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ABSTRACT 
 

 

 

EVALUATING POST-FIRE WOODY MULCH EFFECTS ON SOIL AND STREAM 

NITROGEN  

 
 

Severe wildfires often increase nitrogen (N) loss from burned watersheds, impacting downstream 

water quality, water treatability, and aquatic habitat. Woody mulch is commonly applied to 

mitigate soil erosion and enhance revegetation post-fire, but it also provides a source of labile 

carbon (C) that may stimulate microbial immobilization and limit N release from soils. The 

objective of our study was to evaluate whether mulch application influenced turnover and loss of 

soil C and N in laboratory leaching trials and hillslope field settings, and then compared post-fire 

C and N in streams draining mulched and unmulched catchments. In the laboratory, we 

quantified C and N inputs and leaching outputs from mulched and unmulched soil columns. 

Within the Cameron Peak fire burn scar in northern Colorado, we compared soil N availability 

and potential leaching losses between mulched and unmulched hillslope plots. We also measured 

C, N, and other chemical constituents in streams draining three mulched and three unmulched 

catchments. In the laboratory leaching studies, mulch added high concentrations of dissolved 

organic carbon (> 500 mg L-1) and decreased nitrate leaching from soil columns by 27% during 

repeated simulated rainfall events. In hillslope plots, mulching also reduced soil nitrate, with 

greater impacts following spring snowmelt when N losses from soils to streams was highest. 

However, the effect of mulching was not measurable at the catchment scale due to low 

application rates and mulch extent, paired with high topographic and geomorphic variability 

amongst the catchments. Our findings show that C inputs from woody mulch can influence soil 
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N retention in burned watersheds when applied at a minimum rate of 5 Mg ha-1; however 

practical constraints on aerial application may make it challenging to apply enough mulch for 

any downstream response to be detectable. Coupled with physical erosion protection, the 

biogeochemical impacts of mulching may facilitate soil and vegetation recovery following 

severe wildfire and reduce post-fire N losses to streams if sufficiently applied. Therefore, further 

post-fire rehabilitation efforts should optimize mulch operations by prioritizing sensitive 

watersheds and treating them with adequate mulch. 
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1. INTRODUCTION 

In western North America, severe wildfires have increased in frequency, severity, and size 

over the last four decades (Dennison et al., 2014; Westerling, 2016; Weber et al., 2020). These 

trends, attributed to rising temperatures (Harvey, 2016; Jones et al., 2022), earlier spring 

snowmelt (Westerling, 2016), and other factors, are anticipated to continue in the future. Some 

concerns about increasing wildfire activity include the prolonged and significant effects on 

forested watersheds and soils (Certini, 2005; Hohner et al., 2019; Rhoades et al., 2011; Smith et 

al., 2011). Wildfire combustion of forest biomass and organic surface layers can increase nutrient 

availability in soils by reducing plant nutrient and water demand (Certini, 2005). This increases 

inorganic soil nitrogen (N) concentrations (Andreu et al., 1996; Covington et al., 1991; Murphy 

et al., 2006) and the leaching of soluble nitrogen, particularly nitrate, into streams (Rust et al., 

2019). Both nitrogen and phosphorus export to streams can increase post-fire (Paul et al., 2022), 

primarily during the first few years (Rust et al., 2018).  

However, wildfire impacts on soil and stream N can persist for many years (Kurth et al., 

2014; Rhea et al., 2021; Rhoades et al., 2019; Rust et al., 2018). For example, nitrate production 

via nitrification can remain elevated for years to more than three decades after stand-replacing 

wildfires (Dove et al., 2020; Kurth et al., 2014). After the Hayman fire in central Colorado, 

stream nitrate and total dissolved N (TDN) remained elevated for 14 years in burned catchments 

relative to unburned areas and pre-burn conditions (Rhoades et al., 2019). Rehabilitating the soil 

processes that regulate soil N availability and nitrate leaching has the potential to reduce 

persistent post-fire N loading to streams.    

 Post-fire restoration treatments, such as woody mulch applications, have been utilized to 

reduce soil erosion and water quality impairment (Prats et al., 2016; Robichaud et al., 2013). 
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These treatments also help to reestablish plant and organic soil cover and to moderate soil N 

cycling (Rhoades et al., 2017). Prior studies show that woody mulch depresses inorganic soil N 

levels (Homyak et al., 2008; Rhoades et al., 2012; Rhoades et al., 2017) and may mitigate post-

fire N release to streams. Labile carbon (C) released from mulch can stimulate soil microbial 

activity and the N demand that incorporates (e.g. immobilizes) inorganic N into microbial 

biomass, thus reducing its levels in the soil (Averett et al., 2004; Blumenthal et al., 2003; Prober 

et al., 2005; Uddin et al., 2020). These prior studies demonstrate mulch impacts at plot and 

hillslope scales, but limited information is available on whether it also has the potential to reduce 

post-fire N losses to streams and have measurable impacts on waters downstream of burned 

forests.  

To address this knowledge gap, we evaluated the potential for mulch to alter N losses 

from burned soils at multiple spatial scales, spanning from controlled laboratory studies to 

mulched hillslopes and catchments. Mulch was applied within the 2020 Cameron Peak fire burn 

area in northern Colorado, where approximately 4,040 ha were treated between 2021 and 2022 at 

a cost of $6000 ha-1 (CPRW, pers. comm.). First, to evaluate the potential for mulch to alter soil 

N leaching, we conducted a laboratory column study to simulate how a standard mulch addition 

and uniform rainfall affect C and N inputs and outputs. We then compared inorganic soil N and 

potential N leaching between burned plots on hillslopes that received different mulch application 

rates. To evaluate the catchment-scale consequences of the mulch treatments, we measured 

stream water chemistry in replicated mulched and unmulched headwater catchments. Finally, we 

characterized the influence of wildfire on soil and stream C and N. We expect that mulch 

treatments will reduce soil N and nitrate leaching, as has been reported in other studies but 

hypothesize that our ability to detect mulch impacts will decrease with greater heterogeneity at 
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larger hillslope and catchment scales. This study will help elucidate the potential for post-fire 

mulching to influence water quality at operational scales relevant to downstream uses. 
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2. METHODS 

2.1 Site Description 

Research was conducted within the burn scar of the 2020 Cameron Peak fire, Colorado’s 

largest wildfire, which burned 84,545 ha of the Arapaho and Roosevelt National Forest in 

Larimer and Jackson Counties and Rocky Mountain National Park (Figure 1) (Larimer County et 

al., 2021). Six adjoining headwater catchments with generally similar burn severity, contributing 

area, and slope were selected to assess the influence of post-wildfire mulch on erosion (Hayter, 

2023) and water quality (Figure 2A). The catchments drain into Bennett Creek, a tributary of the 

South Fork of the Cache la Poudre River. Their contributing areas range from 0.57 – 1.49 km2 

and elevations between 2342 and 2779 m (Table 1). On average, the catchments were burned at 

76% and 11% moderate and high severity (BAER, 2023) (Table 1). For comparison, 31% and 

6% of the entire Cameron Peak fire burned at moderate and high severity (BAER, 2023). Prior to 

the fire, the site supported a dry mixed-conifer forest comprised of lodgepole pine (Pinus 

contorta), Douglas fir (Pseudotsuga menziesii), and ponderosa pine (Pinus ponderosa) (Rodman, 

et al., 2022). Soils are gravelly-cobbly, sandy loam Inceptisols derived from colluvium and 

residuum weathered from granitic rock, gneiss, and schist parent material (Shaver et al., 1988; 

Web Soil Survey, 2023). The soil profile extends to 50 cm in depth (Web Soil Survey, 2023). The 

study site receives an average of 470 mm of precipitation annually (PRISM Climate Group, 

2023) as snow and rain, including high-intensity convective summer storms. 
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Figure 1. A) The 2020 Cameron Peak fire perimeter (red outline) within the State of Colorado, 
USA. B) Burn severity (BAER, 2020) with the six Bennett Creek study catchments (black outline), 
the unburned hillslope reference site (black star), and the Bennett and Pennock Creek watersheds 
(gray outline).  
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Figure 2. A) The six Bennett Creek study catchments (black outline), the unburned hillslope 
reference site (black star), and the hillslope sites that received additional wood mulch in 2022 (red 
outline). Woody mulch was applied aerially in 2021 to brown-hatched polygons. B-C) Hillslope 
areas that received no mulch, 1 or 2 additional mulch applications in 2022. Study plots are 
indicated by the red dots. 
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Table 1. Characteristics of study catchments in the Bennett Creek watershed. Slope was calculated 
using Lidar data (USGS, 2023). Burn severity was calculated from remotely sensed soil burn 
severity classifications (BAER, 2023). Normalized difference vegetation index (NDVI) was 
estimated in August 2022 using Landsat 8 imagery (USGS, 2023). Mulch treatment area is the 
proportion of a catchment designated to receive aerial mulch (Figure 2), not the surficial cover of 
mulch.  

Catchment 

Contributing 
Area 

Mean 
Slope 

Low 
Severity 

Moderate 
Severity 

High 
Severity 

Mulch 
Treatment NDVI 

(km2) (%) 

MW 1.5 29 15 74 12 33 0.36 

MM 0.71 29 20 74 6.0 31 0.32 

ME 1.4 26 18 71 11 23 0.37 

UW 1.0 26 11 81 8.0 0 0.34 

UM 0.57 25 11 74 14 0 0.39 

UE 0.62 28 5.0 80 15 0 0.32 

 

2.2 Aerial Mulching 

Approximately 340 ha of the Bennett Creek watershed was aerially mulched in July and 

August 2021 with material sourced from locally salvaged burned trees. Mulch was comprised of 

wood shred pieces (10-20 cm in length, <2.5 cm in diameter), with minimal fine particles (JW 

Associates, pers. comm.). Mulch was applied to three study catchments; three adjacent 

catchments were left unmulched (Figure 2A). The portions of the catchments selected for 

mulching had high or moderate burn severity, slopes from 20 to 60%, and were without 

extensive exposed rock or dense post-fire vegetation regrowth. Overall, these areas comprised 

29% of the study catchments. Extensive research has established that 70% mulch cover provides 

effective post-fire erosion control (Girona-García et al., 2021; Robichaud et al., 2013), and this 

was the target cover designated for treatments in the study catchments and across the Cameron 

Peak fire (JW Associates, pers. comm.).  

After the mulch applications, we quantified mulch, bare soil, rock, vegetation, and coarse 

wood cover within 50 cm2 quadrats (n = 92) along transects evenly spaced within designated 

mulch treatment areas. Mulch cover was 22% on average (maximum: 84%) and reached the 70% 
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target cover threshold in 8% of the quadrats. Combining the extent of designated mulch areas 

within the study catchment (29%) and the average cover within them (22%), we estimate that 

mulch cover was only 6% across the three study catchments. Using an estimated mulch bulk 

density (0.13 g cm-3; n =5) and the average mulch cover (22%), this equated to a mulch mass of 

2.1 Mg ha-1. 

Due to the low mulch cover within the study catchments, in July 2022 we established a 

hillslope-scale trial with additional mulch applications (Figure 2). Either zero, one, or two 

applications of wood mulch were applied aerially to three hillslope replicates in areas that had 

low original mulch cover (Figure 2A). Three unburned hillslope replicates also were selected 

nearby within the Bennett Creek watershed (Figure 2A). We established four 2 x 2 m plots within 

each hillslope replicate (n = 12 plots per treatment).  

Within the burned plots (Figure 2B,C), mulch, bare soil, rock, vegetation, and wood 

cover were estimated in 1 m2 quadrats during two separate surveys conducted one day and one 

month after mulching (Figure 3). The repeat sampling enabled capturing short-term changes in 

mulch cover during the summer monsoon season. Initial mulch cover in the hillslope plots 

differed little between the two application levels (36 vs 40%; Table 2) and had an average depth 

of 0.92 cm. Maximum mulch cover reached 100%, but similar to earlier treatments, few quadrats 

(6%; n = 36) reached the 70% target cover threshold. Mulch masses, calculated as described 

above, were 4.9 and 5.4 Mg ha-1 for the 1 and 2-applications (Table 2) After one month, mulch 

cover declined to 24 and 35% in the one-application and two-applications plots (Figure 3).  
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Table 2. Woody mulch applied in laboratory and field studies following the 2020 Cameron Peak 
fire, Colorado. Hillslope and catchment mulch cover was estimated with designated mulch 
application areas. 

Spatial Scale Amendment 

Wood Mulch 

Mass  C Content N Content Cover  

(Mg ha-1) (%) 

Soil Columns 
Thin (1 cm) 15.3 7.5 0.03 100 

Thick (5 cm) 76.4 37.4 0.17 100 

Hillslope Plots 
1-Application 4.9 2.4 0.02 36 

2-Applications 5.4 2.6 0.02 40 

Catchment -- 2.1 1.0 0.01 22* 
*Mulch cover was 6% at the catchment scale, since only 29% of the study catchments were designated for 
mulching. 

 

 

 

 

 

 

  

 

 

 
 
Figure 3. Average ground cover in hillslope plots (n = 12 plots per treatment) measured after 2022 
mulch application following the 2020 Cameron Peak fire, Colorado. A limited amount (6% cover) 
of mulch from 2021 catchment-scale applications was present within the plots that received “No 
Mulch” treatments in 2022. Cover was measured one day and one month after mulching to evaluate 
the short term redistribution of mulch from summer rainstorms.  
 

2.3 C and N Leaching from Mulched Soil Columns 

Laboratory column leaching experiments were conducted to quantify how C inputs from 

mulch influence soil nitrate leaching. Soil columns received thin (1 cm) and thick (5 cm) mulch 
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treatments that were compared to unmulched soils. The depth of the thin treatment was 

comparable to that measured in the field. The mulch masses equated to 15.3 Mg ha-1 and 76.4 

Mg ha-1, respectively, for the thin and thick mulch treatments. Ten replicates of each treatment 

were set up with 50 g soil samples placed in column specimen cups with a 1.2 µm glass 

microfiber filter paper at the bottom to avoid soil particles from passing through. Mulch was 

passed through a 3.35 mm mesh sieve before it was added on the soil columns. To simulate 

rainfall and subsequent leachings over the course of two summer months in the study area, we 

conducted four average rainfall events by adding 25 mL of DI water to each soil column (i.e., 20 

mm, 3 h rainfall event; NOAA, 2024). Consecutive rainfall events were conducted on weekly 

intervals, and leachate was collected from the specimen cups. Soil columns were loosely covered 

to reduce soil and mulch drying and maintained at uniform 20°C between events. We also 

quantified C inputs from mulch to the soil columns by collecting leachate in specimen cups with 

mulch only. The columns received the same consecutive wetting regimen as described above.  

Dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) measurements in 

leachate samples were performed via high-temperature combustion catalytic oxidation using a 

Shimazdu TOC-VCPN total organic C/N analyzer with 2 M HCl addition before analysis to 

remove mineral C (Shimazdu Corporation, Columbia, MD). Detection limits for DOC and TDN 

were 50 µg L-1. Leachate NO3-N and NH4-N concentrations were determined by ion 

chromatography via electrical conductivity detection, using an AS19A Anion-Exchange column 

for anions and a CS12A Cation-Exchange column for cations (Thermo Fisher, Waltham, MA). 

Detection limits for NO3-N was 11 µg L-1and NH4-N was 39 µg L-1. Masses of leached N (TDN, 

NO3-N, and NH4-N) and C from the soil columns over the course of the rainfall trail were 
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calculated by multiplying the concentrations by the leachate volume (20 mL) collected for each 

event. 

We also characterized the C and N content of mineral soil and woody mulch used in the 

column study for comparison with that lost in the leachate. Mineral soil samples collected from 

unmulched hillslopes within the Bennett Creek watershed (0-5 depth) in July 2022 were 

analyzed for gravimetric moisture content, total soil C and N, and inorganic soil N. Gravimetric 

moisture content was used to convert nutrient concentrations to a dry soil mass basis and 

calculated as the water lost from 10g soil subsamples (n = 6) that were oven-dried at 60°C for 48 

hours. The dried subsamples were ground to a fine powder and analyzed for total C and N on a 

CN802 Elemental Analyzer (Velp Scientifica, Deer Park, NY, USA). Subsamples of sieved 

mulch were ground to a fine powder and analyzed for total C and N as described above.  

2.4 Fire Effects on Hillslope-Scale Soil C and N 

We characterized the influence of wildfire on soil C and N stocks, N transformations and 

leaching potential by comparing relatively lightly mulched hillslope plots (i.e., 6% cover) and 

unburned reference sites. Two mineral soil cores were collected from each burned and unburned 

plot (n = 48) and divided into two depths (0-5 and 5-15 cm). Samples were collected prior to the 

additional 2022 mulch applications (Figure 2). Rocks and roots were removed from the samples 

by hand, and samples were then stored at 4°C until extraction (< 7 days).  

We extracted inorganic N forms, ammonium (NH4-N) and nitrate (NO3-N), conducted 

21-day aerobic mineralization and nitrification assays, and measured total N and C pools as 

follows. Initial extractable soil inorganic nitrogen was measured by extracting 20 g subsamples 

of mineral soil with 100mL of 2M KCl, shaking for 60 minutes, filtering through 1.2 µm glass 



12 
 

microfiber filter paper, and analyzing for NO3-N and NH4-N by colorimetric spectrophotometry 

on FIA8000+ flow injection analyzer (Lachat Company, Loveland, CO, USA). Detection limits 

for extractable soil NO3-N and NH4-N were 50 µg L-1. A second 20 g subsample of soil was 

placed in a 120 mL plastic cup and wetted to 60% of field capacity. Samples were loosely 

capped, incubated at 20°C and rewetted periodically. At the end of the incubation, soil samples 

were extracted and analyzed for NO3
- and NH4

+ as described above. Net transformations were 

calculated as: net mineralization = (NO3-N + NH4-N)t21 d – (NO3-N + NH4-N)t0; net nitrification 

=  (NO3-N)t21 d  – (NO3-N)t0. A 10 g subsample was oven-dried at 105°C for 24 hours to 

determine gravimetric soil water content to report nutrient concentrations on a dry soil mass 

basis. After drying, the subsamples were passed through a 2 mm sieve, ground to a fine powder, 

and analyzed for soil N and C as described above. 

2.5 Mulch Impacts on Hillslope-Scale Soil N Availability and Soil Moisture 

We evaluated the effects of wildfire and woody mulch treatments on soil nutrients and water 

content within the hillslope plots (Figure 2). We measured plant-available soil nitrate and 

potential nitrate leaching using ion exchange resin (IER) bags (Binkley & Matson, 1983). The 

bags are constructed using a 1:1 mixture of cation (Sybron Ionic C-249, Type 1 Strong Acid, Na+ 

form, Gel Type) and anion (Sybron Ionic ASB-1P Type 1 Strong Base OH- form, Gel Type) 

exchange resin beads that adsorb nitrate and ammonium. Three IER bags were inserted 5-10cm 

deep into mineral soil in each hillslope plot. Burned sites contained no organic horizon; the 

unburned reference site had a 7-10 cm thick organic horizon. IER bags were deployed at the 

beginning of the summer and winter seasons after the 2022 mulch application to collect 

inorganic N mobilized by summer rain events and spring snowmelt. At the end of each 

deployment period, IER bags were collected and stored cool until processing. Samples were 
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extracted with 100 mL of 2M KCl, shaken for 60 minutes, and filtered through 1.2 µm glass 

microfiber filter paper, and frozen until analysis. Nitrate and ammonium concentrations were 

measured by spectrophotometry with a flow injection analyzer (Lachat Company, Loveland, 

CO). Detection limits for IER extracted NO3-N and NH4-N were 50 µg L-1. Values were 

corrected with field and lab blanks, screened for outliers based on being greater than 2 standard 

deviations above the mean, and averaged by plot. 

Volumetric soil water content (VWC) (0-10 cm depth) was measured in the hillslope-

scale plots and unburned reference areas weekly from June through August and biweekly from 

September through November of 2022 using a hand-held (CD 620, HydroSense Campbell 

Scientific, Logan, UT). Nine measurements were recorded per plot beneath surface mulch or 

organic soil layers, and the values were averaged by plot. Prior to the application of the 2022 

hillslope scale mulch, VWC was only measured in one of the hillslope study areas (MW; Figure 

2B).  

2.6 Consequences of Operational-Scale Mulching on Stream C and N 

We analyzed stream water C and N concentrations in the three mulched and three 

unmulched study catchments, along with samples from the main stem of Bennett Creek and 

Pennock Creek, a primarily unburned tributary (Figure 1B). Stream water was sampled weekly 

(April to August) and biweekly (September to October) through 2022. Samples were collected in 

HDPE plastic bottles and stored cold. Within 48 hours, water subsamples were filtered through a 

0.7µm glass microfiber filter paper to be analyzed for dissolved organic carbon (DOC) and total 

dissolved nitrogen (TDN) as described above for the soil column leachate samples. Additional 

subsamples were filtered through a 0.45 µm glass microfiber filter paper to be analyzed for 

inorganic nutrient concentrations as described above for the soil column leachate samples. 



14 
 

Topographic, surface cover, fire severity, and geomorphic metrics were characterized for 

each study catchment to evaluate how they related to stream C and N concentrations. 

Topographic attributes included average slope and contributing catchment area. Average slope 

values were calculated using Lidar digital elevation models from the USGS National Map 3D 

Elevation Program (USGS, 2023). Cover variables were vegetation and bedrock fraction. 

Vegetation greenness was estimated using the normalized differenced vegetation index (NDVI) 

from Landsat 8 imagery for August 2022. The fractional extent of bedrock outcrops was digitized 

and quantified within each catchment. Burn severity was assessed from remotely sensed soil 

burn severity classifications (BAER, 2023). Geomorphic metrics included the volume and length 

of erosion pathways, valley fraction, and mean index of connectivity. Erosion pathways were 

digitized from the elevation differences between digital elevation models derived from drone 

flights in May and October 2022 (Hayter, 2023); these pathways were evident as paths of 

decreased elevation that follow drainage lines. The total length and volume of these erosion 

pathways were computed for each catchment. The fraction of each catchment that is valley or 

hollow was determined using the geomorphon approach calculated in Whitebox tools (Jasiewicz 

and Stepinski, 2013). This approach divides landscapes into geomorphic units based on fine-

resolution topographic data. The index of connectivity was calculated from 1 m resolution Lidar 

data (Borselli et al., 2008). This index uses slope and flow accumulation characteristics to 

compute the likelihood that watersheds have connectivity between hillslopes and streams. 

2.7 Data Analysis 

We evaluated whether mulching had significant impacts on leachate, soil, and streamwater C 

and N at the various spatial scales. The choice of statistical test depended on the probability 

distribution of the data at each scale. For the soil column laboratory experiments and hillslope 



15 
 

plot measurements, data were either normally or log-normally distributed, so data were log-

transformed, as needed, prior to analyses to meet assumptions of normality and homogeneity of 

variance. We evaluated the effect of mulch treatment on leachate C and nitrate during 

consecutive rainfall events using a two-way mixed analysis of variance. At the hillslope scale, we 

tested the effect of mulch treatment within seasons on total IER-N and nitrate means using a one-

way analysis of variance. We evaluated whether volumetric soil moisture differed by hillslope-

scale mulch treatment and by percent mulch cover after the supplemental 2022 mulching using a 

one-way analysis of variance. Statistical significance was set for p-values less than α = 0.05, and 

post hoc comparisons were made with Tukey Bonferroni adjusted p-values. 

Stream C and N seasonal mean concentrations were not normally distributed, even after 

data transformations, so we compared study catchments, Bennett and Pennock Creeks using non-

parametric Kruskal-Wallis means comparisons within seasons. Seasonal divisions were based on 

the falling and rising limbs of the streamflow hydrograph and characterized as spring (April to 

mid-June) and summer (mid-June to August). Statistical significance was set for p-values less 

than α = 0.05, and post hoc comparisons were made with Dunn Test, Holm-Bonferroni adjusted 

p-values. We calculated Pearson correlations between stream N and C and predictor variables 

using seasonal concentration means with the R “stats” package (R Core Team, 2022). All 

statistical analyses were conducted in R (R Core Team, 2022). 
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3. RESULTS 

3.1 C and N Leaching from Mulched Soil Columns 

The mulch soil columns leached more DOC than unmulched burned soils throughout the 

simulated rainfall trial (Figure 4). During the consecutive simulated rain events, DOC leached 

was 82% and 43% higher from the thick and thin mulched soils than from the unmulched soil. 

Over the course of the study, leachate DOC was between 180 to 550 mg C L-1 beneath thickly 

mulched soils and ranged from 100 to 300 mg C L-1 in the thin mulch treatment (Figure 4). 

Comparatively, leachate DOC in unmulched soil was between 43 to 80 mg C L-1. During the 

trial, 27 and 15 mg of C was exported as DOC from the thick and thin mulch treated soil 

columns, compared to 4.7 mg from the unmulched soil columns. Concentrations decreased with 

consecutive rain events, but DOC loss from the thin and thick mulched soils remained roughly 2 

and 4-times higher at the end of the trial. 
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Figure 4. Leachate dissolved organic carbon generated by simulated rain events. The thin (1 cm) 
and thick (5 cm) mulch treatments added 8 and 37 Mg C ha-1

, respectively. The centerline of the 
boxplots denotes median, 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. 
Letters denote significant differences between treatment means (n = 10 replicates per treatment) 
within a rain event, according to post-hoc comparisons with Tukey Bonferroni adjustments, 
following a two-way mixed ANOVA, at α = 0.05 level. 

 
The mulch treatments reduced nitrate losses compared to unmulched burned soils 

throughout the simulated rainfall trial and were influenced by the rain event (Figure 5). Averaged 

for the consecutive rain events, nitrate leached from the thin and thick mulch treatments was 22 

and 27% lower than the unmulched treatment. Nitrate was mobilized quickly, and concentrations 

declined substantially after the second rain event. Nonetheless, mulched soils released 

significantly lower concentrations of nitrate than unmulched soils during the last two rain events. 

The impact of mulch on TDN was inconsistent, but temporal patterns were similar to those 

measured for nitrate.  

Mulch influenced the proportion of TDN comprised by nitrate over the course of the 

consecutive rain events. In the first simulated storm event, leachate nitrate proportions of TDN 

were comparable across treatments and averaged 33%. By the last leaching, this proportion 
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declined to 9% for the thick mulch treatment compared to 22% for the unmulched soils. 

However, the nitrate proportion of TDN for the thin mulch treatment did not decline and 

remained at 33% by the last rain event. Dissolved inorganic nitrogen (DIN) (NO3-N + NH4-N) in 

leachate was dominated by nitrate across all treatments. On average, in the first leaching nitrate 

made up 98% of the leached DIN and reduced to 90% by the last leaching event.  

Over the consecutive leaching events, C:N in the leachate was higher in the mulched 

treatments compared to the unmulched treatment. In the first simulated rain storm, leachate C:N 

was 4 and 7-times greater in the thin and thick mulch treatments than the unmulched soil. For the 

thick mulch treatment, C:N was 6 in the first leaching event and increased to 64 by the end of the 

experiment. Comparatively, for the unmulched treatment, C:N was <1.0 in the first rain event 

and increased to 18 by the end of the trial.  
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Figure 5. Leachate nitrate and total dissolved nitrogen (TDN) generated by simulated rain events. 
The centerline of the boxplots denotes median, 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. Letters denote significant differences between treatment means (n = 10 
replicates per treatment) within a rain event, according to post-hoc comparisons with Tukey 
Bonferroni adjustments, following a two-way mixed ANOVA, at α = 0.05 level. 
 

3.2 Fire Effects on Hillslope-Scale Soil C and N 

 Properties of soils collected at the hillslope plots prior to the 2022 supplemental mulching 

varied by burned versus unburned mineral soil and by depth (Table 3). KCl extractable inorganic 

N was 5-times greater in burned soils than unburned at 0-5 cm depths and 2-3 times greater at 5-

15 cm depths. C:N ratios in burned soils were 50% lower than unburned mineral soil at 0-5 cm 
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depths and 24% greater at 5 -15 cm depths. Net mineralization rates were lower in burned 

mineral soils at both depths compared to rates in the unburned mineral soil. Net nitrification was 

more variable but was higher in burned mineral soil at the shallower depth. 

 
Table 3. Soil properties and net N incubations at the Cameron Peak fire, Colorado. Soil samples 
were collected at depths of 0-5 and 5-15 cm in burned and unburned hillslope plots prior to the 
2022 mulch application. 

 
       

3.3 Mulch Impacts on Hillslope-Scale Soil N Availability and Soil Moisture 

Similar to the simulated rainfall study, hillslope-scale mulch treatments reduced soil 

nitrate and total inorganic N (NO3-N + NH4-N) measured with ion exchange resins and the 

proportion of total inorganic N comprised of nitrate (Figure 6). Across all treatments, total IER-N 

and nitrate were 2 to 4-times greater in the winter than the summer. Mulch reduced nitrate 

measured during the winter deployment period that captured snowmelt. The 2-application mulch 

plots had 38% less soil nitrate compared to unmulched plots during the winter/snowmelt period. 

The 1-application mulch was intermediate and had 16% less soil nitrate compared to unmulched 

plots during the winter deployment. Total IER-N was also reduced in the mulched plots, sharing 

 
Burned Mineral Soil 

Unburned Mineral 

Soil Organic 

Horizon 
0-5 cm 5-15 cm 0-5 cm 5-15 cm 

NO3-N (mg N kg-1) 9.13 2.91 1.82 0.80 -- 

NH4-N (mg N kg-1) 11.4 2.53 2.41 1.46 -- 

Total C (g N kg-1) 25.3 13.6 29.1 14.8 400 

Total N (g N kg-1) 1.01 0.60 0.55 0.81 13.3 

C:N 25.0 22.7 52.9 18.3 30.1 

Net mineralization (mg N kg-1 d-1) -0.37 -0.06 -0.16 0.003 -- 

Net nitrification (mg N kg-1 d-1) 0.05 0.04 -0.06 0.06 -- 
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similar patterns to those measured in IER nitrate. During snowmelt, nitrate comprised 80% of 

total IER-N in thick mulch plots compared to 85% of total IER-N in unmulched plots, and these 

proportions decreased in the summer deployment. Ammonium measured with IER bags did not 

differ between treatments and averaged 0.26 and 0.30 mg N bag-1 during the summer and winter 

seasons. 

Compared to unburned soils, burned soils had three-times more nitrate measured with 

IER bags, regardless of the season (Figure 6).  For the winter season, soil nitrate comprised 85% 

of total IER-N in unmulched burned soils and 74% of total IER-N in unburned soils (Figure 6). 

From the IER-N assays measured during the summer season, nitrate proportions of the total IER-

N were reduced to 68% in unmulched burned soils and 48% in unburned soils. Inorganic N 

collected as IER-N was lower during the drier summer months, but the unmulched, burned soil 

remained 2-times higher than unburned soil. During the winter season, the treatments with no 

mulch and the higher application rate mulch treatment had 149% and 58% more nitrate than 

unburned soils (Figure 6). Thus, although mulch reduced soil nitrate, it was not reduced to levels 

measured in the unburned site.  

 

 

 

 

 

 

 

 



22 
 

Figure 6. Soil nitrate (NO3-N) and ammonium (NH4-N) measured by ion exchange resin bags 
comparing hillslope treatments during winter/snowmelt (October – May) and summer (July – 
October) seasons. The centerline of the boxplots denotes median, 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. Letters denote significant differences between treatment 
means (n = 12 plot replicates per treatment) for both total IER-nitrate (lowercase) and IER-
ammonium (uppercase) using one way analysis of variance at α = 0.05 level.  

 
 Wood mulch treatments did not have an evident effect on soil moisture in the hillslope 

plots (Figure 7, 8). Prior to the 2022 mulch application, there were more pronounced differences 

in the hillslope plots in early summer when the soil moisture was highest (7-12 %) (Figure 7). 

After the mulch application, soil moisture measurements were more similar between the plots. 

Regardless of the mulch treatment, soil moisture measurements were 2-times higher in the 
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burned plots than the unburned plots. Soil moisture and IER nitrate-N were positively correlated 

for summer and winter measurements for all the treatments (Figure 9). These correlations were 

significant (p < 0.05) for all treatments except for the 2-applications mulch amendment, and the 

correlation was strongest (R2 = 0.75) for the unburned forest. Mulch cover amongst the three 

treatments were categorized between high (>75%) and low (<25%) to better understand the 

influence on soil moisture (Figure 10). Hillslope plots with high mulch cover had significantly 

higher volumetric soil than those with low mulch cover. Although there were no significant 

differences of soil moisture means between treatments (Figure 8), hillslope plots with >75% 

mulch coverage had greater soil moisture than those with <25% mulch cover. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Volumetric soil moisture (10 cm depth) means in burned and unburned hillslope plots 
before (n = 8 plots per treatment) and after (n = 12 plots per treatment) supplemental mulching 
added in July 2022 (black dashed line). Prior to the 2022 mulch application, measurements were 
only taken at one of the hillslope sites, and then another site was established after. On average 
mulch cover was 6% prior to the additional mulching. After the supplemental additions, mulch 
cover averaged 6%, 36%, and 40% in the ‘no’ mulch, and 1 and 2-application treatments. 
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Figure 8. Soil moisture (0-10 cm depth) under post-wildfire mulch treatments after 2022 mulch 
application. Soil moisture was measured in hillslope plots per treatment weekly between July 
through October 2022 after the 2022 mulch application. The centerline of the boxplots denotes 
median, 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. Letters denote 
significant differences among means (n = 12 replicate plots per treatment) at α = 0.05 level. 
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Figure 9. Relations between soil IER nitrate-N concentration and volumetric soil moisture means 
per individual plot comparing hillslope mulch treatments between summer and winter seasons in 
the Cameron Peak fire burn area. Each season had (n = 12 plot replicate plots per treatment) after 
supplemental mulch additions in 2022.  
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Figure 10. Volumetric soil moisture for high (>75%) and low (<25%) mulch cover in hillslope 

plots. Mulch cover was categorized amongst all three treatments (1. No mulch, 2. 1-application, 3. 

2-applications). The centerline of the boxplots denotes median, 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. Letters denote significant differences among means at α = 
0.05 level. 

 

3.4 Catchment Scale Mulching Consequences for Stream C and N 

The high levels of carbon leached from the lab column studies due to mulch application 

were not detected in the study catchments. Dissolved organic carbon concentrations ranged 

between 3.2 – 8.8 mg C L-1 in the catchments (Table 4) compared to concentrations >100 mg C 

L-1 leached from the lab study (Figure 4). No significant differences in DOC concentrations were 

detected between mulched and unmulched catchments regardless of the season.  
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In contrast to the lab and plot-scale results, at the catchment scale, mulch did not have 

evident effects on stream nitrate concentrations. In the spring, mean nitrate concentrations ranged 

from 0.64 – 0.75 mg N L-1 in mulched catchments and 0.29 – 0.47 mg N L-1 in the unmulched 

catchments (Table 4). In the summer, mean nitrate concentrations ranged between 0.24 – 0.37 mg 

N L-1 in mulched catchments and 0.11 – 0.36 mg N L-1 in unmulched catchments. Nitrate 

proportions of TDN and DIN in both seasons were similar in mulched and unmulched 

catchments. Nitrate comprised 46% and 79% of TDN for spring and summer averaged across the 

catchments. In both mulched and unmulched catchments, nitrate comprised 94% and 79% of 

DIN for spring and summer seasons. 

Table 4. Stream nitrate-N, total dissolved nitrogen, and dissolved organic carbon concentrations 
(mg L-1) for Bennett Creek, Pennock Creek and the study catchments that were perennial for spring 
(April through mid-June) and summer (mid-June through August) seasons for 2022. Spring means 
have a sample size of 7 and summer has a sample size of 11. Significant differences for 
concentration means between the catchments are identified using non-parametric Kruskal-Willis 
test with a significance level of α = 0.05. Letters denote significant differences between catchment 
means using Dunn Test, Holm-Bonferroni adjusted p-values. 

Stream 

Chemistry 
Season Bennett Pennock 

Mulch 

West 
Mulch 

East 
Unmulch 

West 
Unmulch 

Middle 
p 

NO3-N 
(mg N L-1) 

Spring 0.52a 0.15b 0.64a 0.75a 0.47ac 0.29bc <0.001 

Summer 0.12ac 0.04a 0.24bc 0.37b 0.11ac 0.26bc <0.001 

Annual 
Max 

1.5 0.07 1.4 1.3 0.96 0.65 -- 

TDN  
(mg N L-1) 

Spring 0.70a 0.35a 0.87ab 1.0b 0.66ab 0.48a 0.002 

Summer 0.46ab 0.21a 0.56ab 0.72b 0.28ab 0.53a  0.002 

Annual 
Max 

1.6 0.95 1.5 1.5 1.1 0.95 -- 

DOC  
(mg C L-1) 

Spring 6.2ab 6.4ab 7.5abc 7.7ac 5.9b 8.8c <0.001 

Summer 4.7a 3.7ab 4.0ab 4.5a 3.8ab 3.2b 0.002 

Annual 
Max 

6.7 6.4 8.2 8.4 6.1 9.8 -- 

 

Instantaneous concentrations of stream nitrate-N and DOC in the study catchments 

showed seasonal patterns and storm responses that were consistent between mulched and 

unmulched catchments (Figure 11).  Across the study catchments, stream nitrate-N concentration 
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means ranged from 0.11 – 0.75 mg N L1 and nitrate proportions made up 39 – 75% of TDN. 

Both nitrate-N and TDN were elevated in the spring, then steadily declined into the summer 

months (Figure 11). Nitrate  made up 64 - 96% of DIN across the study catchments, with lower 

values during the summer. These seasonal patterns were comparable to soil nitrogen measured at 

the hillslope scale (Figure 6). Dissolved organic carbon concentration means ranged between 3.2 

– 8.8 mg L-1, and increased during the spring snowmelt, then rapidly decreased moving into the 

summer season. Both C and N were responsive to summer storm events (Figure 11). Mulched 

catchments were most responsive with all N and C stream concentrations increasing by factors of 

2-3 compared to non-storm samples. 
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Figure 11. Instantaneous stream concentrations of nitrate-N, total dissolved nitrogen, and dissolved 
organic carbon for 2022 of the Bennett Creek study catchments that maintained perennial flow 
within the Cameron Peak fire, Colorado. 
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Bennett Creek, the larger burned watershed that the study catchments drain into, had 

higher average C and N concentrations than unburned, Pennock Creek across the seasons (Figure 

12). Regardless of the mulch treatment, the study catchments had generally similar seasonal 

trends to Bennett Creek where both DOC and nitrate were generally highest in the spring and 

declined after the snowmelt peak. The nitrate proportions of TDN and DIN from the study 

catchments were generally more similar to those in Bennett Creek than to those in Pennock 

Creek. Across seasons, nitrate comprised 58% and 46% TDN for the study catchments and 

Bennett Creek compared to 31% for Pennock Creek. Similarly, nitrate proportions of DIN were 

87% and 84% for the study catchments and Bennett Creek compared to 73% for Pennock Creek. 

Patterns of reduced nitrate proportions in the unburned stream are similar to those measured with 

IER bags in the unburned hillslope site (Figure 6). 
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Figure 12. Monthly mean nitrate-N, TDN, and  DOC concentrations in Bennett and Pennock 
Creeks in 2022.  

 Some of the topographic, fire, cover, and geomorphic metrics were similar for mulched 

and unmulched catchments, but unmulched catchments had greater proportions of high burn 

severity, smaller catchment areas, lower erosion, and lower valley fractions (Figure 13). Several 
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catchment variables were positively correlated with one another, including slope and index of 

connectivity (r(6) = 0.92, p =0.01); slope and the bedrock fraction (r(6) = 0.87, p = 0.025), and 

erosion and valley fraction  (r(6) = 0.88, p = 0.02). Predictor variable relationships with 

instantaneous dissolved organic carbon and nitrate-N concentrations shifted seasonally for the 

Bennett Creek catchments (Figure 14 and 15). In the spring, slope (r(6) = 0.83, p = 0.041) and 

connectivity (r(6) = 0.85, p = 0.033) were positively correlated with stream nitrate-N, whereas 

NDVI was negatively correlated (r(6) = -0.82, p = 0.048) (Figure 14). For stream DOC 

concentrations, only high burn severity was strongly positively correlated (r(6) = 0.90, p = 0.016) 

(Figure 14). In the summer, no catchment characteristics were strongly correlated with mean 

nitrate-N concentrations (Figure 15). Comparatively, connectivity (r(5) = 0.88, p = 0.047) and 

erosion (r(5) = 0.89, p = 0.045, were strongly positively correlated with summer DOC 

concentration means (Figure 15).  

 A closer look at some of these correlation patterns reveals seasonal shifts in relationships 

between predictors and N and C concentrations. Nitrate concentrations decreased with greater 

burn severity in both spring and summer, whereas DOC concentrations increased in spring, and 

decreased with greater burn severity in summer (Figure 16). Nitrate concentrations significantly 

increased with greater slopes in the spring but were not related to catchment slope in summer 

(Figure 157. In contrast, DOC was not significantly correlated with slope in either season. 

Nitrate generally increased with higher catchment erosion in both spring and summer, whereas 

DOC increased significantly with higher erosion only in summer (Figure 18). 
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Figure 13. Watershed metrics for mulched and unmulched study catchments within the Bennett 
Creek watershed located in the Cameron Peak fire burn scar. 
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Figure 14. Pearson correlation matrix between predictor variables and NO3-N and DOC 

concentrations for samples collected in spring (April through mid-June) 2022 in the Bennett Creek 

study catchments.  
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Figure 15. Pearson correlation matrix showing the relationship between predictor variables and 

NO3-N and DOC concentrations for samples collected in summer (mid-June through August) 2022 

in the Bennett Creek study catchments. 
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Figure 16. Relations between stream NO3-N and DOC concentrations and high burn severity (%) 

of Bennett Creek study catchments for the spring (April through mid-June) and summer (mid-

June through August) of 2022. The shaded region represents the confidence interval of 95%. 
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Figure 17. Relations between stream NO3-N and DOC concentrations and average slope (%) of 

the Bennett Creek study catchments for the spring (April through mid-June) and summer (mid-

June through August) of 2022. The shaded region represents the confidence interval of 95%. 
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Figure 18. Relations between stream NO3-N and DOC concentrations and total volume of 

erosion in digitized pathways (m3) of the Bennett Creek study catchments for the spring (April 

through mid-June) and summer (mid-June through August) of 2022. The shaded region 

represents the confidence interval of 95%. 
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4. DISCUSSION 

4.1 Mulch-Related Carbon Inputs and Soil Leaching 

Woody mulch adds considerable amounts of soluble C to soil that has the potential to 

alter soil N cycling. Labile C contained in DOC fuels microbial metabolism and can stimulate N 

immobilization (Uddin et al., 2020) and thus reducing inorganic N available for leaching losses 

from soils. Our thin mulch treatment, which approximated mulch depths measured at our field 

sites, released between 100 and 300 C L-1 of DOC during simulated rain events. Mulch leachate 

had a lower C:N ratio than solid mulch (i.e., 50 vs 110; Table 5), consistent with high substrate 

quality of the soluble C released from mulch. The series of simulated rain events mobilized 13 kg 

C ha-1 of DOC, which represented 0.2% of the total C contained in the solid mulch. It is 

unknown if the amount of soluble C is completely exhausted or if mulch will continue to release 

DOC as it decomposes. Previous studies document that DOC release from woodchips can persist 

for up to seven years (Abusallout and Hua, 2017; Pitman et al., 2021). Elevated and persistent 

post-fire DOC concentrations increase concerns associated with disinfection by-products (DBP) 

formation potential during drinking water treatment (Chow et al., 2019; Heath et al., 2016; 

Hohner et al., 2016). The potential benefits of mulching on post-fire N release would be limited 

if the treatment exacerbates concerns about elevated DOC and potential DBP formation. 

Table 5. Total N and C in mulch (1 cm depth) and mineral soil (0-5 cm depth) and soluble N and 
C in mulch leachate used in laboratory column leaching study.  Mulch leachate values are the 
cumulative input from mulch to soil columns during four consecutive simulated rain events.  

 Total N (mg) Total C (mg) C:N 

Mulch 13 1470 110 

Mineral Soil 55 1250 23 

Mulch Leachate 0.05 2.5 50 
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Although the laboratory studies measured substantial levels of leached C from mulched 

soils, the low mulch coverage in the field did not cause a detectable influence on stream DOC. 

On average, DOC concentrations from mulched catchments ranged between 4.0 to 7.7 mg C L-1 

compared to 100 to 550 mg C L-1 leached from soil columns. Due to the low coverage, mulch 

mass was 16-times lower in the catchments compared to the laboratory soil columns. The total 

amount of soluble carbon from mulch added to the soil columns (13 kg C ha-1) is comparable to 

the amount that would be added over the course of two summer months in the study area (NWS, 

2024) and makes up 1.0% of the total carbon in mineral soil (Table 5). Thus, it does not enrich 

the soil with C compared to the amount of inert C that already exists in the soil. Additionally, the 

relative amount of DOC added to the soil is reduced by the greater spatial extent and low mulch 

coverage in the catchments. Therefore, the elevated DOC concentrations of concern for DBP 

formation in the leaching trials were not detectable in streams connected to mulched hillslopes. 

We found that burned stream DOC concentrations were higher in the spring and 

comparable in the summer compared to unburned stream concentrations, two years after the 

Cameron Peak fire (Figure 12). Some studies have reported considerable increases of DOC 

concentrations after wildfire (Uzun et al., 2020), while others did not find a consistent trend 

(Mast et al., 2015; Santos et al., 2019). Typically, increases in DOC are found in the short term 

(1-2 years; Raoelison et al., 2023; Santos et al., 2019) due to initial flushes of recently generated 

ash during snowmelt or storm events (Mast et al., 2015; Uzun et al., 2020). However, this can be 

influenced by burn severity and topographic characteristics of the burned catchments. Post-fire 

increases of DOC concentrations can have detrimental effects on downstream water quality and 

cause complications for water treatment (Hohner et al., 2019; Uzun et al., 2020). Our findings 
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indicate that mulch as a post-fire treatment does not increase levels of stream DOC that may 

already be elevated after wildfire. 

We found that stream DOC variation in the study catchments was driven by topographic 

and geomorphic variability rather than the limited mulch application. DOC concentrations were 

elevated in the spring and increased during summer storm events. For our six catchments, all 

with relatively high and moderate burn severity, DOC concentrations were positively correlated 

with high burn severity in the spring (Figure 13). Other studies have shown DOC concentrations 

to be correlated with low burn severity, however, their research looked at impacts across a 

broader range of severities (Cheng et al., 2023; Chow et al., 2019; Santos et al., 2019). Higher 

temperature and volatilization of carbon in high intensity fires suggests they may lower export of 

organic carbon to streams (Hohner et al., 2019; Paul et al., 2022), which contrasts with our 

observations of increased DOC with greater burn severity. Another study found no relationship 

between DOC concentrations and burn extent and concluded that other watershed-specific 

factors and solubility restrictions were stronger controls on post-fire DOC concentrations (Barton 

et al., 2023). We also found that summer DOC concentration means increased with greater 

catchment erosion (Figure 17). This reflects the influence of summer storm events on DOC 

concentrations (Figure 10). Other studies have documented post-fire DOC increases during storm 

events (Murphy et al., 2022; Roebuck Jr. et al., 2022) due to fire altered soil surface conditions 

and increased overland flow (Doerr et al., 2000; Larsen et al., 2009). One study found linkages 

between turbidity and DOC, indicating that post-fire environments make it more available for 

transport through the dissolution and mobilization of particles through surface runoff during rain 

events (Roebuck Jr. et al., 2022). 
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4.2 Mulch Impacts on Post-Fire Soil and Stream Nitrate 

We found that burned soils and surface water had higher nitrate levels and nitrate 

proportions of DIN compared to unburned sites, as has been reported widely (Certini, 2005; 

Gustine et al., 2022; Rust et al., 2018; Wan et al., 2001). We observed that mulch reduced nitrate 

relative to unmulched burned soils in both laboratory and hillslope comparisons, a pattern that is 

attributed to stimulation of microbial grown and N immobilization by C inputs from mulch 

(Prober et al., 2005; Uddin et al., 2020). This is consistent with several other studies that have 

found wood mulch reduces inorganic soil N that is susceptible to leaching (Homyak et al., 2008; 

Rhoades et al., 2015; Rhoades et al., 2017; Uwituze et al., 2023). However, during this short-

term study soil nitrate measured on our mulched hillslopes did not decrease to levels observed in 

unburned soils. Though mulching is known to stimulate soil microbes and enhance soil enzyme 

activity that are depleted by fire (Carmona-Yañez et al., 2023; Holden et al., 2016; Ortega et al., 

2023; Vourlitis et al., 2022), it can take years to return to pre-fire conditions (Ortega et al., 2023; 

Vourlitis et al., 2022). Post-fire recovery of soil microbial communities and activity can take up 

to 20 years (Fritze et al., 1993; Holden and Treseder, 2013; Caiafa et al., 2013), so by promoting 

microbial activity and N immobilization, mulching has the potential to speed recovery of the soil 

processes that retain N in soils rather than release to surface water. 

Although our findings indicate that mulching can reduce inorganic soil N, it is uncertain 

how much of this transformation is caused by nitrogen immobilization into microbial biomass 

versus denitrification processes. In our leaching studies, the soils remained moist throughout the 

trial, keeping the pore space water filled 60% to avoid anaerobic conditions that favor 

denitrification. In the field, we did not measure denitrification, so it is not certain if it occurred. 

Increased organic C availability generally increases the denitrification process, therefore, 
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resulting in the production of gaseous N losses, but this can also be dependent on limited oxygen 

when denitrifiers switch from aerobic to anaerobic respiration (Miller et al., 2012; Skiba, 2008). 

Typically, this is favored in areas where soil is saturated and oxygen is limited such as wetlands 

and riparian areas (Buss et al., 2005). Comparatively, our hillslope study sites had relatively well 

drained soils which might have reduced anaerobic conditions, but this was not measured. 

Additionally, one study has found that organic material with high C/N ratios could stimulate 

microbial immobilization of nitrate without causing concerning N loss via denitrification (Wang 

et al., 2021). Due to the potential for mulch to increase denitrification processes, it would be 

beneficial to quantify and further understand these unintended consequences associated with the 

input of C from mulch applications. 

Our study indicated the largest mulch effect on soil nitrate during spring snowmelt when 

both nitrate and soil water content was highest, and hydrologic connectivity via subsurface flow 

paths between hillslopes and streams is greatest (Stieglitz et al., 2003; Stottlemeyer and 

Troendle, 1999). In the Rocky Mountains, N is generated by nitrification that continues beneath 

the snowpack throughout the winter (Brooks et al., 1998; Yano et al., 2019) and is released as a 

seasonal pulse during spring snowmelt (Mast et al., 2015; Rhoades et al., 2017; Rhoades et al., 

2019). Nitrate release is typically elevated after wildfire (Table 4) due to decreased plant demand 

and higher nitrification rates (Table 3) (Certini, 2005; Gustine et al., 2022). We found that soil 

and stream nitrate were both 2 to 3-times greater during spring snowmelt compared to the 

summer season (Figure 6 and 9). During the summer, stream and soil nitrate declines as N uptake 

by terrestrial and aquatic biota increase (Campbell et al., 2002). The reduction in spring 

snowmelt soil nitrate we observed from the limited hillslope mulch application indicated that this 

treatment has the potential to impact N release to streams during this critical season. 
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Similar to stream DOC, we found that variability in stream nitrate in the study 

catchments was influenced by variation in topographic and geomorphic metrics rather than the 

limited mulch application. Steep topography promotes strong hydrologic gradients and coupling 

of burned hillslopes and streams through surface and subsurface flow paths (Lintern et al., 2018; 

Santos et al., 2019; Serpa et al., 2020). In our study catchments, stream nitrate concentrations in 

the spring increased with slope, connectivity, and total erosion, contributing to the observed 

snowmelt nitrate pulse. Similarly, other studies report that catchments with steeper slopes and 

greater hydrologic connectivity had elevated levels of post-fire N (Bladon et al., 2008). Despite 

selecting relatively similar catchments, the level of local catchment variability driving stream 

nitrate combined with the low mulch application limited our ability to detect any discernable 

mulch effect at the catchment scale. However, understanding catchment characteristics 

associated with increased post-fire stream nitrate may help to identify sensitive watersheds for 

focused mulch applications. Based on our findings, watersheds with high levels of hydrologic 

connectivity, steeper slopes, and evident erosion pathways would benefit from focused mulch 

applications. These attributes could be classified using high resolution airborne LiDAR and 

orthophotos. 

Based on the low mulch coverage within the catchments (6%), there was no detectable 

signal on stream C and N. With other types of land cover change, often a lower percent area 

needs to be impacted before the effects are evident in streamflow; for example, studies of urban 

areas with impervious surfaces have detected impacts on water quality with impervious cover as 

low as 5-15% (Brabec et al., 2002; Schueler et al., 2009). In general, impervious surfaces 

provide more uniform cover change allowing for a clear link between impervious surface and 

hydrologic changes that influence water quality (Brabec et al., 2002), so likely more than 15% 
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mulch cover would be needed before a streamflow effect is evident. Additionally, research has 

established that a minimum mulch cover of 70% is required to provide effective post-fire erosion 

control (Girona-García et al., 2021; Robichaud et al., 2013). Without dense and consistent 

coverage, we would not expect to see considerable water quality changes from mulch 

applications. 

Wildfires have long-term impacts on stream nitrate (Rhoades et al., 2019; Rust et al., 

2019), though the potential persistent impacts of mulch treatments remain uncertain. We 

observed rapid depletion of soluble N during simulated rainfall events (Figure 5), consistent with 

the seasonal decline in leaching of soils and release to streams patterns. Though nitrate 

concentrations decreased with subsequent rain events, mulch impacts remained evident over the 

course of the trial. Elsewhere in Colorado, mulch applied in mechanical fuel reduction and pile 

burn rehabilitation projects reduced nitrate the first year after mulch application but did not 

persist the second year (Rhoades et al., 2012; Rhoades et al., 2015). In conjunction with 

redistribution of woody mulch, it is uncertain if the treatment will have lasting impacts within 

burned watersheds.  

To extend the potential longevity of the wood mulch treatment, for both physical and 

biogeochemical influences, and prevent the movement of the material, mulch should be applied 

outside of the summer monsoon season. Similar to other studies (Foltz and Copeland, 2007; 

Robichaud et al., 2013), we found that mulch material was mobilized and redistributed within the 

first year of treatment. Wood mulch can interlock to create “mini-dams” which adsorbs rainfall 

impact and reduces the movement of the material (Girona-García et al., 2021); however, field 

observations have found when wood mulch cover is <50%, overland flow more easily displaces 

wood shreds (Robichaud et al., 2013). Therefore, by applying the mulch during a time that would 
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limit movement during high intensity convective rainstorms, potentially early summer or fall 

depending on operational logistics, and with higher coverage, this could lengthen the longevity 

for the mulch treatment.  
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5. CONCLUSION 

This evaluation of the biogeochemical effects of woody mulch advances understanding of 

the benefits but also the limitations of this treatment for post-fire water quality concerns. We 

document the potential for woody mulch to reduce post-fire nitrate leaching and inorganic soil 

nitrogen availability. However, the patterns we found in laboratory soil column assays and 

hillslope-scale plots were not detectable at the catchment scale. The low application rate and 

limited extent of mulching combined with high topographic and geomorphic variability likely 

overwhelmed the ability to resolve catchment-scale C and N responses. The operational-scale 

application rate in this study was well below the minimum mulch cover recommended to treat 

post-fire erosion (i.e., 22% vs 70%: Girona-García et al., 2021; Robichaud et al., 2013). 

Considering that the study catchments were mulched at <10% of the rate recommended to 

control erosion, it is not surprising that hillslope erosion (Hayter, 2023) and biogeochemical 

responses were both undetectable. Though this replicated, catchment experiment created a 

unique opportunity to evaluate the impacts of woody mulch at a relevant spatial scale, constraints 

associated with aerial operations prevented adequate mulching.  

Given the considerable cost and operational limits associated with aerial mulch 

applications, treatments should prioritize sensitive and high value locations. Our findings 

demonstrate that adequately applied wood chip mulch can influence biogeochemical processes in 

burned watersheds. We also found that watersheds with greater hillslope connectivity and slopes 

had higher stream nitrate, particularly during spring snowmelt. Future research could further 

explore catchment characteristics associated with increased post-fire stream responses to help 

select candidate locations for focused mulch applications. Post-fire rehabilitation efforts aimed at 

protecting surface water quality should invest sufficient resources in prioritizing sensitive 
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watershed locations and treating them with adequate mulch outside of the summer monsoon 

season to limit material redistribution during high intensity storm events and increase the 

longevity of the treatment. Little is known about the long-term biogeochemical impacts of post-

fire mulching and the complementary role it can have on vegetation recovery. Land managers 

would benefit from research on these topics, along with work to pinpoint the parts of the 

watershed where mulching may have the greatest effect as well. 
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