soil Moisture Corp, 
Goleta, CA). In each watershed, three lysimeters were installed 
at both riparian and toeslope positions and one lysimeter 
at each midslope position on both stream left and right. All 
lysimeters were located within 10 m of the stream. Lysimeters 
were not installed in the upland sites since shallow soil water 
was absent. In total, 56 lysimeters were spread across two 
burned and two unburned watersheds. We sampled leachate 
chemistry with a hand pump twice in May and monthly from 
June to September, as soil water availability permitted. The 
hand pump was purged with DI water and a sample rinse 
before each sample collection. 

While post-fire stream water responses are well documen
ted (Smith et al. 2011; Rust et al. 2018), the impacts on 
shallow groundwater remain less studied, despite their rele
vance for baseflow water chemistry and long-term nutrient 
retention. Only a few studies (e.g. Mansilha et al. 2020) have 
explored post-fire groundwater dynamics, underscoring the 
novelty of our multi-depth groundwater observations. We 
measured both sub-surface and surface water chemistry in 
two burned and two unburned watersheds, 1–2 times per 
month. The specific stream sampling locations were selected 
to isolate severely burned or unburned contributing area and 
do not necessarily correspond to the tributary outlets. We 
instrumented each watershed with two shallow groundwater 
wells, and two in-channel nested piezometers. The ground
water wells were installed on both sides of the stream to a 
100 cm depth. Nested piezometers were installed at 40 and 
80 cm depths in the center of the stream channel. Sub-surface 
water was sampled from wells and piezometers using a peri
staltic pump purged with DI water and a sample rinse before 
each sample collection. Grab samples were also collected from 
the stream during each site visit. 

All water samples from lysimeters, wells, piezometers and 
streams were stored on ice in acid-washed high-density poly
ethylene (HDPE) plastic bottles and filtered through 0.45 µm 
filters (Millipore Durapore PVDF, Billerica, MA). NO3 and 
NH4

+ concentrations were measured with ion chromatography 
(Dionex Corp., Sunnyvale, CA). Detection limits were 0.01 mg/L 
for both NO3 and NH4

+. Sub-detection limit concentrations 
were replaced by one-half the detection limit concentration 
(0.005 mg/L). 

We recorded water levels every 15 min throughout the 
summer using TruTrack capacitance rods (Intech Instruments 
Ltd. New Zealand) installed in all streams, wells and piezo
meters. Water level data were averaged by day and converted 
to station-specific z scores for comparison between stations. In 
addition, manual water level measurements were recorded 
biweekly to validate continuously recorded water levels. 

Substrate and vegetative cover were measured within 
1 m2 quadrats located upstream of the middle transect at 
each landscape position (Fig. 1b). The percent cover of bare 
mineral soil was visually estimated, and vegetation was 
differentiated into forb, graminoid and shrub functional 
groups. We also recorded the tree species and whether 
each tree was alive or dead in a variable radius plot using 
a basal area gauge with a factor of 10. 

Estimating vegetation productivity and N demand 

We extracted remotely sensed estimates of terrestrial net 
primary productivity (NPP) from 1986 to 2021 for the 30-m 
pixel nearest to each field site using Google Earth Engine. 
These NPP estimates were partitioned by functional type 
(e.g. tree, shrub, herbaceous) based on the following proce
dure. The Rangeland Analysis Platform’s fractional cover esti
mates by plant functional type (Jones et al. 2018; Allred et al. 
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2021) were used to disaggregate 30-m mixed pixel normalized 
difference vegetation index (NDVI) (Landsat) to functional 
type NDVI. Functional type NDVI was then integrated into 
the MOD17 net primary productivity model (Running et al. 
2004) that was adapted to Landsat (Robinson et al. 2018) to 
estimate NPP by trees, shrubs and herbaceous functional types 
weighted by their fractional cover in each 30-m pixel 
(Robinson et al. 2019; Jones et al. 2021). 

We linked post-fire changes in productivity to nutrient 
acquisition using nutrient use efficiency (NUE), which 
reflects how effectively vegetation converts N into biomass.  
Kaye et al. (2005) calculated functional group-specific NUEs 
by measuring biomass production and nutrient concentra
tions across fire and harvesting treatments with differing 
overstory and understory conditions. To estimate vegetation 
N uptake, we divided tree NPP fractions by ponderosa pine 
NUEs (106–107 kg C/kg N) and divided shrub and herba
ceous NPP by herbaceous NUEs (51–52 kg C/kg N) (Kaye 
et al. 2005). Trees, that dominate unburned sites, were 
about twice as efficient at converting N into biomass com
pared to herbaceous vegetation, which dominate burned 
sites. This pattern aligns with the broader understanding 
that conifers are N-conservative, cycling available N tightly, 
whereas herbaceous species are more N-extravagant and 
contribute to more leaky N cycling (Chapman et al. 2006). 

Statistical analyses 

At each topographic position, three replicate mineral soil 
samples were collected for KCl-extractions and N mineral
ization incubations and six replicate IER bags were installed 
in 2019. After outlier removal, field replicates were aver
aged by topographic position within each site. We used the 
Shapiro test to assess data normality and used non- 
parametric statistics for all non-normal data. We first ran 
analysis of variances (ANOVAs) to test for interaction effects 
between burn condition (e.g. burned or unburned) and 
topographic position (e.g. riparian, toeslope, midslope or 
upland). Then, we used the Wilcoxon rank sum test to 
compare soil and water chemistry and vegetation between 
burned and unburned sites within each topographic posi
tion. Finally, we evaluated differences among the topo
graphic positions in burned and unburned landscapes 
using Kruskal Wallis test. All statistical analyses were con
ducted in R (R Development Core Team) and significance 
was determined at the α = 0.1 level. 

Results 

Soil N pools and transformations 

At the time of our sampling 17 years post-fire, there was no 
O horizon in the severely burned uplands, and the O horizon 
was less than half as thick in burned compared to unburned 

near-stream sites (1.2 vs 3 cm). When averaged across topo
graphic positions, total N and C concentrations in burned O 
horizons were roughly 25% of that in unburned O horizons 
but did not differ significantly in the A horizons (Table 1). 
Due to lower concentrations and depths, O horizon C and N 
stocks were 76 and 79% lower, respectively in burned com
pared to unburned sites when averaged across topographic 
positions, with up to 100% reductions in uplands that domi
nate the burn scar (Table 1). In contrast, C and N stocks in 
the top 10 cm of the A horizon were similar across burned 
and unburned sites (Table 1). When averaged across topo
graphic positions, total (O + A) stocks were 12,363 kg C/ha 
and 327 kg N/ha lower in burned sites, with O horizons 
accounting for 72% of C and 91% of N differences (Table 1). 
C:N ratios were similar in burned and unburned soils, with 
an average of 28 in the O and 22 in the A horizon. C and 
N concentrations were generally an order of magnitude 
greater in O than A horizons, but C and N stocks were 
much lower in O compared to A horizons due to their 
lower bulk density. 

Extractable NO3 was significantly higher in burned com
pared to unburned mineral soils, with the greatest differ
ences observed in midslope positions (16.0 vs 4.2 mg/kg;  
Table 2). Conversely, extractable NH4

+ was significantly 
lower in burned than unburned mineral soils, especially in 
toeslope positions (0.9 vs 1.7 mg/kg; Table 2). On average, 
NO3–N comprised a greater proportion of extractable N in 
burned (66%) compared to unburned (38%) mineral soils. 

Lysimeter sampling during spring snowmelt demonstrated 
that NO3 concentrations in the top 30 cm of soil solution were 
3.6 times higher in burned (0.61 mg/L) than unburned 
(0.17 mg/L) sites (Supplementary Fig. S2). Concurrently, IER 
NO3 , the mobile N anion, was also significantly higher in 
burned than unburned midslopes, with NO3–N being 2.5 
times more abundant than NH4

+–N (Fig. 2). IER NH4
+ was 

consistently greater in burned soils, particularly during snow
melt (Fig. 2b). In burned watersheds, IER–NO3 declined in the 
downslope direction from midslope to riparian positions, espe
cially during snowmelt. During the drier summer monsoon 
season (June–September), lysimeter NO3 concentrations 
declined to 0.53 mg/L in burned sites and increased to 
0.24 mg/L in unburned sites. 

Net N mineralization and nitrification rates were consis
tently lower in burned compared to unburned mineral soils, 
but burn effect was only statistically significant in midslopes 
or when averaged across topographic positions due to high 
variability (Table 2). Negative net mineralization rates were 
frequently observed, particularly in burned sites. However, 
in samples with positive net mineralization, nitrification 
accounted for two-thirds of total mineralized inorganic N. 

Sub-surface and stream N 

In near-stream zones, shallow groundwater (i.e. 40–100 cm 
wells and piezometers) NO3 concentrations were significantly 
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Table 1. Total nitrogen (N) and carbon (C) concentrations (%) and stocks (kg/ha) in organic (O) and upper mineral soil (A) horizons (0−10 cm).                  

Concentration (%) Stocks (kg/ha) 

Riparian Toeslope Midslope Upland Average Riparian Toeslope Midslope Upland Average   

Total N 

O horizon 
Unburned 0.99 0.95* 1.09** 1.02 1.01** 261 389** 553** 377** 394** 

Burned 0.82 0.76* 0.71** – 0.77** 225 143** 38** 0** 96** 

A horizon 
Unburned 0.13 0.15 0.16 0.12 0.14 1,252 1,429 1,562 1,541 1,458 

Burned 0.16 0.14 0.10 0.12 0.13 1,617 1,481 1,194 1,426 1,429 

Total Unburned      1,513 1,818 2,115** 1,918 1,852* 

O + A Burned      1,842 1,624 1,232** 1,426 1,525* 

Total C 

O horizon 
Unburned 26 30 35** 25 29** 7,783 11,598** 17,155** 9,062** 11,262** 

Burned 19 24 20** – 21** 4,585 4,213** 1,032** 0** 2,313** 

A horizon 
Unburned 3.0 4.0 3.6 2.4 3.2 28,053 38,894 35,517 29,349 32,883 

Burned 3.1 3.5 2.0 2.2 2.7 32,272 35,742 25,103 25,703 29,469 

Total Unburned      35,836 50,492 52,672** 38,411* 44,145** 

O + A Burned      36,857 39,955 26,135** 25,703* 31,782** 

68 samples were averaged within and across topographic positions. There was no O horizon to sample in burned uplands. Asterisks denote significant differences between burned and unburned soils within 
each topographic position and soil layer (*P < 0.1 and **P < 0.05).  
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Table 2. Soil extractable nitrate (NO3 ) and ammonium (NH4
+ ) pools (mg/kg) from the top 10 cm of burned and unburned mineral soils.         

Pools and processing rates Fire effect A horizon 

Riparian Toeslope Midslope Upland Average   

Extractable NO3 (mg/kg) 
Unburned 3.1 3.3 4.2** 1.2 2.8** 

Burned 2.6 9.5 16.0** 1.3 7.0** 

Extractable NH4
+ (mg/kg) 

Unburned 1.0 1.7* 1.1 1.6 1.3* 

Burned 1.2 0.9* 0.7 1.3 1.1* 

Net mineralization (kg N/ha.day) 
Unburned 0.05 0.10 0.09 0.03 0.06** 

Burned −0.02 −0.03 −0.08 0.02 −0.02** 

Net nitrification (kg N/ha.day) 
Unburned 0.04 0.10 0.10* 0.09 0.08* 

Burned 0.02 0.00 −0.06* 0.07 0.01* 

Net nitrogen (N) mineralization and net nitrification rates (kg N/ha.day) from 14-day aerobic laboratory incubations of mineral soils (0–10 cm). Negative 
transformations indicate that microbial uptake (e.g. immobilization) exceeds the production of inorganic N. 68 samples were averaged by topographic position 
and fire effect for this summary table. Asterisks denote significant differences between burned and unburned soils within each topographic position and soil layer 
(*P < 0.1 and **P < 0.05).  
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Fig. 2. Ion exchange resin (IER) (a) nitrate (NO3 ) and (b) ammonium (NH4
+ ) accumulation rates separated by 

summer monsoon and spring snowmelt seasons. This represents plant-available inorganic nitrogen (N) in the 
top 5 cm of mineral soil. Upslope positions only have winter data. The centerline of the boxplots denotes 
the median values, the upper and lower limits span the interquartile range, the whiskers include data within 
1.5 times the interquartile range and the dots beyond the whiskers are outliers. Fire effect significance is 
denoted by *P < 0.1 and **P < 0.05.   
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higher in burned (0.64–4.07 mg/L) compared to unburned 
(0.01–3.42 mg/L) sites (Fig. 3a, b). Stream NO3 concentrations 
were 10-times higher in burned (avg = 2.1, 0.67–4.25 mg/L) 
compared to unburned sites (avg = 0.21, 0.01–0.59 mg/L) 
across seasons (Fig. 3c) confirming that previously reported 
patterns of elevated NO3 in these burned streams (Rhoades 
et al. 2011, 2019) are still present at the time of this study. In 
unburned watersheds, stream NO3 was quite low throughout 
the sampling period and peaked in August (Fig. 3c). In burned 
watersheds, surface and sub-surface NO3 concentrations gen
erally peaked during spring snowmelt (May–June) (Fig. 3). In 
the subset of four watersheds that were intensively monitored 
for water chemistry, stream NO3 concentrations did not mono
tonically decline through the summer and exhibited secondary 
peaks in August. However, long-term monitoring across a 
broader network of burned watersheds consistently shows 
that the highest post-fire stream NO3 concentrations occur 
during the spring peak discharge period (Rhoades et al. 
2011, 2019). NH4

+ concentrations ranged from 0.005 mg/L 
(i.e. below detection limit) to 0.75 mg/L across all sampling 

locations and dates. On average, NO3–N comprised a greater 
proportion of total dissolved N in burned streams (68%) com
pared to unburned streams (34%). 

Vegetation composition, productivity and N 
demand 

The unburned overstory was dominated by ponderosa pine 
and Douglas-fir, with average basal areas of 15 and 11 m2/ha, 
respectively. The fire caused complete mortality of mature 
trees in our burned study sites, with no evidence of conifer 
regeneration to date. Quaking aspen was present in both 
burned and unburned near-stream environments, likely due 
to mesic conditions, with an average basal area of 15 m2/ha. 
Despite high fire severity and complete overstory mortality, 
understory vegetation cover was generally greater in burned 
uplands. Graminoid (30% vs 12%), forb (4.5% vs 2.0%) and 
shrub (11% vs 5.2%) cover were 2–2.6 times higher in burned 
than in unburned sites, even though bare mineral soil also 
increased substantially (59% vs 2%) (Fig. 4). Graminoids 
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whiskers are outliers. Fire effect significance is denoted by *P < 0.1 and **P < 0.05.   

A. E. Rhea et al.                                                                                    International Journal of Wildland Fire 35 (2026) WF25145 

8 

D
ow

nloaded from
 http://connectsci.au/w

f/article-pdf/doi/10.1071/W
F25145/1855735/w

f25145.pdf by guest on 15 M
arch 2026



were dominant, accounting for an average of 30% of vegeta
tive cover in burned sites and 12% in unburned sites (Fig. 4). 

Total estimated pre-fire NPP was similar at burned 
(4,035 kg C/ha.year) and unburned sites (4,046 kg C/ha.year) 
(Fig. 5) and aligns with reported values from other Western 
conifer forests (2,600–6,200 kg C/ha.year) (Turner et al. 
2004, 2009; Kaye et al. 2005). However, the 2002 Hayman 
fire caused an immediate 64 and 77% reduction (Δ of 2,884 
and 2,736 kg C/ha.year) in NPP in burned near-stream and 
upland sites, respectively (Table 3). By 2019, total NPP was 

46 and 59% lower (Δ of 2,091 of and 2,111 kg C/ha.year) in 
burned near-stream and upland sites compared to pre-fire 
conditions (Table 3). On average, trees comprised 88% of 
NPP in unburned sites across all years (Fig. 5a). At our burned 
sites, trees accounted for 84% of NPP pre-fire but shifted to 
understory-dominance with shrubs and herbs comprising 90% 
of NPP 17 years after the fire (Fig. 5b). 

Before the fire, shrubs and herbs accounted for 22–29% 
of total vegetation N uptake (Table 3). Post-fire, their con
tribution increased to 62–77% in 2003 and 92–97% in 2019. 
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Table 3. Estimated net primary productivity (NPP), nitrogen use efficiency (NUE) and vegetation nitrogen (N) uptake summarized by burn 
condition, landscape position, functional type and year.            

Condition Position Component NPP (kg C/ha.year) NUE 
(kg C/ 
kg N) 

N uptake (kg N/ha.year) 

Pre-fire 
(1986–2001) 

Post- 
fire 

(2003) 

Post- 
fire 

(2019) 

Pre-fire 
(1986–2001) 

Post- 
fire 

(2003) 

Post- 
fire 

(2019)   

Unburned 

Near-stream 

Shrub herb 561 588 299 52 11 11 6 

Tree 3,919 4,357 4,607 107 37 41 43 

Total 4,479 4,944 4,906  48 52 49 

Upland 

Shrub herb 600 610 374 52 12 12 7 

Tree 3,013 2,520 3,476 107 28 24 32 

Total 3,613 3,130 3,850  40 36 39 

Burned 

Near-stream 

Shrub herb 712 714 2,117 51 14 14 42 

Tree 3,795 909 300 106 36 9 3 

Total 4,507 1,623 2,416  50 23 45 

Upland 

Shrub herb 592 514 1,369 51 12 10 27 

Tree 2,972 313 85 106 28 3 1 

Total 3,564 828 1,453  40 13 28 

NUE values were calculated from measurements in control and treated (i.e. thinned and burned) ponderosa pine forests in Arizona, USA ( Kaye et al. 2005). Control 
sites with higher tree density and basal area from  Kaye et al. (2005) were matched to unburned sites in our study whereas treated plots with lower tree density 
and basal area were matched to burned plots.  
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At the time of our field sampling in 2019, estimated vegeta
tion N uptake in burned near-stream sites (45 kg N/ha.year) 
was ~10% lower than in unburned near-stream sites 
(49 kg N/ha.year) and pre-fire conditions (50 kg N/ha.year). 
In upland areas, 2019 estimates showed a larger ~30% 
reduction in burned sites (28 kg N/ha.year) compared to 
unburned (39 kg N/ha.year) and pre-fire (40 kg N/ha.year) 
estimates. Furthermore, an inverse relationship between 
annual vegetation NPP and minimum summer NO3 concen
trations in both shallow groundwater and streams indicates 
that sites with lower NPP tend to have higher residual NO3
levels (Fig. 6). 

Discussion 

Indices of soil N availability 

Inorganic N availability was consistently higher in burned 
than unburned watersheds throughout the shallow sub
surface (0–100 cm). Mineral soil extractable NO3 was 
2.5-times greater in burned soils across hillslope positions 
and NO3–N comprised a greater proportion of extractable 
inorganic N in burned soils (66% vs 38%; Table 2). 
Similarly, IER NO3 was twice as high in burned compared 
to unburned midslope positions (0.16 vs 0.08 mg NO3/L.day) 

across seasons (Fig. 2a). Peak soil solution NO3 during 
snowmelt was 3.6-times higher in burned sites (0.61 vs 
0.17 mg/L). During the summer monsoon, those concen
trations declined in burned sites (0.53 mg/L) but remained 
elevated relative to unburned sites (0.24 mg/L), reflecting 
persistent post-fire enrichment. These surface patterns 
were mirrored at depth, providing novel evidence of 
post-fire N enrichment extending into deeper subsurface 
zones (30–100 cm). Subsurface NO3 concentrations were 
3.6-, 2.7- and 5.8-times higher in burned compared to 
unburned lysimeters, piezometers and wells, respectively 
(Supplementary Fig. S2). Together, these findings demon
strate that fire significantly enhances and sustains inorganic 
N availability, consistent with other studies demonstrating 
increased NO3 mobilization after fire (Hanan et al. 2016a;  
Gustine et al. 2022). 

Despite elevated inorganic N availability, net N mineraliza
tion rates were low across all sites (−0.1 to 0.1 kg N/ha.day), 
with slightly lower rates in burned mineral soils (Table 2). 
Including forest floor contributions could have roughly 
doubled our net mineralization estimates, consistent with 
findings that O horizons account for about half of total net 
mineralization in undisturbed forests in this region (Stump 
and Binkley 1992). This would likely have disproportionately 
increased mineralization in unburned sites with more 
developed forest floors. Contrary to our hypothesis and to 
findings from other studies (Wan et al. 2001; Dove et al. 
2020), net N mineralization was not elevated in burned 
mineral soils (Table 2). Annualized N mineralization rates 
in mineral soils were notably smaller than other major 
ecosystem fluxes (Table 4). This disparity was most pro
nounced in burned watersheds, where annualized mineral
ization was negative and orders of magnitude lower than 
vegetation N uptake. Thus, we conclude that microbial 
production of inorganic N does not account for elevated 
N observed in soils, shallow subsurface flow and streams in 
burned watersheds. 

Vegetation productivity and N demand 

Vegetation productivity remained suppressed for 17 years 
after the Hayman Fire due to fire-induced mortality and 
slow recovery. At the time of sampling in 2019, total NPP 
was 46–59% lower than pre-fire conditions and 51–62% 
lower compared to unburned sites (Table 3). There was 
also a dramatic shift from tree-dominated NPP before the 
fire (83% of total NPP in uplands) to herbaceous-dominated 
NPP post-fire (95%). Post-fire herbaceous cover rapidly 
exceeded pre-fire levels (Fornwalt et al. 2018), and grami
noid, forb and shrub cover increased 3.5-fold in burned 
uplands. However, total vegetative cover remained low 
(~43%). The limited understory recovery was insufficient 
to offset the substantial loss of tree-associated NPP. This 
contrasts sharply with other fire-affected systems that 
experienced faster tree regeneration. For example, following 
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Fig. 6. Inverse relationship between remotely-sensed annual net 
primary productivity (NPP) and minimum summer nitrate (NO3 ) con
centration in near-stream water sources across multiple burned 
(orange) and unburned (blue) watersheds. Minimum NO3 concentra
tions were measured during the summer low-flow period in streams 
(squares), riparian groundwater wells (triangles) and hyporheic-zone 
piezometers (circles). NPP represents total annual productivity (tree 
and herbaceous) in near-stream areas for the same year as NO3
sampling. This comparison highlights consistent patterns across 
catchments and water sources, suggesting lower NPP is associated 
with elevated summertime NO3 availability.  
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the 1988 Yellowstone fires, extensive lodgepole pine 
regeneration resulted in trees contributing 79% of total 
productivity (4,900 kg C/ha.year tree vs 1,300 kg C/ha.year 
herbaceous) just 15 years post-fire (Turner et al. 2009). In 
comparison, total upland NPP at Hayman (1,453 kg C/ha.year) 
remained much lower 17 years post-fire than values reported 
after Yellowstone (6,200 kg C/ha.year), underscoring the 
slow pace of vegetation recovery in this system – a trend 
observed following more recent wildfires across Colorado 
and the Western USA (Stevens-Rumann et al. 2018; Davis 
et al. 2019). 

Post-fire shifts in vegetation composition suggest altered 
N use efficiency, prompting closer examination of changes 
in vegetation N uptake. Estimated vegetation N uptake was 
lower in burned compared to unburned sites, with a 28% 
reduction in uplands and an 8% reduction in near-stream 
environments (Table 3). However, the post-fire decline in 
N uptake was smaller than the NPP reductions due to 
increased dominance of herbaceous vegetation following 
the fire. Herbaceous species require more N per unit of assimi
lated C than coniferous trees (Kaye et al. 2005; Chapman et al. 
2006), which partially offsets the reduction in productivity. 
Nevertheless, these shifts were insufficient to restore N demand 
to pre-fire or unburned levels. Overall, remotely sensed estimates 
demonstrate a substantial, long-term reduction in vegetation N 
demand after the Hayman fire, particularly in uplands which 
comprise a majority of the burned landscape. Our findings dem
onstrate that reduced vegetation N uptake is the primary driver of 
elevated post-fire N export, representing the largest change in 
ecosystem N fluxes (Table 4). 

NO3 transport 

NO3 dynamics shift from biotic limitation in unburned water
sheds to episodic loss in burned watersheds with reduced 
vegetation demand. In unburned watersheds, which are typi
cally N-limited, NO3 concentrations remained low throughout 
our sampling period (Fig. 3c), consistent with source limitation 
where high biotic demand restricts N export (Godsey et al. 
2009; Basu et al. 2011; Shogren et al. 2021). In contrast, 
burned watersheds exhibited elevated NO3 concentrations, 

with distinct peaks during spring snowmelt and summer mon
soons (Fig. 3c). These increases in NO3 with streamflow align 
with other post-fire studies (Bladon et al. 2008; Mast et al. 
2016) and long-term monitoring at these burned sites 
(Rhoades et al. 2019). This pattern reflects transport-limited 
conditions, where NO3 supply exceeds biotic demand and is 
episodically flushed during periods of hydrologic connectivity 
(Basu et al. 2011; Creed et al. 2015). 

Multiple lines of evidence suggest that this post-fire 
export is sustained by persistent subsurface NO3 availability. 
Lysimeter and IER measurements show elevated NO3 avail
ability in the rooting zone of burned sites during both spring 
snowmelt and summer monsoons (Fig. 2, Supplementary 
Fig. S2), positioning mobile NO3 in hydrologically active 
zones. Reduced vegetation uptake further amplifies this effect. 
Minimum summer NO3 concentrations were inversely related 
to NPP across our sites, suggesting that lower biotic demand 
facilitates continued accumulation and availability of NO3 for 
episodic transport to streams. 

Notably, elevated stream NO3 concentrations in burned 
watersheds persist even during baseflow (October–January) 
(Rhoades et al. 2019), likely reflecting contributions from 
NO3 -enriched groundwater (Fig. 3). This legacy NO3 may 
originate from mineralization in earlier post-fire years, grad
ually leaching into shallow groundwater over time during 
periods of hydrologic connection. 

Together, our findings show that long-term stream NO3
export is sustained by reduced vegetation uptake, persistent 
subsurface NO3 availability, episodic flushing during periods 
of hydrologic connectivity and groundwater contributions. 
Although pre-fire stream NO3 concentrations did not differ 
between burned and unburned sites (Rhoades et al. 2011), 
the elevated post-fire concentrations and seasonal dynamics 
described here have persisted for nearly two decades (Rhoades 
et al. 2019). This suggests that post-fire biogeochemical shifts 
can have long-lasting effects, extending well beyond the imme
diate disturbance window typically studied. 

Implications for post-fire watershed restoration 

Lower than expected post-fire tree regeneration has been 
widely observed, particularly where severe wildfires are 

Table 4. Major nitrogen (N) fluxes (kg N/ha.year) in burned and unburned watersheds based on study measurements and literature values.           

N fluxes (kg N/ha.year) 

Unburn  Burn 

Min Mean Max Min Mean Max   

N deposition ( Heindel et al. 2022) 2.5 3.5 4.4 = 2.5 3.5 4.4 

A horizon net mineralization ( Table 2) 5 11 18 > −14 −4 4 

Vegetation N uptake ( Table 3) 39 44 49 > 28 37 45 

Denitrification ( Barton et al. 1999) 1 = 1 

Watershed TDN export ( Rhoades et al. 2019) 0.12 < 0.65 

These values do not represent a closed N budget as they combine our measurements with locally relevant peer-reviewed literature. Daily N mineralization rates 
( Table 2) were rescaled to annual estimates assuming six snow-free months from May to October. A, upper mineral soil; TDN, total dissolved N.  
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followed by hot, dry conditions (Stevens-Rumann et al. 
2018; Davis et al. 2019). This has generated interest in 
active reforestation across western North America (U.S. 
Department of Agriculture 2023). However, reforestation 
capacity (e.g. seed supply, nursery production and planting 
labor) lags far behind current and projected needs (Fargione 
et al. 2021), forcing managers to prioritize planting efforts. 
Most projects focus on planting upland areas with low 
regeneration potential (Chambers et al. 2016; Stevens- 
Rumann and Morgan 2019; Rhoades et al. 2025b), but our 
results suggest that planting within near-stream areas may 
have disproportionate benefits for stream water quality and 
other ecosystem resources (Erdozain et al. 2021). 

In the Hayman burn, upland soils exhibited the highest 
net nitrification rates and the lowest soil NO3 concentrations 
across hillslope positions (Table 2, Fig. 2). Vegetation N 
uptake was also lowest in burned uplands (Fig. 5). 
Together, these conditions contributed to substantial NO3
losses via leaching and subsurface transport. Water and 
nutrients moving downslope from uplands often accumulate 
in topographically convergent areas such as swales or 
ephemeral channels. Although these zones are not classified 
as riparian, they can provide similar hydrologic and biogeo
chemical functions. Where post-fire vegetation recovery is 
limited, convergent hillslopes act as concentrated sources 
of downgradient NO3 (Rhea et al. 2022). Prioritizing 
reforestation in such locations has the potential to retain 
nutrients in upland landscapes. Furthermore, the relatively 
high soil moisture in these zones should favor seedling 
survival and growth. 

The decrease in soil NO3 in riparian zones (Table 2,  
Fig. 2) likely reflects increased N uptake by near-stream 
vegetation (Table 3) and potentially gaseous N losses from 
anoxic soils via denitrification (Hill 1996). Vegetation N 
uptake was 1.6 times higher in near-stream zones than 
uplands, likely resulting from rapid regrowth of sprouting 
riparian species as opposed to sparse regeneration observed 
in the uplands. Our findings align with research conducted 
elsewhere that has documented the role of vegetation in 
mitigating watershed N export after severe fire (Smithwick 
et al. 2009), beetle outbreaks (Rhoades et al. 2013) and 
timber harvesting (Bormann and Likens 1979). 

Our results suggest that increasing vegetation in flood
plains and riparian zones may benefit post-fire water qual
ity. Planting herbaceous and shrub species in low-gradient, 
unconfined meadows has been shown to enhance N reten
tion (Mitsch et al. 2005; Postila and Heiderscheidt 2020), 
especially when paired with in-stream structures (e.g. 
post assisted log structures or beaver dam analogs) that 
improve hydrologic connectivity (Silverman et al. 2019). 
Herbaceous, shrub and tree plantings that extend away 
from the stream channels mimic vegetated buffer strips 
which are a well-established approach for reducing nutrient 
runoff and improving water quality in agricultural areas 
(Mayer et al. 2007; Dosskey et al. 2010). In combination 

with upland reforestation, restoring convergent hillslopes, 
floodplains and riparian zones has the potential to focus 
post-fire interventions on reducing NO3 losses and support
ing watershed recovery. 

Conclusions 

Elevated post-fire stream NO3 can persist for years to dec
ades (Smith et al. 2011; Rust et al. 2018; Rhoades et al. 
2019). This study investigated the mechanisms behind long- 
term NO3 export following severe wildfire, emphasizing the 
balance between soil N availability and vegetation demand. 
Inorganic soil N measured in KCl and resin extracts, soil 
water and shallow groundwater was generally elevated in 
burned compared to unburned sites (Figs 2, 3, Tables 1, 2). 
Conversely, we found no evidence that inorganic N supplied 
by mineralization was higher in burned mineral soils. 
Because much of the NO3 and NH4

+ in these forests originates 
in the O horizon, and that layer is reduced or absent in 
severely burned areas, overall N production in burned 
sites is likely lower than in unburned sites. 

Forest recovery over the 17 years since the Hayman fire 
has been limited. Remote sensing estimates indicate that 
vegetation productivity and N demand are 51–62 and 
8–28% lower in burned compared to unburned areas, 
respectively. The greatest decrease in vegetation occurred 
in the upland areas that dominate the burn scar, where N 
supply in soils exceeded vegetation N demand. It appears 
that this imbalance is the primary driver of persistent sub
surface transport of NO3 from burned uplands to streams. 

The link between vegetation recovery and watershed N 
retention has important implications for land managers con
fronting poor post-fire regeneration, an increasingly common 
concern in western North America. Reforestation efforts that 
enhance tree cover in uplands while promoting recovery of 
riparian vegetation have the potential to improve watershed- 
scale N retention following severe wildfires. 

Supplementary material 

Supplementary material is available online. 
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