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ABSTRACT 
Forests of the Sierra Nevada have historically experienced fire. Fire suppression has 

increased forests fuel loads. Land managers use prescribed as a means to reduce forest 

fuel loads. Research has found fire to increase soil NH4
+ due to thermal breakdown of 

soil organic matter. Factors affecting the magnitude of this pulse have gone unaddressed. 

This study looks at antecedent soil properties and fire severity’s impact on NH4
+ 

availability following vegetation fire. NH4
+ increases were seen in both studies. 

Antecedent water content showed a significant influence on NH4
+, NO3

-, and mineral N 

concentrations in one study. Soil chemical properties did not demonstrate influence over 

post fire concentrations of mineral N in either study. Fire severity was seen as an 

influential property in both studies. Implications of this study directly influence land 

management for ecosystem health and sustainability.
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INTRODUCTION 

Background 

Fire has long been an active ecological pressure in the development and sustainability of 

many wildland ecosystems. Among these ecosystems is the forest of the Sierra Nevada 

Mountains (McKelvey et al., 1996). Before European settlement of the area, forest in the 

Sierra encountered fire on a mean fire return interval of 6- 20 year basis (Taylor, 1998). 

Mean fire return intervals were dependent on aspect, elevation, vegetation type, climate, 

and ignition sources. Both natural lightning and aboriginal ignitions were common 

throughout the area (Gruell, 1985; McKelvey et al., 1996; Taylor, 1998). Such short 

return intervals produced patchy low intensity fires with low tree mortality. Resulting 

forest have been described as open park-like stands, with herbaceous and grass 

understories (McKelvey et al., 1996). Fuels build up was avoided by the relatively 

constant removal by fire.  

 

In the 1800’s significant European settlement began to occur along the Sierras. Settlers 

heavily logged much of the Sierra’s forests. Although forest revegetated, a policy of fire 

suppression had been adopted throughout the United States (McKelvey et al., 1996; 

Monleon et al., 1997; Taylor, 1998). With the absence of fuel reducing fires, 

accumulation of forest floor and coarse woody debris was inevitable (Stephens et al., 

2004). Forests developed thick closed canopies with woody understories, thick forest 

floors, and abundant ladder fuels (Stephens et al., 2004). Ignition sources in these new 

forests generated large, destructive wildfires with high tree mortality (McKelvey et al., 

1996; Dombeck, 2001; Stephens et al., 2004). As an effort to prevent such devastating 
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fires, land managers have undertaken numerous silvicultural techniques to reduce fuel 

loads, remove ladder fuels, and decrease stand density. Mechanical removal has often 

been used to achieve such an objective. However, questions arose regarding the impact of 

the total absence of fire from a system and its processes. Consequently, prescribed fire 

and the combination of prescribed fire plus mechanical removal have also been 

implemented (Raison, 1979; Monleon et al., 1997; Neary et al., 1999).  

 

Researchers have frequently investigated the impacts of prescribed fire chemically, 

physically, and biologically (Monleon et al., 1997; Neary et al., 1999; DeLuca and 

Zouhar, 2000; Choromanska and DeLuca, 2001; Caldwell et al., 2002).  One notable 

chemical response to prescribed burning is the increase in NH4
+ availability often seen 

following treatment (Christensen, 1973; DeBano et al., 1979; Raison, 1979; Monleon et 

al., 1997; Neary et al., 1999; Grogan et al., 2000). Nitrogen is typically the main nutrient 

in a terrestrial ecosystem limiting plant growth (Knoepp and Swank, 1995). While the 

ecosystem may have abundant organic N, the inorganic or plant available N is usually 

very small. Consequently, changes in NH4
+ and NO3

- availability are important for 

biological processes such as seedling establishment, vegetative health, and invasive 

species encroachment, as well as non-biological processes such as water quality. 

Therefore, understanding the inorganic N response to prescribed fire is vital for proper 

land management. As stated above, studies have often revealed an increase in 

exchangeable NH4
+ following prescribed fire (Christensen, 1973; DeBano et al., 1979; 

Raison, 1979; Monleon et al., 1997; Neary et al., 1999; Grogan et al., 2000; Certini, 

2005). However, the size and duration of these pulses has varied greatly. Previous 
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research has attributed the source of the increase in NH4
+ to the breakdown of soil 

organic matter due to heat applied from the fire, but few studies have addressed the 

factors that affect the pulse (DeBano et al., 1979; Neary et al., 1999; Certini, 2005).   

 

If NH4
+ release is from the thermal alteration of soil organic matter, as suggested by 

previous studies, then it may be deduced that factors that affect soil heating during a fire 

would affect organic matter break down and NH4
+ release. Soil physical properties such 

as texture, bulk density, structure, and water content significantly affect soil thermal 

conductivity and specific heat and thus soil heating properties (DeBano et al., 1976; 

Raison, 1979; Chandler et al., 1983; Certini, 2005). In the absence of major disturbance, 

the physical properties texture, structure, and bulk density remain relatively constant. 

However, soil water content can vary greatly with season of year and even time of day. In 

the Sierra Nevada, the two prescribed fire burn seasons coincide with two drastically 

differing water content periods. Spring burning in the Sierra occurs when fuels and 

underlying soils are still quite moist from snow melt. Fall burning, on the other hand, 

takes place after summer drying when hydrophobicity often sets-up in Sierra soils (Miller 

et al., 2005). Thus fall rains which moisten fuels may not wet soils leaving them with low 

water contents during prescribed fires.  

 

Water content can have great influence on heat intensity and propagation of heat in the 

soil (DeBano et al., 1976; Raison, 1979; Chandler et al., 1983). Because water has a 

higher specific heat and thermal conductivity than soil particles, wet soils will heat less 

but heat will be transmitted to greater depths than dry soils. Dry soils will heat intensively 
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at the surface, but heat will not be readily transferred down into the soil (DeBano et al., 

1976; Chandler et al., 1983). It may be inferred that because of waters influence on soil 

heating that antecedent water content could greatly influence the increase in available 

NH4
+ often seen due to vegetation fires.  

 

Soil chemical properties might also play a role in NH4
+ release during a fire. Because the 

NH4
+ pulse has been attributed to the thermal breakdown of soil organic matter, the 

presence and abundance of organic matter seems to be the most logical factor. 

Antecedent levels of total N, total C, and the C:N ratio are potential pathways for 

assessing the influence of soil organic matter on post fire inorganic N concentrations. 

Other potentially influencing chemical factors are the pre fire concentrations of NH4
+, 

NO3
-, and total mineral N.  

 

While antecedent soil conditions may play a role in NH4
+ release, they are properties of 

the soil itself and say nothing of the heating element - a fire. Fire variables such as fuel 

loads, fuel moisture, fuel type, weather, and local topography are integrated into the 

temperature of the flame front and the rate of flame spread (DeBano et al., 1976; Raison, 

1979; Chandler et al., 1983; Little and Ohmann, 1988; Certini, 2005). This interaction of 

temperature and duration is often combined as fire severity (Certini, 2005). Severity of a 

fire may be assessed in a number of ways: ash color, Ca:C ratio, and forest floor loss 

(Raison et al., 1985; Little and Ohmann, 1988; Caldwell et al., 2002; Murphy et al., 

2006). If the source of the NH4
+ increase is thermally altered soil organic matter, then the 

severity of the overlaying fire would be an obvious influence not yet quantified.  
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Thesis Overview 

The purpose of this study is to assess the influence of antecedent soil properties (water 

content, total N, total C, and inorganic N) and fire severity on the release of NH4
+ on 

Sierra Nevada soils. This was carried out in a series of field and laboratory monitoring. 

Reported in this thesis are two papers submitted for publication. Chapter One is a 

prescribed fire experiment in which the affects of soil moisture, soil chemical properties, 

and fire severity by forest floor loss on inorganic N. Chapter Two addresses the 

availability of inorganic N following burning in a controlled laboratory experiment. Soils 

were subjected to a combinations of 3 water contents, 5 burn temperatures, and 3 burn 

durations. Deeper understanding of these processes and interactions will allow land 

managers in this area to better adapt silvicultural practices to desired goals and 

objectives, including season of burn and anticipated fire severity. The summary section of 

this thesis provides some suggestions to the implications from this study for land 

managers. 
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Chapter One 

 

Factors Affecting Ammonium Release by Prescribed Fire on an Andesite Soil in the 

Lake Tahoe Basin. 

 
Dallas W. Glass, MS1; Dale W. Johnson, PhD1; Watkins W. Miller, PhD1; Robert R. 

Blank, PhD2; and Chad M. Stein, MS1. 
 
 

1Natural Resources and Environmental Science, University of Nevada, Reno, Reno, NV 
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2USDA Agricultural Research Service, 920 Valley Road, Reno, NV 89512 
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ABSTRACT 

Vegetation burning can increase plant available N forms in the soil, particularly NH4
+, in 

surface soil layers. Elevated N-availability following fire influences vegetation growth, 

especially of herbaceous species, and water quality. The NH4
+ pulse has been attributed 

to the break down of soil organic matter, but few researchers have addressed how the 

release is affected by antecedent soil conditions. Soil water content might influence the 

magnitude of the NH4
+ pulse because of its influence on soil specific heat and thermal 

conductivity. Other potentially influencing factors are pre fire soil total N, total C, and 

fire severity. The purpose of this study was to assess several potentially influencing 

factors effects on NH4
+ release due to fire in a field study. Results from our research 

showed a significant impact on exchangeable NH4
+ and mineral N (NH4

+-N plus NO3
--N) 

immediately following fire. One year following the burn, significant treatment 

differences were seen in soil NH4
+, NO3

-, and mineral N. However, resin capsules and 

resin membranes exposed during winter after the fire showed no significant treatment 

effects. No significant relationships between water content, total N, or total C and post 

treatment soil NH4
+, or mineral N were found. Fire severity, characterized by forest floor 

loss, was significantly correlated with immediate post burn concentrations of NH4
+ and 

mineral N.  We conclude that post burn NH4
+ and mineral N responses in this study were 

driven by the fire characteristics rather than pre-fire soil water content, total N, or total C.  
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INTRODUCTION 

Prior to European settlement in the 1800’s, forests of the Sierra Nevada Mountains 

experienced fire return intervals of 6- 20 years depending on aspect and elevation  

(McKelvey et al., 1996; Taylor, 1998). Mixed conifer forests in the Lake Tahoe area had 

a mean fire return interval of 8 years (Taylor, 1998; Stephens et al., 2004). Ignition 

sources included both natural lightning fires and Native American burning (McKelvey et 

al., 1996; Taylor, 1998). Such frequent fires produced low intensity surface fires with 

little tree mortality. During the late 1800’s, however, European settlement along the 

Sierra Nevada Mountains drastically reduced fire in the ecosystem. For the past hundred 

years fire suppression has drastically altered the state of Sierra forests increasing stand 

density, ladder fuels, fuel loads, and forest floor depths (McKelvey et al., 1996; Monleon 

et al., 1997; Taylor, 1998; Stephens et al., 2004). Unfortunately, fires ignited under these 

conditions are more intense, resulting in greater tree mortality (McKelvey et al., 1996; 

Stephens et al., 2004). In an effort to prevent and protect against stand replacing fires 

land managers have implemented a variety of fuel reduction strategies including 

mechanical removal and prescribed fire (Monleon et al., 1997).  

Many studies have been conducted on the impact of prescribed fire on nutrient 

availability (Monleon et al., 1997; Neary et al., 1999; DeLuca and Zouhar, 2000; 

Choromanska and DeLuca, 2001; Caldwell et al., 2002). Theses studies often reported 

increased levels of soil exchangeable NH4
+ after burn treatments (Christensen, 1973; 

DeBano et al., 1979; Raison, 1979; Monleon et al., 1997; Neary et al., 1999; Grogan et 

al., 2000). The magnitude and duration of these NH4
+ pulses varies widely. The source of 

the NH4
+ response has been reported as the break down soil organic matter due to heating 
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(DeBano et al., 1979; Neary et al., 1999). However, little research has been conducted to 

determine the antecedent factors influencing the magnitude and duration of this NH4
+ 

pulse. This is of great concern since the presence of plant available N in a system impacts 

seedling establishment, invasive species encroachment, stand health, and water quality.  

If thermally altered soil organic matter increases NH4
+ availability in surface 

soils, it may be inferred that the mechanisms that influence soil heating in turn affect the 

release of NH4
+. Heat conduction in a soil matrix is a function of heat applied, duration of 

heating, type of soil, soil water content, and other soil physical properties (DeBano et al., 

1976; Raison, 1979; Chandler et al., 1983; Certini, 2005). Heat applied and heat duration 

are components of the fire itself, integrating variables such as weather, fuel type, and fuel 

loads; all of which affect fire intensity and fire severity (Certini, 2005). Soil physical 

properties such as water content, soil texture, structure, and bulk density affect the 

maximum internal temperature reached in the soil. Texture, structure, and bulk density 

are relatively constant with time in wildland systems, but soil water content varies 

frequently. In the Sierra Nevada, the climate is dominated by cold wet winters and mild 

dry summers. Soil moisture mimics this climatic trend in that spring water contents are 

higher due to water infiltrating from snow melt. Conversely, autumn soil water contents 

are significantly lower following the dry summer months and the hydrophobicity that 

developes during the dry summers, often prevailing until the following snowmelt season 

(Miller et al. 2005). Management burn seasons correspond to these two moisture seasons. 

Spring burns occur prior to elevated summer temperatures while soils are still moist from 

winter snowmelt, and fall burns occur following elevated summer temperatures in 
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combination with the initial rainfalls of the winter when soils remain dry because of the 

inherent soil water repellency.  

Moisture plays a large role in the degree and depth of soil heating (DeBano et al., 

1976; Raison, 1979; Chandler et al., 1983). Because water has a greater specific heat and 

thermal conductivity than soil (Chandler, 1983), moist soils heat less than dry soils, but 

heat to greater depths and retain the heat longer. Conversely, dry soils have a tendency to 

heat to higher temperatures than moist soils, but the heat is not propagated downward as 

far into the soil as it would be when the soil is wet. Other potentially influential factors 

effecting NH4
+ release with fire are the amount and form of N prior to soil heating, the 

amount of organic matter in the soil, and the C:N ratio.  

The purpose of this paper is to address these potentially influencing factors, 

antecedent soil factors and fire severity, the presence, magnitude, and duration of post 

fire NH4
+ availability. We hypothesize that: 

H1: Soils with higher water contents at time of fire will release less NH4
+ than drier soils, 

because wet soils will heat to lesser degrees and have less thermal alteration of soil 

organic matter. 

H2: Soils with higher levels of pre fire total N will release more NH4
+ than soils with less 

total N, because soils with more total N have more N to be released from thermal 

breakdown of soil organic matter. 

H3: Soils experiencing higher degrees of burn severity as seen by forest floor loss by 

weight will release more NH4
+, because soil experiencing higher burn severities will 

experience more thermal breakdown of soil organic matter. 
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MATERIALS AND METHODS 

Site 

This study site area is located on the north shore of Lake Tahoe, California between 

Carnelian Bay and Tahoe City, CA. The site has an elevation of approximately 1935 m 

above mean sea level and receives an average annual precipitation of 89 cm, most of 

which occurs during the winter and spring months. Soils are from the Jorge-Tahoma 

Series Association formed from volcanic parent material of andesite, basalt, and latite and 

are classified as loamy-skeletal isotic frigid Andic Haploxeralfs and fine-loamy isotic 

frigid Ultic Haploxeralfs respectively. This site consists of mixed conifer overstory 

including Jeffrey Pine (Pinus Jeffreyi), Ponderosa Pine (Pinus ponderosa), Sugar Pine 

(Pinus lambertiana), White Fir (Abies Concolor), Incense Cedar (Calocedrus decurrens), 

and a shrub understory. Significant nitrogen fixers in the system are squaw carpet 

(Ceanothus prostratus), mountain whitethorn (Ceanothus cordulatus), and snowbrush 

(Ceanothus velutinus).  

 

Experimental Design and Sampling 

There were four study treatments were used on this site: 1). a mechanical thinning, 2). 

prescribed fire, 3). combination of thinning and fire, and 4). an untreated control. 

Thinning occurred in the summer of 2003, with a goal to remove ladder fuels, diseased 

trees, and reduce stand basal area. All logging slash was chipped and chips spread over 

the thinned area. The prescribed fire for both the burn only and thin plus burn treatments 

occurred June 11, 2004, and were conducted by the Tahoe Basin Management Unit of the 

US Forest Service with intent to use prescribed fire to reduce forest understory fuel loads.  
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Five sampling plots were established in each treatment, and five subsampling points 

randomly associated with each sampling plot. All sampling (both before and after the 

fire) was conducted at the same sub sampling point. Soil samples were taken within 12 

hours prior to burn, immediately follow fire (allowing time for surface cooling but before 

any precipitation event), and one year following burn. Samples were 0-10 cm in depth, 

oven dried at 55oC for 48 hours, passed through a 2 mm sieve, and sent for chemical 

analysis to Oklahoma State University Soil, Water and Forage Laboratory (SWAFL). At 

SWAFL, total C and N were analyzed using a dry combustion C and N analyzer (LECO, 

St. Joseph, MI). For extractable soil NH4
+ and NO3

- , 10 g of dried, ground soil were 

shaken with 20 ml of 1 M KCl for 30 minutes. The extractant was filtered through a 

Fisher P4 qualitative filter and analyzed for NH4
+ and NO3

- on a Lachat 8000 flow-

injection analyzer  

 

Antecedent water contents were determined gravimetrically for all pre-burn soil samples. 

Samples collected in the field within 12 hours prior to burn were placed in soil cans, the 

lids taped shut, and placed in a cooler to prevent moisture loss. Sample weights were 

recorded immediately following field sampling and oven drying at 110oC (weights were 

adjusted for individual can tare weights). All water contents are reported as a g g-1. 

 

At each subsampling location, Western Agricultural Innovations Plant Root Simulator 

(PRS) probes and WESCA- UNIBEST PST-1 resin capsules were used to monitor 

nutrient changes in the system (Johnson et al., 2005). Both resin techniques were exposed 
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over the winter snow season prior to and following burn treatments. The capsules and 

PRS probes were washed with distilled water to remove adhering soil and then extracted 

for NH4
+ and NO3

-. The capsules were extracted with three sequential 20 ml solutions of 

2 M KCl on a platform shaker for 20 minutes each. The combined extractant solution (60 

ml) was analyzed at SWAFL as described above. Values were expressed at µmol N cm-2 

of resin area (which for two sides of the capsule is 22.8 cm2). The PRS probes were sent 

to Western Ag Innovations, Saskatoon, Canada for extraction. At Western Ag, the probes 

were extracted with 17.5 ml of 0.5 N HCl for one hour in a zip lock bag, and the 

extractant was analyzed for NH4
+ and NO3

- using a Technicon Autoanlyzer. The values 

for both the probes were reported in units of 10 µmol N cm-2 of resin surface, and these 

were converted to µmol N cm-2 in this study for the purpose of comparing to the resin 

capsules.  

 

We used forest floor loss as an index of fire severity. Pre fire forest floor mass was 

determined at all subsampling locations by destructive sampling using a fixed area litter 

ring of 0.07m2 as described by Murphy et al (2006). The ring was placed on an 

undisturbed area of forest floor and all organic material was removed less than 2.54 cm in 

diameter. Removed forest floor was classified as Oi, Oe, Oa, or other, oven dried at 

105oC for 24-48 hours, and weighed. Post burn forest floor samples were taken within 1 

meter of pre burn samples by the same method adding categories for ash and char. For 

the purpose of determining total forest floor loss weights from O-horizon categories: Oi, 

Oe, Oa, other, ash, and char were combines for a total forest floor mass per unit area.  
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Statistical Methods 

All statistical analyses were completed using statistical software DataDesk v. 6.0 (Data 

Description Inc. Ithaca, NY).  Soil and resin statistical analyses for treatment affects were 

performed using analysis of variance. Post hoc test for significant differences among 

treatments and time was carried out with Bonferroni’s post hoc test. Regression analysis 

was performed using a using simple regression analysis for linear models. Regressions 

consisted solely of pre burn independent variables to post burn NH4
+ and mineral N 

combined from both burn areas. Regressions were not preformed on post burn NO3
- since 

no burn effects were seen immediately following fire. Unburned area data was not used 

for regression analysis, because the concern objective of the regressions was assessing 

the affects of antecedent conditions and fire severity on burn released NH4
+ and mineral 

N.  

 

RESULTS 

Soil Chemical Data 

Table 1 presents the soil chemical ANOVA p-values for treatments, time, and 

interactions.  Figures 1 and 2 illustrate the data for NH4
+, NO3

- , mineral N, total C, total 

N, and C:N ratios before, immediately after, and one year after the fire. Significant 

differences between sampling times within a treatment are noted my upper case lettering. 

Lower case letters note differences between treatments within a sampling time.  

 

Prior to treatment no significant difference was seen among any of the soil chemical data 

except C:N ratio (Figures 1 and 2). Immediate post burn statistical analysis revealed that 
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there was a significant difference in NH4
+, total mineral N, total C, and C:N ratio among 

treatments but no significant differences in treatments for post-burn NO3
-, or total N. Soil 

NH4
+ levels showed a decline from pre to post burn in the thin only treatment; however, 

the burn only and thin plus burning show NH4
+ levels remaining near pre treatment 

values. This is supported by the ANOVA time*burn interaction (p<0.01; Table 1). This 

could be viewed as a relative increase in NH4
+ caused by the burning treatment. Similar 

results are seen for the total mineral N by treatment.  

 

Data from one year following burning shows slightly different trends (Figures 1 and 2).  

NH4
+ levels were not significantly different among treatments within this time. However, 

NO3
- values a year after the burn were significantly elevated in both burn treatments. This 

shows the likely nitrification of the significantly higher NH4
+ immediately post fire. 

Nitrification of NH4
+ to NO3

- would also explain the return of burn area NH4
+ 

concentrations to those seen in unburned areas in one year post sampling. The response 

of mineral nitrogen one year post burn is again dominated by the NH4
+, showing no 

significant differences among treatments at that time. This is a result of NH4
+ levels being 

nearly a full order of magnitude larger than NO3
- concentrations.  

 

ANOVA results showed harvest and harvest*time effects for total C and C:N (Table 1) 

Significant differences between individual treatments for total C were only found during 

the immediate post burn collection. C:N ratios, however, show significant differences 

between treatments in both the pre and immediate post burned soils. Significantly higher 

ratios are seen in the thinned areas, suggesting an influence of the chipped logging slash 
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on C:N ratios and subsequent decomposition. Total N show no significant differences 

among treatments or sampling time.  

Resin Chemical Data 

Figures 3 and 4 show pre- and post-season resin capsule and PRS probe data and  Table 2 

shows all ANOVA p-values. Comparisons among resin data was made between 

treatments, and all data is for one water year. Resin capsules showed a trend toward 

higher values after treatment, but no statistically significant changes in NH4
+, NO3

-, or 

total mineral N levels were seen between treatments pre or post burn (Table 2 and Figure 

3). PRS probe data for NH4
+ and NO3

- shows post treatment significant differences 

between thin only and burn only treatments but does not show a significant burn 

treatment effect (Table 2 and Figure 4).  PRS probes show no significant differences 

among treatments pre or post fire for total mineral N.  

Linear Regression Analysis 

Since soil data showed a significant relative increase in extractable NH4
+ and total 

mineral N, we could begin to assess the factors that may influence the size and duration 

of this release. To do so, several pre burn variables were regressed against post fire 

concentrations of NH4
+ and mineral N. Since no significant difference was detected 

between post burn levels of NH4
+ and mineral N for burn only and thin plus burn 

treatments, all burned area data points were pooled for regression. Independent pre fire 

variables which were used for regression included gravimetric water content, total N, 

total C, C:N ratio, NO3
-, NH4

+, and total mineral N. Since pre burn soil samples were 

taken within twelve hours prior to fire ignition, these pre burn values may be considered 

to be at the time of fire. Table 3 shows the results of the linear regression analysis for 
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figures 5 and 6. None of the pre-fire independent variables proved to be a predictor of 

post fire NH4
+-N or total mineral N concentrations. Since neither pre burn soil moisture 

nor post burn total N showed to be an accurate indicator of post burn NH4
+ or mineral N 

concentrations, neither Hypothesis 1 nor Hypothesis 2 was supported.  

 

To test Hypothesis 3, forest floor loss was regressed against post fire NH4
+-N and total 

mineral N concentrations as well as change in NH4
+-N and total mineral N by point. 

Table 4 shows all four regressions to significant to the 0.001 level. The resulting 

regressions and trend lines are shown in Table 3 and figure 7. In this case forest floor loss 

demonstrated to be a significant influencing factor for post burn NH4
+ and mineral N 

concentrations and changes in NH4
+ and mineral N concentrations. However, fire severity 

showed to be a poor predictor for either.  

 

DISCUSSION 

The prescribed fire treatment showed a significant impact on extractable NH4
+ and total 

mineral N levels in this study, as has been seen in various other studies. Treatment effects 

were not apparent for other soil chemical measurements immediately following fire. One 

year following the fire NH4
+ concentrations were no longer significantly different from 

unburned area. However, NO3
-, was significantly elevated suggesting the nitrification of 

the NH4
+ released by the fire. Resin data showed mixed results. Resin capsules showed 

no treatment affects for NH4
+, NO3

-, or mineral N. PRS probes showed significant 

treatment effects for NH4
+ and NO3

-, but not for mineral N. However, post hoc test did 

not reveal a significant burn treatment effect. The contradiction between soil and resin 
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chemical data raises some interesting questions concerning how resin collectors measure 

chemical changes. Resin collectors can be thought of as an infinite sink for collecting 

nutrients over a certain period of time (Skogley and Dobermann, 1996). Over time, 

however, they may come closer to equilibrium with current soil conditions, and that may 

have been the case in this study. Soil NH4
+ and NO3

- values, on the other hand, represent 

snapshots of soil N availability and do not necessarily reflect the integrated values over a 

specific period of time. Other possible explanations include environmental factors of such 

as water and temperature (Johnson et al., 2005).  

 

Hypotheses 1 (soils with higher water contents at time of fire will release less NH4
+ than 

drier soils), and 2 (soils with higher levels of pre fire total N will release more NH4
+ than 

soils with less total N) were not supported the results of this study. We found no effect of 

pre-fire water content, total C, or total N on post fire NH4
+-N, NO3

--N, or mineral N 

concentrations. Hypothesis 3 (soils experiencing higher degrees of burn severity as seen 

by forest floor loss by weight will release more NH4
+) was supported, however. The 

linear regressions of Table 3 and figure 7 support Hypothesis 3, that soils experiencing a 

higher degree of burn severity as seen by forest floor loss produce higher post fire 

concentrations of NH4
+-N and mineral N. In this study soil C, N, and water content were 

not shown to influence NH4
+ release due to burning. However, burn severity, rather than 

soil physical and chemical properties, was demonstrated to be the major factor in NH4
+ 

response to burning.  
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Table 1: Soil chemical data ANOVA p-values by treatment, time, and interactions 

Source df Wilks NO3
- NH4

+ Mineral N TC TN C:N 

Constant 1 0 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Time 2 0 <0.01 <0.01 <0.01 <0.01 0.05 <0.01 

Harvest 1 0 0.53 0.87 0.81 <0.01 0.39 <0.01 

Burn 2 0 <0.01 <0.01 <0.01 0.26 0.01 <0.01 

Time*Harvest 2 0 0.9 0.46 0.5 0.07 0.82 <0.01 

Time*Burn 1 0.04 0.33 <0.01 <0.01 0.44 0.73 0.99 

Harvest*Burn 2 0.81 0.49 0.63 0.67 0.72 0.82 0.57 

Time*Harvest*Burn 1 0.52 0.94 0.27 0.29 0.76 0.22 0.37 
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Table 2:  Resin chemical data ANOVA p-values for pre and post burn time periods.  

 Resin Capsules PRS Probes 

  p Before p After p Before p After 

NH4
+ 0.51 0.51 0.34 0.04 

NO3
- 0.2 0.46 0.53 0.06 

Mineral N 0.23 0.47 0.82 0.34 
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Table 3: Linear regressions of pre fire independent variables to post fire NH4
+-N and 

mineral N concentrations. 
Pre Burn NH4

+ Mineral Nitrogen 

Independent 

Variable Y-intercept Slope r2 p Y-intercept Slope r2 p 

Water Content 63.02 -25.83 0.013 0.452 69.49 -23.63 -0.013 0.511 

Total Nitrogen 54.23 13.85 0.011 0.483 61.08 13.84 -0.012 0.502 

Total Carbon 55.85 0.19 0.008 0.550 62.81 0.18 -0.016 0.589 

C:N 45.29 0.31 0.034 0.214 52.22 0.31 0.009 0.238 

NH4
+ 59.64 -0.02 0.001 0.821 66.52 0.03 -0.021 0.824 

NO3
- 38.61 4.43 0.042 0.168 45.12 4.50 0.018 0.180 

Mineral N 59.37 -0.02 0.001 0.859 66.25 -0.02 -0.022 0.861 
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Table 4: Linear regressions of forest floor loss to post burn concentrations and total 
change of NH4

+-N and mineral N.  
 
Dependent Variable 

(mg/kg) 

Y-

intercept Slope r2 p 

Post Burn NH4
+ 42.80 -0.00022 0.114 0.0009 

NH4
+ change -17.82 

-

0.000282 0.124 0.0005 

Post Burn Mineral N 48.63 

-

0.000247 0.129 0.0004 

Mineral N change -16.13 

-

0.000309 0.140 0.0002 

 



 28

Figure 1: Soil nitrogen data from four fuels management treatments before and after 
prescribed fire in the Lake Tahoe Basin. Lower case letters denote significant differences 
between treatments in a single time period, upper case letters denote significant 
differences between sampling times for a given treatment.  
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Figure 2: Soil carbon and nitrogen data from four fuels management treatments before 
and after prescribed fire in the Lake Tahoe Basin. Lower case letters denote significant 
differences between treatments in a single time period, upper case letters denote 
significant differences between sampling times for a given treatment. 
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Figure 3: Resin capsule chemical data from four fuels management treatments before and 
after prescribed fire in the Lake Tahoe Basin. Letters denote significant differences 
between treatments in a single time period.  
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Figure 4: PRS probe chemical data from four fuels management treatments before and 
after prescribed fire in the Lake Tahoe Basin. Letters denote significant differences 
between treatments in a single time period.  
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Figure 5: Soil regressions of pre burn independent variables to post burn NH4
+ and 

mineral N 
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Figure 6: Soil regressions of pre burn independent variables to post burn NH4
+ and 

mineral N 
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Figure 7: Soil regressions of forest floor loss by weight to post burn NH4
+ and mineral N 
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ABSTRACT 

A laboratory muffle furnace study was conducted to determine the effects of soil 

moisture, burn temperature, and burn duration on NH4
+, NO3

-, total N, and total C in 

soils.  Two unburned forest soils from the Sierra Nevada Mountains of California were 

collected and subjected to muffle furnace burning. Treatments were combinations for 

three water contents, four temperatures, and three durations. Soils were analyzed for NO3
-

, NH4
+, mineral N, total N, total C, and C:N responses to the treatments. Soils increased 

in NH4
+ and mineral N with greater durations and temperatures, sometimes declining at 

the highest combinations. Nitrate values peaked at low temperatures (100oC) followed by 

declines at greater temperatures and durations. Little or no change was seen in total N, 

total C, and C:N ratio except at high temperatures and durations (500oC for 15 minutes) 

where C and N declined along with NH4
+ and mineral N. Internal temperatures were 

monitored immediately following burning. Internal temperatures increased to near 100oC 

with greater applied temperatures and durations, leveled off for periods depending on 

initial water content, and then increased to 300 to 400oC at higher temperatures and 

durations. Plotted against final internal temperature, NH4
+ increased up to different 

critical temperatures (depending on water content) then decreased. Soil water content also 

influenced the magnitude of inorganic N releases following treatment. This experiment 

suggests that fire severity (characterized by a combination of burn duration and 

temperature) has a significant influence on inorganic N responses to burning. 

Management implications including burn season, fire prescriptions, and burning across 

different soil types are discussed. 
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INTRODUCTION  

Fire has long been a dominating force in forests of the Sierra Nevada Mountains 

(McKelvey et al., 1996). Beginning in the early 1900’s, fire suppression substantially 

reduced fire frequency, creating abnormal denser forests of smaller trees, thicker 

understories, and thicker forest floors (McKelvey et al., 1996; Taylor, 1998; Stephens et 

al., 2004). Prescribed fire is a silvicultural tool to reduce fuel loads and increase forest 

health (Monleon et al., 1997; Neary et al., 1999).  Understanding the influence of 

prescribed fire at a local level is vital to its use as an environmental management tool. 

 

During a wildland fire, soil surface temperatures can exceed 700oC, depending on fuel 

loads, fire type, and weather conditions (White et al., 1973; DeBano et al., 1979; Raison, 

1979). Propagation of surface heat into the soil is influenced by soil texture, water 

content, heat duration, and other soil physical properties (DeBano et al., 1976; Raison, 

1979; Chandler et al., 1983).  When exposed to heat, soils with high water contents 

experience less temperature change than drier soils, because water increases the specific 

heat of soil (DeBano et al., 1976; Chandler et al., 1983). Conversely, wetter soils heat 

deeper and retain the heat longer than do drier soils because water increases the thermal 

conductivity of soil (Chandler et al., 1983). Regardless, soil temperatures a 5 centimeters 

below surface rarely exceed 100oC (DeBano et al., 1976). Soil water acts a temperature 

buffer, absorbing heat energy by means of evaporation. Therefore, soil temperatures at 10 

cm may climb to just below 100oC where they will remain until all water is lost through 

evaporation (DeBano et al., 1976). 
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With these internal temperature changes, fire-affected soils often experience significant 

physical and chemical changes (Raison, 1979; Certini, 2005). Among them is the 

increase in soil NH4
+ often seen after a fire (Christensen, 1973; DeBano et al., 1979; 

Raison, 1979; Monleon et al., 1997; Neary et al., 1999; Grogan et al., 2000; Certini, 

2005). N is typically the limiting nutrient in most terrestrial ecosystems and therefore 

increased N availability after fire can influence new seedling establishment, invasive 

species encroachment, surviving plant health, and non-biotic issues such as water quality 

(Knoepp and Swank, 1995). Therefore, understanding the factors affectiong presence, 

magnitude, and duration of the elevated NH4
+ can be vital to proper land management.  

 

The post- fire NH4
+ release has been attributed to the denaturing of soil organic matter 

due to elevated soil temperature (DeBano et al., 1979; Neary et al., 1999; Certini, 2005). 

The magnitude and duration of these increases varies considerably. If soil heating is the 

mechanism for the denaturing of soil organic matter to release NH4
+, then the same 

variables that influence soil heating might drive this NH4
+ release.  

 

Field research experiments were conducted using prescribed fires to assess the influence 

of a number of pre-fire variables with post fire NH4
+ responses. However, due to the 

natural variability of wildland soils, inconsistent fuel loads, and the patchy mosaic of 

vegetation fire, results were difficult to interpret. Therefore, field soils were brought into 

the laboratory and subjected to simulated burning using a muffle furnace at different 

temperatures and durations with varying initial water contents.  
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The purpose of this study is to evaluate the relationship between water content at the time 

of fire, soil surface temperatures, heating duration, and soil type on mineral N availability 

with in a laboratory setting. We hypothesize that: 

H1: Water content at time of burn is a significant factor for the response of NH4
+, NO3

-, 

and mineral N to burning in both soil types.  

H2: Fire severity, as seen by the interaction of burn temperature and duration, is a 

significant factor for NH4
+, NO3

-, and mineral N concentrations in both soil types.  

H3: For a given water content and burn duration, higher furnace temperatures will result 

in greater NH4
+ concentrations.  

 

MATERIALS AND METHODS 

Site Locations 

Soils were collected from two locations, 1. North Shore Lake Tahoe, CA and 2. Rush 

Creek Drainage, Sierra National Forest, CA. 

North Shore Lake Tahoe, CA: Soil samples consist of A horizon soils taken from a depth 

of 0-10 cm at a research site located on the north shore of Lake Tahoe California between 

Kings Beach, CA and Tahoe City, CA. This site is approximately 1935 m above mean 

sea level and receives an average annual precipitation of 89 cm, most of which occurs 

during the winter and spring months. Soils are from the Jorge-Tahoma Series Association 

formed from volcanic parent material of andesite, basalt, and latite and are classified as 

loamy-skeletal isotic frigid Andic Haploxeralf and fine-loamy isotic frigid Ultic 

Haploxeralfs respectively. This site consists of mixed conifer overstory including Jeffrey 

Pine (Pinus jeffreyi), Ponderosa Pine (Pinus ponderosa), Sugar Pine (Pinus lambertiana), 
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White Fir (Abies Concolor), Incense Cedar (Calocedrus decurrens), and a shrub 

understory. Significant nitrogen fixers in the system are squaw carpet (Ceanothus 

prostratus) and mountain whitethorn (Ceanothus cordulatus). 

 

Rush Creek, CA: Soils in the Rush Creek drainage are part of the Sierra National Forest, 

in south central California, east of Fresno, CA. Soils in this area are from the Holland 

Family and are classified as fine-loamy, mixed, mesic Ultic Haploxeralfs. These soils 

developed from granitic or metamorphic rocks and are typically well drained. The site 

receives an average annual precipitation of 100 cm, most falling during winter months as 

snow as rain, and is located at nearly 1500 m above mean sea level. Dominant vegetation 

is over story Ponderosa Pine (Pinus ponderosa). However, fire suppression has increased 

stand components of White Fir (Abies Concolor), Incense Cedar (Calocedrus decurrens), 

and decreased components of Blue Oak (Quercus douglassi). Few nitrogen fixers occur 

in the area, but there are sparse stands of Buck Brush (Ceanothus sanguineus) and lupens 

(Lupinus spp.).  

 

Soil Sampling 

Soil samples were taken in bulk from a depth of 0-10 cm. Soils were field sieved through 

a 1 cm wire screen and allowed to air dry. The air dried soils were then sieved through a 

2mm sieve and placed on a plastic tarp for mixing. Each soil was homogenized by rolling 

the soil in a tarp. This homogenization technique was used prior to each sub sampling to 

reduce influence of surface drying.  
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Sample Processing and Analysis 

Other than soil type, three independent variables were imposed to directly affect soil 

heating: 1) furnace temperature, 2) soil water content, and 3) heating duration. Each 

locations was subjected to the following matrix: temperature=0, 100, 200, 300, 500oC; 

duration= 2, 5, 15 minutes; water content= +0%, +10%, +20% by weight. For each 

treatment, eleven sub samples were created of a moist soil weight equivalent to 20g of air 

dried samples. Five sub samples were taken, placed in crucibles, and heated in the muffle 

furnace; five were placed into sample bags; and one was used for gravimetric water 

content analysis. After treatment, all sub samples except water content (dried at 105oC for 

48 hours and not sent for chemical analysis) were oven dried at 50oC for 48 hours before 

chemical analysis. Chemical analysis was performed at Oklahoma State University Soil, 

Water, and Forage Analytical Laboratory (SWFAL). Soils were tested for extractible 

NH4
+, NO3

-, and Ca2+, as well as total N and total C. At SWAFL, total C and N were 

analyzed using a dry combustion C and N analyzer (LECO, St. Joseph, MI). For soil 

NH4
+ and NO3

- , 10 g of dried, ground soil were shaken with 20 ml of 1 M KCl for 30 

minutes. The extractant was filtered through a Fisher P4 qualitative filter and analyzed 

for NH4
+ and NO3

- on a Lachat 8000 flow-injection analyzer. 

 

Furnace Temperature 

Soil surface temperatures during fire vary extensively in the literature from around 100oC 

(White et al., 1973; Raison, 1979; Chandler et al., 1983,) to >700oC (DeBano et al., 1976; 

Raison, 1979; Neary et al., 1999). Such a wide range in temperatures exists because of 
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the variation in vegetation types and microclimates (Raison, 1979). In order to cover a 

wide range of temperatures, similar to previous muffle furnace studies simulating fire 

effects on soil nutrients, (Knight, 1966; White et al., 1973; Blank et al., 1994; Badía and 

Martí, 2003), four furnace temperatures were used: 

1. 100oC to simulate temperatures from mild forest and shrub burns (Raison, 1979; 

Chandler et al., 1983),  

2. 200oC to simulate moderate burns (Chandler et al., 1983), 

3. 300oC to simulate moderate burns (Chandler et al., 1983; Blank et al., 1994), 

4. 500oC to simulate severe burns, wildfires, and slash pile burns (Knight, 1966; 

DeBano, 1976; Raison, 1979; Chandler et al., 1983). 

 

Heating Duration 

Certini (2005) suggests that heat duration may be the greatest cause of below ground 

changes. In previous muffle furnace studies simulating fire effects on soil and forest 

floor, time durations as low as 5 minutes (DeBano et al., 1976) to as high as 30 minutes 

(Badía and Matí, 2003) have been used. Chandler et al. (1983) have proposed a 

relationship of fuel thickness to residence time, where residence time (R) in minutes is 

roughly equal to three times the thickness of the fuel (D) in centimeters.  

R (min) = (3min/cm)*D (cm) 

Based on the literature and the above relationship presented by Chandler et al., three burn 

times were used: 

1. 2 minutes for short duration fast moving fires like those of light litter, 

2. 5 minutes for fires typical of shrub understory fires, 
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3. 15 minutes for fires occurring at areas of heavier fuel loads.  

Soil Water Content: 

Soils were burned at a three soil moisture contents ranging from moist spring conditions 

to drier fall conditions:  

1. Air dry: soil samples were allowed to thoroughly air dry prior to the experiment.  

2. Moist: soil samples were thoroughly mixed with deionized water to increase the 

gravimetric water content by 0.10.  

3. Wet: soil samples were thoroughly mixed with deionized water to increase the 

gravimetric water content by 0.20.  

Immediately prior to each treatment, a sub-sample of the soil was taken and a 

gravimetric water content calculated by drying the sample in an oven at 105oC for 24 

hours.  

 

Internal Soil Temperature 

Internal soil temperature 1 cm deep was measured in all five treatment sub samples prior 

to being placed in the muffle furnace. The internal temperature of the one crucible sample 

was taken immediately upon removal of the soils from the muffle furnace. All internal 

temperatures were taken 1 cm below the soil surface using a Fisher Scientific Precision 

0.01o Thermometer reading to the nearest 0.1oC. 

 

Statistical Analysis 

All statistical analysis was completed using statistical software DataDesk v. 6.0 (Data 

Description Inc. Ithaca, NY).  Analysis for treatment affects and interactions of burn 
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time, burn temperature, and water content were performed using analysis of variance. 

Significant differences among treatments was tested using Bonferroni’s test. Bonferroni’s 

tests were conducted within soil type, water content, and heat duration combinations. 

Different letters denote statistically significant changes (Figures 1-6, 8-10).  

 

RESULTS 

Treatment Effects 

Table 1 shows the results of the ANOVA responses for NO3
-, NH4

+, mineral N, total N, 

total C, and C:N to varying moisture contents, burn temperatures, and burn times in both 

soil types . For both soil types, burn temperature, heat duration, water content, and all 

possible combination interactions produced significant (p<0.10) p-values for NO3
-, NH4

+, 

and mineral N with only two exceptions: the interaction of time x water content and the 

interaction of time x temperature x water content for NO3
-  in the Rush Creek soil. 

  

The ANOVA results for total N, total C, and C:N were more variable, reporting 

significant (p<0.10) p-values in many but not all cases. Burn temperature was significant 

for total N and total C in all cases and for C:N in all but the North Shore soils; burn 

duration was significant for all but total N in North Shore soils and C:N in both Rush 

Creek and North Shore soils; water content was significant for all but C:N ratio in North 

Shore soils; temperature x time was significant for total N, total C, and C:N ratio in all 

cases; water content x temperature was significant for total N in both soils and total C in 

Rush Creek soils; water content x time was significant only for total N in North Shore; 

and temperature x time x water content was significant for total C and C:N in both soils.  
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Figures 1-6 show the responses of NO3
-, NH4

+, mineral N, total N, total C, and C:N 

respectively to different combinations of temperature, duration, and water content for 

both soils. Within the figures, bars not sharing the same letters indicate significant 

differences within a given soil type, water type, and burn duration.   

 

Samples showed varying responses for NO3
- depending on soil type and initial moisture 

conditions. Rush Creek soils showed three different NO3
- responses, depending on water 

content (Figure 1). Air dried soils showed no significant differences among temperatures 

for each duration except for the 5 minute, 500oC treatment where a significant increase 

was observed (Figure 1). For the plus 10% water contents, the 2 and 15 minute durations 

showed a decline in NO3
- for all temperatures, while the 5 minute duration showed an 

initial significant increase in at 100 oC then a decline back to unburned values at higher 

temperatures (Figure 1). In the plus 20% water content treatment, NO3
- increased at 100 

oC in both 2 and 5 minute durations and then decreased (Figure 1).  

 

With some exceptions, the North Shore soils demonstrated a similar pattern in NO3
- 

response to burn duration and temperature. For the air dried water content, NO3
- did not 

change at any temperature at the 2 minute duration. The 5 minute treatment showed 

significant increases in NO3
- at 100 and 200 oC temperatures over the unburned soil 

followed by a decrease at 500 oC. The 15 minute treatment showed a significant increase 

in NO3
- at 100 oC, then a significant decrease at 300 oC and a further significant decrease 

at 500 oC (Figure 1). The plus 10% water content showed three different responses 
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depending on duration and temperature. In the 2 minute duration, NO3
- was significantly 

greater than unburned for the 100 and 200 oC temperatures, but returned to near unburned 

levels at the 300 and 500 oC treatments. The 5 minute duration showed an increase only 

for the 100 oC temperature followed by a return to unburned concentrations for 200 and 

300 oC, with a significant decrease at the 500 oC temperature. The 15 minute duration 

showed no change from unburned to 100, and 200 oC temperatures, but at a significant 

decreases at 300 oC a significant decrease occurs with a significant increase at 500 oC. For 

the plus 20% water content, the 2 and 5 minute durations followed the same NO3
- 

patterns seen in the plus 10% water content 2 and 5 minute treatments. The plus 20% 15 

minute treatment also followed the plus 10% 15 minute treatment except at the 500 oC, 

where available NO3
- was not significantly different from the 300 oC.  

 

In general, NO3
- tends to decrease with increasing burn severity. This decrease may be 

preceded by a initial spike such as in Rush Creek’s plus 20% water content 2 and 5 

minute durations and North Shore’s air dried 5 and 15 minute, plus 10% water 2 and 5 

minute, and plus 20% water 2 and 5 minute durations (Figure 1). For Rush Creek soils, 

the NO3
- decreases become greater with increasing water content.  

 

Soil NH4
+ generally showed a significant increase with increasing temperature and 

duration over unburned and low intensity treatments (Figure 2). As was the case for NO3
-, 

Rush Creek soils showed three different responses to available NH4
+ depending on water 

content. In Figure 2, the air dried, 2 minute treatment showed a significant increase only 

at 500 oC, while the 5 minute duration increases at 200 and 300 oC, then a much larger 
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significant increase at 500 oC. The air dried 15 minute treatment showed increase of NH4
+ 

at 200 oC, then another increase at 300 oC, followed by a decrease to NH4
+ levels to those 

seen at 200 oC (Figure 2). In the plus 10% water content treatment, the 2 minute duration 

showed increases at 300 and 500 oC. The 5 minute treatment showed no significant 

changes at any temperature. In the 15 minute duration at Rush Creek, NH4
+ increased at 

200 oC, increased substantially again at 300 oC, and then decreased at 500 oC (Figure 2). 

For the plus 20% water content at Rush Creek, all three durations experienced significant 

increase at the 100 oC temperature with a subsequent return to concentrations not 

significantly different from unburned soils. All Rush Creek soils, except the plus 10% 5 

minute duration treatment, showed some increase in available NH4
+. This increase was 

followed by a decline in the air dried and plus 10% water 500 oC for 15 minute treatments 

and all duration treatments at the plus 20% water content level.  

 

With some exceptions, North Shore soils show similar trends to those of Rush Creek 

(Figure 2).In the air dried soils, 2 minute duration, NH4
+ increased significantly only at 

500 oC. At the 5 minute duration in air dried soils, NH4
+ increased at 300 oC and again, to 

a much larger degree, at 500 oC. In the 15 minute duration in air dried soils, NH4
+ 

increased at 300 oC and then decreased at 500 oC. However, the 500 oC NH4
+ 

concentrations remain elevated over those of the unburned, 100, and 200oC treatments. 

The plus 10% water content treatments show three different responses based on duration 

(Figure 2). The 2 minute duration produced no change with increasing temperatures 

except for a decrease at 100 oC. In the 5 minute duration, plus 10% water 100, 200 and 

300 oC temperatures had lower NH4
+ concentrations than the unburned soils. At 500 oC, 
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however, a large significant increase is observed. For the 15 minute duration, plus 10% 

water, a significant decline in NH4
+ was seen at 200 oC, then a significant increase at 300 

oC and again at 500 oC. The plus 20% water content treatments show much more sporadic 

responses in NH4
+ levels in North Shore soils (Figure 2). At 2 minutes duration, 

significantly lower values of NH4
+ were seen at 100, 200, and 500 oC but not at 300 oC. 

The 5 minute treatment showed decreases at 100 and 300 oC, but not at 200 oC, and a 

large significant increase at 500 oC. For the 15 minute duration a significantly lower value 

was seen at 200 oC, but not at 100 or 300 oC, with a significant increase again at 500 oC. 

The air dried North Shore soils show a typical pattern for NH4
+, with increases at higher 

combinations of furnace temperature and duration, with a decrease at the highest 

combination of 500 oC for 15 minutes. The plus 10% water content again shows this 

increase at higher treatment severities; however there is a slight decrease in NH4
+ at the 

100 oC temperature in the 2 and 5 minute durations. The plus 20% water content 

treatments also show an increase in NH4
+ at higher severities but there are several 

inconsistent decreases at lower severities.  

 

Given the data seen in Figure 2 for both soils at a variety of water contents and burn 

durations, the general trend for NH4
+ is an increase at higher burn severities. At some 

point a critical severity threshold is reached at which NH4
+ begins to decrease. In this 

study the severity treatment that most consistently showed a decrease was the 500 oC for 

15 minute treatment.  

 



 49

Total mineral nitrogen (NO3
- + NH4

+) generally followed the same trends as NH4
+. 

because NH4
+ values were often two to five times greater than NO3

- values for Rush 

Creek soils and nearly a full order of magnitude greater for North Shore soils. Air dried 

soils showed the same response form mineral N and NH4
+ for both soil types (Figure 3). 

Plus 10% water content soils showed the same response for mineral N as NH4
+ for both 

soils in the 5 and 15 minute duration treatments but not the 2 minute duration (Figure 3). 

For Rush Creek, mineral N response at the 2 minute duration was significant only at 500 

oC. Mineral N response is nearly the same as NH4
+ in the North Shore soils at plus 10% 

water content aside from the fact that, the 300 oC mineral N values were not significantly 

different from 100 oC values. In the plus 20% water content soils, the Rush Creek and the 

North Shore 2 and 15 minute mineral N responses were the same as the NH4
+ responses 

(Figure 3). The North Shore 5 minute mineral N response differs from NH4
+ in that there 

were significant declines from unburned at 100 and 300 oC, and a significant increase at 

500 oC. The difference is that the 100 and 200 oC treatments are not significantly 

different.  

 

Although ANOVA analysis indicated that there were significant treatment effects on total 

N and C (Table 1), Bonferroni post-hoc test revealed few significant differences between 

specific treatments aside from the high severity treatments (Figures 4). The most severe 

treatment of 500oC for 15 minutes produced declines in total C and N for all water 

contents in the Rush Creek soils, significant declines in C and N in the air dried North 

Shore soils, and for C in air dried and plus 10% North Shore soils (Figures 4 and 5). A 

decline was also observed for North Shore’s plus 10% content, 5 minute 500oC treatment 
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(Figure 4). The declines seen in total N (Rush Creek and North Shore’s 15 minute air 

dried and plus 10% water content, and North Shore’s 5 minute plus 20% water content 

treatment) correspond with the post increase declines in plant available NH4
+ (for the 

same treatments) and suggest that when internal soil temperatures great enough to 

combust organic matter and reduce total N, NH4
+ is also being lost from the system. This 

is not seen the Rush Creek soils, which show a decline in NH4
+ beginning at 200oC, but 

no decline in total N until the 15 minute, 500oC treatment. The abnormally early NH4
+ 

increase seen at such a low intensity of 100oC might explain why no loss in total N is 

seen until more severe treatments are imposed.  

 

Like total N, total C often declines at the most severe treatments of 500oC for 15 minutes 

(Figure 5). For Rush Creek soils, other treatment differences were also present. In the air 

dried soils the 2 minute treatment showed no changes among different temperatures, 

while the 5 minute showed only a difference between the 100 and 500 oC treatments, and 

the 15 minute treatment showed only the decline at 500 oC for 15 minutes (Figure 5). The 

Rush Creek soils with plus 10% water content only showed a significant change with a 

decrease at 500 oC for 15 minutes (Figure 5). In the plus 20% water content Rush Creek 

treatments the 2 minute treatments showed no change in total C, the 5 minute showed 

only a difference between the 100 and 300 oC temperatures, and the 15 minute duration 

showed a decline at 500 oC (Figure 5). For the North Shore Soils the decrease seen at 500 

oC for 15 minutes is observed in all water contents except the wet water content where 

the decrease did not occur at the 5 minute duration instead (Figures 5). This corresponds 

with the decrease in total N seen at the 5 minute duration instead of the 15 minute 
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duration (Figure 4). The simultaneous decline of total N and C seen in figures 4 and 5 

during the 500oC 5 minute treatment and not the 15 minute treatment implies that some 

unknown factor caused this anomaly. A significant difference is also seen in total C for 

North Shore soils when an increase occurs at 500 oC for 2 minutes in the air dried soils 

(Figure 5). ] 

 

The C:N ratios showed varying responses to treatments at all water contents (Figure 6). 

While some significant differences were seen, no trends seem to present themselves in 

the available data.  

 

Internal Soil Temperatures 

While the data above depicts the chemical responses of the soil when subjected to various 

oven temperatures, durations, and water contents for the two soils, the temperatures 

imposed do not necessarily reflect the internal heating of the soil. Figure 7 illustrates the 

corresponding internal temperature reached at 1 cm in depth in the soil as measured 

immediately after removal of the crucibles from the muffle furnace. Due to rapid cooling 

of the treated samples, only one internal temperature could be taken per treatment 

combination of time, temperature, and water content for each soil type. The resulting data 

suggest that soil temperature increases to just below 100oC, then remains nearly constant 

until all water is evaporated. Once soil water has been evaporated, temperatures rapidly 

increase to 300- 400oC. The data suggest that higher water contents retard soil heating, 

though only temporarily. This is best seen in the North Shore soil for the 15 minute 

heating duration lines (Figure 7). At 2 minute durations, it appeared that water content 
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played much less of a role in soil heating, since internal temperatures were nearly 

identical for all water contents. 

 

Internal Temperatures and Soil Mineral Nitrogen 

Because these were the actual internal temperatures which the soils were experiencing 

and chemically responding, soil mineral nitrogen results where plotted against internal 

temperatures assessment. These results were discussed below. 

 

Figure 8 shows the response of NO3
- to the internal temperatures reached during burning 

in the muffle furnace. For Rush Creek soils the decline in available NO3
- as internal 

temperature increases. This decline becomes more pronounced as water content 

increases. Showing that for this soil, the greater the water content the more impact soil 

temperature had on NO3
- (Figure 8). North Shore soils show a very clear decrease at all 

water contents. The difference in NO3
- by water content has little to do with the decline 

seen at higher temperatures, but rather with the initial spike seen at lower severities. In 

the North Shore data the greater the water content the higher and more rapid the initial 

increase in NO3
- (Figure 8). 

 

Rush Creek soils showed a decline in NH4
+ and mineral N when air dried, plus 10% 

moisture, and plus 20% moisture soils reached internal temperatures near 250, 100, and 

70oC respectively (Figures 9 and 10). The same trend is not seen in the North Shore soils, 

however, perhaps due to the large range of internal soil temperatures not seen in our data. 

For the North Shore soils, the highest internal temperature reached by the 5 minute 
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duration treatments resulted in the highest concentration of NH4
+ and mineral N for all 

water contents (Figures 9 and 10). Because higher internal temperatures were reached in 

the 15 minute durations, this suggests some decline occurring when internal soil 

temperatures reach some critical temperature between 150 and 300oC. Greater resolution 

and replication is needed to see specific critical temperatures. However, this data does 

suggest that as water content increases, the temperature at which declines in mineral N 

concentrations begin to occur decreases.  

 

DISCUSSION 

Summary of Conclusions 

Soil water content affected release of NO3
-, NH4

+, and mineral N thus supports 

Hypothesis 1 (water content is a significant factor determining the response of NO3
-, 

NH4
+, and mineral N during burning). We conclude that season of burn will significantly 

alter the N chemical response to fire in the field. This is seen in the Rush Creek soils, 

where the critical temperature for NH4
+ and mineral N decline appears to be tied to 

content (Figures 9 and 10). As water content increased, the temperature of NH4
+ and 

mineral N decline appeared to decrease.  

 

ANOVA analysis also showed support for Hypothesis 2 (the interaction of burn time and 

temperature would be a significant factor for NO3
-, NH4

+, and mineral N response to 

burning (Table 1). The interaction of burn time and temperature may be seen as burn 

severity (Certini, 2005). Therefore, burn severity is a significant factor affecting 

inorganic N responses. Different burn severities may bring about increases, decrease, or 
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no significant change depending on what chemical response is of concern. The 

combination of 15 minute burn duration and 500 oC furnace temperatures is the greatest 

burn severity treatment in this study. Often it is this temperature-duration combination 

that provides the most drastic change in extractable N.  

 

Hypothesis 3 (For a given soil type, water content, and burn duration, higher furnace 

temperatures will result in greater NH4
+concentrations) was not supported by the results 

of this study. Higher temperatures did cause an increase in NH4
+ concentrations, but 

decreases in NH4
+ are seen at the most severe treatment combination (500oC for 15 

minutes) for air dried soils, and is also observed lower temperatures for plus 10 and 20% 

water content treatments (Figure 2). Declines in NH4
+ and mineral N correspond with 

significant declines in total N for air dried and plus 10% water content treatments, and for 

the North Shore plus 20% water content 5 minute treatments (Figures 2, 3, and 4).  

 

This data suggest that fire severity (as indicated by a combination of burn duration and 

temperature) has the greatest influence on inorganic N responses to burning. Great care 

should be taken in the use of prescribed burning to match fire prescriptions to fire 

severities which will produce results consistent with objectives for a given area.  

 

Management Implications 

Several implications can be made from this laboratory experiment to hands-on land 

management when nitrogen and carbon responses in the system are a concern. Season of 

burn may be a significant factor influencing the availability of NO3
-, NH4

+ and mineral N 
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after burning. Hypothesis 1, Table 1, shows water content to indeed influence chemical 

responses. Often water content can show distinct seasonal trends such as in the Sierra 

Nevada where the climate is dominated by wet winters and hot dry summer. Spring 

burning is often carried out over soils still wet from spring snow melt, while fall burning 

is on soils dry from the hot summers and seasonal hydrophobicity (Miller et al. 2005). In 

this study, wetter soils showed declines in NO3
- at lower burn severities (Figure 1), while 

NH4
+ and mineral N showed less of an increase even at high burn severities (Figures 2 

and 3).  

 

Burn severity, as characterized in this study by the combination of burn temperature and 

duration, is a major influence on the availability of NO3
-, NH4

+, and mineral N (Table 1). 

Since burn severity is the integration of a number of fire variables such as fuel loads, 

weather, topography, and microsite (Certini, 2005), it may be impossible to pinpoint a 

single variable that dominates burn temperature and duration. However, the data from 

this study suggest that fire prescriptions should be carefully derived to produce fires 

within a range of severity to produce nitrogen responses consistent with goals for water 

quality, seedling establishment, invasive species control, and soil fertility. While it may 

be impossible to directly relate muffle furnace burn severities of temperature and duration 

to field conditions, some inferences may be made. Declines in NO3
- were seen at low 

severities (100 oC and 2 minutes) and continued through the highest severities. Such a 

low severity is easily within the range of temperatures and durations reached by most 

prescribed fires (Raison, 1979; Chandler et al., 1983). This implies that most prescribed 

fires could reduce soil NO3
-. For the air dried soils, NH4

+ and mineral N did not show 
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decreases until the highest burn severities (500 oC for 15 minutes) were applied (Figures 

2, 3, 9, and 10). In the moist soils, declines began at lower severities (200 oC for 2 

minutes; Figures 2 and 3), levels that could be easily reached even in light fuels 

(Chandler et al. 1983). The highly severity treatments (500 oC for 15 minutes) would be 

somewhat analogous to an intense prescribed fire through fuels 5 cm or greater in 

diameter (White, 1966; DeBano, 1976; Raison, 1979; Chandler et al., 1983) 

Consequently, season of burn and factors affecting fire severity such as fuel load interact 

to produce varying responses in NH4
+ and mineral N, with earlier peaks occurring in 

moister soil conditions.  

 

While some consistent trends in response of NO3
-, NH4

+, mineral N, total N, and total C 

can be seen, responses at a specific severity or water content vary with soil type. This is 

clearly seen in the critical temperature at which NH4
+ ceases to increase and begins to 

decline (Figure 9). The coarser textured, Rush Creek soils appear to show lower critical 

temperatures for NH4
+ decline than do North Shore soils.  

 

Overall, soil responses to fire in the field are extremely variable, but this study has shown 

that low severity fires cause increases in mineral N without any significant loss of total C 

or N, but also that there are severity thresholds beyond which soil N status is negatively 

affected by fire. Future studies will attempt to quantify severity effects on fire in the field.  
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Table 1: ANOVA results for two soils treated in a muffle furnace at varying burn temperatures, 
burn times, and water contents. 
 

 Rush Creek Data North Shore Data 
Source df Wilks NO3-N NH4-N Mineral N df Wilks NO3-N NH4-N Mineral N 
Const 1 0 0 0 0 1 0 0 0 0 
Burn Temp 4 0 <0.001 <0.001 <0.001 4 0 <0.001 <0.001 <0.001 
Burn Time 2 0 0.050 <0.001 <0.001 2 0 <0.001 <0.001 <0.001 
Theta 2 0 <0.001 <0.001 <0.001 2 0 <0.001 <0.001 <0.001 
Temp*Time 8 0 0.010 <0.001 <0.001 8 0 <0.001 <0.001 <0.001 
Theta*Temp 8 0 <0.001 <0.001 <0.001 8 0 <0.001 <0.001 <0.001 
Time*Theta 4 0 0.300 <0.001 <0.001 4 0 <0.001 <0.001 <0.001 
Temp*Time*Theta 16 0 0.400 <0.001 <0.001 16 0 <0.001 <0.001 <0.001 
Source df Wilks Total N Total C C:N df Wilks Total N Total C C:N 
Const 1 0 0 0 0 1 0 0 0 0 
Burn Temp 4 0 <0.001 <0.001 <0.001 4 0 0.010 <0.001 0.130 
Burn Time 2 0 0.010 <0.001 0.110 2 0.01 0.100 0.040 0.660 
Theta 2 0 <0.001 0.030 0.010 2 0.06 0.100 0.010 0.510 
Temp*Time 8 0 <0.001 <0.001 <0.001 8 0 0.040 <0.001 0.020 
Theta*Temp 8 0 0.030 0.020 <0.001 8 0.3 0.090 0.390 0.170 
Time*Theta 4 0.34 0.480 0.690 0.220 4 0.14 0.090 0.120 0.930 
Temp*Time*Theta 16 0.04 0.440 0.080 <0.001 16 0 0.190 <0.001 0.020 
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Figure 1: Nitrate responses to varying burn temperatures and heat durations for two soils 
at three water contents. Significant differences are note by change in letters. Differences 
are only shown between burn temperatures within one soil type, water content, and burn 
duration.  
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Figure 2: Ammonium responses to varying burn temperatures and heat durations for two 
soils at three water contents. Significant differences are note by change in letters. 
Differences are only shown between burn temperatures within one soil type, water 
content, and burn duration. 
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Figure 3: Mineral N responses to varying burn temperatures and heat durations for two 
soils at three water contents. Significant differences are note by change in letters. 
Differences are only shown between burn temperatures within one soil type, water 
content, and burn duration.
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Figure 4: Total N responses to varying burn temperatures and heat durations for two soils 
at three water contents. Significant differences are note by change in letters. Differences 
are only shown between burn temperatures within one soil type, water content, and burn 
duration. 
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Figure 5: Total C responses to varying burn temperatures and heat durations for two soils 
at three water contents. Significant differences are note by change in letters. Differences 
are only shown between burn temperatures within one soil type, water content, and burn 
duration. 

Rush Creek Soils 

Burn Duration (minutes) 

North Shore Soils 

Burn Duration (minutes) 

A
ir 

D
ry

: T
ot

al
 C

 
P

lu
s 

20
%

: T
ot

al
 C

 
P

lu
s 

10
%

: T
ot

al
 C

 

A
ir 

D
ry

: T
ot

al
 C

 
P

lu
s 

20
%

: T
ot

al
 C

 
P

lu
s 

10
%

: T
ot

al
 C

 

0

1

2

3

4

5

2 5 15

Unburn
100C
200C
300C
500Ca

b

a
a

aa

b

abab

a

ab
a

a
a

a

0

1

2

3

4

5

2 5 15

a

b

a

a
a

a
aa

a
a

aa

a

a

a

0

1

2

3

4

5

2 5 15

a

b

aaa

a
ab

b

ab
a

ab

a
aaa

0

1

2

3

4

5

2 5 15

a

b

aa
abaaa

a
aa

b

aaa

0

1

2

3

4

5

2 5 15

a

b

aa

aaaaaaaaa
aa

0

1

2

3

4

5

2 5 15

a
aaaaa

b

aa
a

aaa
aa



 66

 
Figure 6: Carbon to nitrogen ratio responses to varying burn temperatures and heat 
durations for two soils at three water contents. Significant differences are note by change 
in letters. Differences are only shown between burn temperatures within one soil type, 
water content, and burn duration. 
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Figure 7: Internal soil temperatures reached 1 cm below soil surface during simulated 
burning in a muffle furnace at various temperatures, durations, and water contents. 
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Figure 8: Nitrate responses to final internal temperatures for three burn durations in two 
soils at three water contents. 
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Figure 9: Ammonium responses to final internal temperatures for three burn durations in 
two soils at three water contents. 
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Figure 10: Mineral N responses to final internal temperatures for three burn durations in 
two soils at three water contents. 
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Conclusions Overview 

Like previous research, our study found that NH4
+ increased in both the prescribed fire 

and the laboratory study due to burn treatments. Therefore, further assessment of the 

factors that might influence this increase could be undertaken. All studies evaluated the 

influence of soil water content, fire severity, and soil chemical properties as possible 

indicators of post fire NH4
+ availability.  

 

The North Shore prescribed fire, conducted during the spring burn season in the Lake 

Tahoe basin, showed that fire severity (as indicated by forest floor loss) was the only 

significant indicator of NH4
+ release. Antecedent soil water content and various chemical 

properties showed ineffective at predicting post burn NH4
+ and mineral N concentrations. 

This data suggest that special attention should be given to anticipated fire severities when 

developing burn plans for prescribed fires. This includes fire weather ranges, fuels loads, 

fuel moisture contents, and types of fuels.  

 

Due to the high variability seen in the North Shore prescribed fire, a laboratory study was 

conducted to assess the same influencing factors in a controlled setting using both the 

North Shore soils (derived from andesite) and soils derived from decomposed granite 

subjected to a prescribed fire in the western Sierra (Rush Creek). Data from this study 

showed that water content, fire temperature, and duration of burn were all significantly 

influencing factors for NH4
+, NO3

-, and mineral N. Their interaction combinations were 

also significant, except time*water content and time*temperature*water content for NO3
- 

in the Rush Creek soils. Trends in both the North Shore and Rush Creek soils suggest that 
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available NH4
+ increases with burn severity until reaching some threshold at which a 

decline in availability begins to occur. This threshold seems to vary depending on water 

content, and in the Rush Creek soils an increase in water content corresponded with a 

decrease in threshold severity. Nitrate, however, peaked at very low severities and then 

declined as temperature increased. Total inorganic N corresponds to trends seen in NH4
+, 

because of the dominance of NH4
+ concentrations over NO3

- by as much as a factor of 10. 

The greatest and most consistent influence on NH4
+, NO3

-, and mineral N was the 

combination of burn temperature and duration. This supports the conclusions from the 

field study that severity rather than antecedent soil conditions is the driving factor in 

NH4
+ release.  

 

Management Implications 

Despite obvious connections between water content and soil heating, water content did 

not prove to be an accurate predictor of NH4
+ response in the prescribed fire study. While 

ANOVA results from the laboratory showed water content to be a significant factor for 

NH4
+, NO3

-, and mineral N, the influence paled in comparison to burn temperature and 

duration. Consequently, burn prescriptions and not season of burn should be the greatest 

concern for land managers. Burns of moderate to high severity can cause significant 

increase in NH4
+. This may be beneficial for seedling establishment and vegetation 

health. However, in areas where water quality or invasive species encroachment are of 

concern, this increase could be detrimental. NH4
+ can reach a critical severity at which 

declines begin to occur. These declines occurred in our study at a simulated burn severity 

of 500oC for 15 minutes. This would simulate a very hot fire in fuels several centimeters 
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in diameter. Burn prescriptions should be written accordingly to achieve the desired 

general inorganic N response.  

 

While burning treatments did affect the soils chemical N pools the treatments of 

mechanical removal did not. If alterations in the availability of N are of concern, then 

thinning treatments could be a means of reducing fuels without N impacts on a system. 


