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EFFECTS OF PRESCRIBED FIRE ON FOREST SOIL PROPERTIES 

IN THE OZARK HIGHLANDS 

 

ABSTRACT 

Prescribed fire is commonly applied to meet a variety of forest management 

objectives, including the restoration and maintenance of Oak (Quercus spp.) woodlands. 

In the Ozark Highlands, private landowners, conservation organizations, and government 

agencies are increasingly applying fire to restore woodland sites after a period of fire 

suppression. Even though fire effects on vegetation, fuels loading, and wildlife habitats 

are often studied in the Ozark Highlands, few studies have measured fire effects on soil 

physical and chemical properties in this region. Since it is important to understand how 

prescribed burning affects short- and long-term forest soil productivity, we initiated this 

study to quantify prescribed fire effects on organic soil horizon measurements, physical 

and chemical properties of soil mineral horizons, and soil solution nutrient flux, and to 

resolve the time required for soil properties to return to pre-burn soil conditions. Study 

sites are located in the Oak-Pine Woodland/Forest Hills Land Type Association in the 

Black River Basin of southern Missouri. Weathered from Roubidoux sandstone and 

Gasconade dolomite, soils at the study sites contain large quantities of coarse fragments 

and reduced nutrient content.  

In 2015, fire was applied to sites that had no documented occurrence of fire for at 

least 40 years prior and sites that had been burned twice since 2002. Sampling efforts 

were focused upon stands on exposed hillslopes. The percent cover, thickness, and dry 

weight of the Oi, Oe, and Oa horizons were measured prior to and immediately following 

fire, and annually for two years post-burn. Prescribed fire completely consumed the Oi 
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horizon and partially reduced the Oe horizon, but both were recovered two years later. 

Mineral soil bulk density was measured at the 0-10, 10-20, and 20-30 cm depths before 

fire, and bulk density at the 0-10 cm depth was re-sampled two years post-burn. There 

was no change in bulk density of the whole soil and the fine soil fraction. Mineral soil 

samples were collected prior to fire treatment, immediately post-burn, and at six-month 

intervals for two post-burn years at depths of 0-10, 10-20, and 20-30 cm. Compared to 

pre-burn values, there was a significant increase in the water-stable microaggregate size 

fraction within stands burned for the first time in recent history. Fire did not significantly 

alter total mineral soil organic carbon stocks, the labile carbon pool, or the pyrogenic 

carbon pool for any sampling depth. There was also no fire effect on total nitrogen, soil 

pH, effective cation exchange capacity, base saturation, aluminum saturation, or 

exchangeable base cation concentrations. The soil solution was continuously monitored 

for one year pre-burn and two years post-burn at 10 cm and 30 cm depths using Plant 

Root Simulator (PRSTM) ion-exchange probes. Ammonium-nitrogen availability was 

significantly greater over the two post-burn growing seasons at the 10 cm depth within 

periodically burned stands. However, during the second post-burn growing season, 

phosphate-phosphorus availability at the 30 cm depth was significantly less within 

periodically burned stands relative to stands burned for the first time. Gravimetric soil 

moisture content monitored monthly at the 0-10 cm depth was not different between 

treatments for during the duration of the study. 

 The 2015 prescribed fires were generally within prescription designed for low-

intensity, low-severity burning. Soils were moist at the time of fire and soil temperatures 

minimally increased. Study results indicate that when fuels and soils are moist at the time 
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of fire, there is minimal immediate impact on organic and mineral soil properties. 

Overall, burning for the first time after a period of fire suppression did not significantly 

alter mineral soil physical and chemical properties. The lack of differences among 

treatments before fire and the minimal change in mineral soil properties following fire 

suggests that when given time to recover between recurring burn events, periodic burning 

also does not adversely alter mineral soil properties. Study results are informative and can 

assist Ozark land managers in developing a prescribed fire regime that meets sustainable 

forestry objectives. 



 

 

CHAPTER 1: INTRODUCTION, OBJECTIVES, AND LITERATURE 

REVIEW 

1.1 Introduction 

The historic anthropogenic use of fire at regular intervals in the Ozark Highlands 

shaped the composition and structure of the ecosystems (Guyette et al., 2002). After 

European settlement in the region, large areas of natural ecosystems were lost to land 

clearing for farming, and the structure and composition of existing forested stands were 

greatly affected by timber harvesting, both of which were followed by land abandonment 

and fire suppression beginning in the 1930s (Schroeder, 1981; Nelson et al., 2010). For 

example, forested sites grew to continuous crown cover resulting in altered habitats and 

loss of diverse understory and ground flora (Nelson et al., 2010). To help restore and 

maintain historic ecosystems, such as oak (Quercus spp.) and pine-oak (Pinus-Quercus) 

woodlands, public agencies, conservation organizations, and private land managers have 

been re-introducing prescribed fire to the landscape. However, the current state of these 

stands vary across sites and solely mimicking historic fire intervals does not provide a 

sufficient restoration plan (Dey et al., 2017; Olson et al., 2017). Studies reconstructing 

pre-settlement vegetative communities across the Ozarks have confirmed a relationship 

between physiography, climate, geology, edaphic factors, and vegetative community with 

fire frequency (Ware et al., 1992; Jenkins et al., 1997; Batek et al., 1999). With respect 

for an array of present-day concerns, restoring oak and pine-oak woodlands requires an 

adaptive management approach that considers future climate projections, carbon 

sequestration, soil-site variations exacerbated by former land use practices, potential 
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alterations to soil properties by fire, and the subsequent feedback of these changes on 

forest productivity (Hammer, 1997; Craigg et al., 2015; Jandl et al., 2015).  

 The effects of prescribed fire on soil physical, chemical, and biological properties 

have been documented extensively in other regions of North America, such as loblolly 

pine (Pinus taeda L.) plantations in the southeast United States and boreal forest in 

Canada (Carter and Foster, 2004; Zhang and Biswas, 2017). Measured effects include: 

reduced infiltration; increased and decreased soil carbon (C) pools and stocks; a short-

term increase in nitrogen (N) mineralization; a short-term increase in nutrient fluxes; a 

short-term increase in soil pH; and increased and decreased soil moisture and temperature 

(Neary et al., 1999; Certini, 2005). Furthermore, a meta-analysis of fire effects on soil C 

and N contents found soil order and geographical location to be the best predictors of the 

degree of influence (Nave et al., 2009). However, it is uncertain how fire consumption of 

forest residues and soil organic matter (SOM) will influence nutrient dynamics and forest 

productivity on Alfisols and Ultisols of the Ozark Highlands. Many studies in the Ozarks 

have monitored how prescribed burning alters stand density, regenerates targeted woody 

species, increases ground flora diversity, and influences the forest floor accumulation and 

decay processes (Dey and Hartman, 2004; Kolaks et al., 2004; Stambaugh et al., 2006; 

Kinkead et al., 2013; Stevenson, 2016). Some studies have investigated the interaction 

between fire history and vegetation-site relationships (Jenkins et al., 1997; Sasseen and 

Muzika, 2004; Wait and Aubrey, 2014), but very few solely focused on fire effects to soil 

properties (Rhoades et al., 2004; Ponder et al., 2009). 

 Since changes to belowground systems influence aboveground productivity and 

ecosystem sustainability (Neary et al., 1999), understanding how fire affects short- and 
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long-term soil productivity in the Ozark Highlands helps to ensure restoration and 

management objectives are successful (Craigg et al., 2015). Focusing on sites with 

differing burn history, the objectives of this study were to measure the effects of 

prescribed fire over time on: (1) the soil organic horizons of the forest floor, mineral soil 

bulk density, and mineral soil aggregate size distribution; (2) soil solid phase carbon 

stocks and pools; and (3) soil pH, cation exchange capacity, base saturation, and nutrient 

concentrations of the bulk soil and nutrient availability of the soil solution. 

1.2 Objectives and Hypothesis 

1.2.1 Overall objective 

The overall objective of this study is to investigate the effects of low-severity 

prescribed fire on forested soils present on exposed hillslopes of the Ozark Highlands. 

Measurements of the forest floor, mineral soil physical properties, and mineral soil 

chemical properties compared changes over time on sites burned for the first time in 

recent history and sites that have burned multiple times in recent history with unmanaged 

sites, and evaluated the time required for measurements to return to pre-burn levels. 

1.2.2 Objective 1 

To quantify changes in the forest floor, mineral soil bulk density, and mineral soil 

aggregate size distribution.  

Hypothesis 1a  

The burn treatment will significantly decrease the percent cover, thickness, and 

dry weight of the organic horizons of the forest floor. These measurements will not return 

to pre-burn levels during the duration of the study.  
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Hypothesis 1b  

 Water stable aggregate fractions in the surface soil prior to prescribed fire will be 

similar across all sites for each depth. The effect of soil heating from the prescribed fires 

and changes in the post-burn environment will not change the total proportion of water 

stable aggregates. However, if fuel and soil moisture at the time of fire are low, the 

portion of macroaggregates relative to microaggregate at the 0 to 10 cm depth will 

decrease due to loss of aggregate-associated carbon. A decrease in water stable 

macroaggregates will coincide with an increase in bulk density of the surface soil. 

Aggregate size fractions and bulk density of soil deeper in profile will not change. 

1.2.3 Objective 2 

To quantify solid phase carbon stocks and pools, including labile carbon and pyrogenic 

carbon, and calculate the concentration of each pool as a fraction of the total soil carbon 

pool. 

Hypothesis 2a 

 The total organic carbon stock will not be significantly different across all sites 

before the burn treatment; however, if fuel and soil moisture contents at the time of fire 

are low, the fire will cause a short-term decrease in total organic carbon stock on both 

burn sites. 

Hypothesis 2b  

 Pre-burn analysis will show similar labile carbon concentrations across all 

treatments; however, the active carbon pool in the surface soil will show a short-term 

decrease at the burned sites.  
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Hypothesis 2c 

 Due to the historic presence of fire in this region, all pre-burn soil samples will 

reveal the presence of pyrogenic carbon throughout the soil profile. The portion of 

pyrogenic carbon to total soil organic carbon will be small but increase with depth. At 

sites burned multiple times in recent history, the surface soil will contain the greatest 

pyrogenic carbon pool. Fire will increase pyrogenic carbon pools on all burn sites at the 

surface while increases with depth may not be captured during the study duration. 

1.2.4 Objective 3 

To quantify changes in soil pH, cation exchange capacity, base saturation, and nutrient 

concentrations of the bulk soil and nutrient availability of the soil solution.  

Hypothesis 3a  

 In the surface mineral soil, soil pH and cation exchange capacity will not 

significantly change as a result of fire. However, if fuel and soil moisture contents are 

low at the time of fire, cation exchange capacity will decrease at surface for a short time 

due loss of mineral soil organic matter.  

Hypothesis 3b 

 Exchangeable nutrients of the bulk soil will not be significantly different between 

sites prior to fire; however, post-fire samples will show a short-lived increase in 

exchangeable nutrients in the upper 10 cm of mineral soil from incorporation of base ions 

in the ash layer.  
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Hypothesis 3c  

 Nutrient availability in the soil solution will follow similar seasonal fluxes among 

study sites prior to the prescribed fires. Following the burn treatments, there will be a 

short-term increase in cation flux in soil solution in burn treatments relative to control. A 

flush in fire-promoted ammonium-nitrogen may be realized in the first growing season, 

and there will be a time-lag associated with an increase in nitrate-nitrogen.  

1.3 Literature Review 

1.3.1 Fire History of the Ozark Highlands 

 The Ozark Highlands is a broad geographic province that spans most of southern 

Missouri, crossing into northern Arkansas and slightly stretching into Oklahoma, Kansas, 

and Illinois. The uplifted plateau is characterized by rolling plains lending to rolling hills, 

and further sculpted into deeply dissected hills. Fluvial processes cut into geologic strata 

of limestone, dolomite, and sandstone formations that are infiltrated by chert beds. 

Millions of years of weathering under primarily forested ecosystems formed skeletal soils 

with clayey subsoils (Nigh and Schroeder, 2002). This is an ecologically unique region 

where interactions between edaphic variables, lithology, physiography, climate, and 

disturbance type and regime have created a mosaic of vegetative communities that 

collectively contain over 200 endemic species and additional species of fauna and flora 

representative of the surrounding biomes (Ware et al., 1992; Batek et al., 1999; Nigh and 

Schroeder, 2002; Nelson et al., 2010). 

 Early nineteenth-century Public Land Surveys and journals of travelers passing 

through the region provide clues to the historic use of prescribed burning across the 

Ozark Highlands by Native Americans (Schoolcraft, 1821; Batek et al., 1999). These 
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writings describe open landscapes of glades, oak savannas and oak-pine woodlands, 

which were maintained by regular intervals of fire and natural wind disturbance 

(Rebertus and Meier, 2001; Guyette et al., 2006). Dendrochronological analyses have 

enabled researchers to reconstruct spatial and temporal fire regimes and confirm the 

anthropogenic use of frequent, low-intensity fires prior to European settlement (Batek et 

al., 1999; Guyette et al., 2006). 

 The long history of repeated burning across the Ozark Highlands facilitated a 

collection of fire-adapted trees, grasses, and forbs (Nelson et al., 2010). Topographic 

roughness of the landscape predominately contained fires to slopes and ridges, creating 

transitional ecosystems of savannas and woodlands that merged into more mesic, forested 

sites on dissected river breaks (Nelson et al., 2010; Hanberry et al., 2012). The local fire 

regime and abiotic factors, such as soil pH and aspect, further dictated the establishment 

and competitiveness of each xeric species present in the region (Ware et al., 1992; Batek 

et al., 1999).  

 In the early 1800s, colonists settled into the Ozark Highlands and intensified 

ecosystem disturbances with forest clearing, domestic animal grazing, and prescribed 

burning. The increase in human population from European settlement corresponds with 

an increase in area and frequency of sites burned (Guyette et al., 2002). In the mid 1900s, 

while anthropogenic disturbance of the land continued, a period of fire suppression 

began. The extreme decrease in anthropogenic burning coupled with additional 

continuous anthropogenic disturbances greatly altered the relative abundance of fire-

adapted vegetative species (Batek et al., 1999; Nelson et al., 2010; Hanberry et al., 2012). 

Without fire disturbance, second-growth stands began succeeding into mixed-hardwood 
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forests, shading out much of the herbaceous ground flora and increasing litter loads. The 

loss of prairies, oak savannas, and pine-oak woodlands and an increase in canopy cover 

within remaining forested stands, created a sharp contrast between forests and pasture 

lands (Schroeder, 1981; Nelson et al., 2010). The overall biotic diversity decreased and 

the process of mesophication in areas of the Ozarks began (Nowacki and Abrams, 2008; 

Nelson et al., 2010).  

1.3.2 Prescribed fire for woodland management  

 Woodland ecosystems are described as highly variable communities with 

canopies at 30 to 100 percent closure, an open understory at 10 to 50 percent coverage, 

and a dense, rich layer of herbaceous groundcover that is present throughout the growing 

season (Nelson et al., 2010). Along with savannas, they are managed by fire and are a 

transitional ecosystem connecting forests and prairies (Mcpherson, 1997; Taft, 1997). 

Because of variability in fire behavior associated with environmental conditions, such as 

differences in fuel loading, fuel moisture, and topography (Pyne et al., 1996), fire creates 

a mosaic of habitats with varying light and moisture levels. The resulting landscape 

heterogeneity supports a range of prairie and forest species that co-exist in woodland 

ecosystems (Nelson et al., 2010).  

 It is estimated that 65% of the Ozarks were covered with a range of woodland 

types prior to European settlement (Hanberry et al., 2014a); however, while woodlands 

no longer exist at the landscape scale (Hanberry et al., 2014b), over 2.5 million ha have 

the potential to support restored woodland ecosystems (Nelson et al., 2010). 

Government agencies, conservation organizations, and private land managers in the 

Ozarks are currently employing fire to achieve several objectives, such as: reducing 
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stand density (Hutchinson et al., 2005); decreasing fuel accumulations (Hartman, 2004; 

Kolaks et al., 2004); controlling invasive species (Huebner, 2006); stimulating seed 

germination (Schuler and Liechty, 2008); restoring habitats (Boyles and Aubrey, 2006; 

Templeton et al., 2011); and preventing ‘mesophication’ from irreversibly altering 

community dynamics (Nowacki and Abrams, 2008; Olson et al., 2014). In addition to 

other silvicultural treatments, fire is an effective tool for controlling community 

structure and composition by promoting open understories with floristic diversity and 

regenerating dominant canopy species (Dey, 2014; Dey and Schweitzer, 2015; Kinkead 

et al., 2017). Shortleaf pine (Pinus echinata), hickories (Carya spp.), white oaks 

(Quercus alba), and many other oak species are the targeted canopy species in the 

Ozarks, where site characteristics largely control which species is dominant (Batek et al., 

1999; Hanberry et al., 2012; Kinkead et al., 2013). 

1.3.3 Soil Quality and Prescribed fire 

 Forest soils provide multiple ecosystem services and must be protected as a 

fundamental resource in forest management (Craigg et al., 2015). Since soil quality 

impacts forest productivity, Burger et al. (2010) summarizes that forest soil quality must 

function, in that “(1) it remains stable and intact as a medium for root growth and habitat 

for soil animals; (2) it accepts, holds, and supplies water; (3) it promotes optimum gas 

exchange; (4) it sequesters, holds, and cycles organic matter and nutrients; and (5) it 

promotes biological activity.” From the stand point of sustainable forest management, 

Tiedemann et al. (2000) suggest that managers consider how treatment applications 

interact with the forest floor and the limitations of the soil in the first phases of designing 
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a forest management plan. Further, soil quality should be consistently monitored once 

management activities are applied (Burger et al., 2010). 

 Prescribed fires used as a forest management tool during the dormant season 

usually do not inflict irreversible ecosystem changes as observed in wildfires (Certini, 

2005). Even so, there is much variability with each burn event and prescribed burning 

may alter soil properties indicative of soil quality, adversely influencing forest 

productivity (Boerner et al., 2000). The magnitude of changes to the forest floor and soil 

profile largely depend on fire severity, which in turn depends on fire behavior and fire 

intensity at the time of the burn event (Debano et al., 1998). Fuel chemical properties, 

fuel loading, and fuel moisture contents, along with weather and topography, dictate fire 

behavior and intensity (Vose and Swank, 1993; Pyne et al., 1996; Kreye et al., 2013), 

where fire intensity is measured as the total amount of energy released during various 

phases of a fire event (Keeley, 2009). Forest floor depth, soil moisture, and soil 

temperature at the time of burning influences soil heating. Because water has a high 

specific heat capacity, high fuel and soil moisture contents buffer against rapid increases 

in soil temperature regardless of soil texture (Hillel, 1998; Busse et al., 2010; Badía et al., 

2017). All factors combined dictate the volume of forest floor consumed by fire and the 

amount of heat transferred to the soil surface. 

 Soil heating is a major concern during a prescribed fire treatment and may quickly 

alter soil properties or harm living organisms (Giovannini and Lucchesi, 1997; Debano et 

al., 1998). Depending on the quantity and duration of heat transferred, possible changes 

to the below-ground environment include root damage, harm to soil biology, seed 

mortality, loss of mineral SOM, formation of pyrogenic organic matter (PyOM), and 
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formation of a water-repellent layer (Debano, 1981; Neary et al., 1999; Doerr et al., 2000; 

Zeleznik and Dickmann, 2004; Knicker, 2007). The lethal temperature for live tissue is 

commonly stated as 60 °C (Busse et al., 2010; Kreye et al., 2013). However, fatal 

temperatures may begin at temperatures as low as 50 °C for microorganisms and fine 

roots and at 70 to 90 °C for seeds (Klopatek et al., 1990; Debano et al., 1998; Zeleznik 

and Dickmann, 2004). Given a sustained influx of heat energy into the soil surface, soil 

temperatures will rise above 100 °C once all moisture has vaporized. Volatilization or 

vaporization of some organic compounds or nutrients begin as low as 100 °C, while 

combustion starts at ca. 200 °C (Giovannini and Lucchesi, 1997; Gonzalez-Perez et al., 

2004). Incomplete oxidation of organic matter (OM) creates pyrolysis materials referred 

to as pyrogenic carbon (PyC), such as char, starting at 200 to 250 °C (Baldock and 

Smernik, 2002; Gonzalez-Perez et al., 2004; Knicker, 2007). Water repellency may 

develop at 175 to 200 °C, but it is reversed between 288 to 400 °C (Debano, 1981).   

 Many researchers have measured temperatures at the soil surface and in the soil 

profile during prescribed burn events. A prescribed fire study on south-facing slopes in 

the Ouachita Mountains of Arkansas measured average maximum temperatures under the 

leaf litter of 292 °C and a range from 10 to 717 °C (Perry and Mcdaniel, 2015). In 

northern Florida, Kreye et al. (2013) monitored fire behavior and mineral soil heating as a 

function of fuel loading and fuel moisture in a pine flatwoods forest. With fuel moistures 

at 8.9% and 12.9% and soil moisture contents averaging 9.9%, they measured 

temperatures between 274 and 503 °C at the surface of the forest floor. However, while 

soil temperatures measured at depths of 2, 5, and 8 cm increased with fuel loading, they 

never reached 60 °C (Kreye et al., 2013). Busse et al. (2010) compared soil heating at 



12 

 

multiple depths as a function of soil moisture and soil texture. Soil texture was not an 

influencing factor on soil heating. However, soil moisture strongly regulated heat 

transfer. A moisture content of 20 percent or greater protected soil from heat pulse at the 

2.5 cm depth and below, while temperatures in dry soils surpassed the lethal temperature 

of 60 °C at the 10 cm depth (Busse et al., 2010). Dry soils conduct heat deeper into the 

soil profile than moist soils; however, others consider dry soils to be a good insulator 

from heat pulses (Debano et al., 1998). Except where the forest floor is entirely 

consumed, soil heating is minimal during prescribed burning in forested ecosystems and 

remains elevated for only a few minutes to an hour (Neary et al., 1999; Busse et al., 

2014). 

 Various literature reviews and meta-analyses of fire effects on soil properties 

interpret that potential effects vary widely and may be more closely determined by 

regional variables, such as ecosystem type, soil order, and local management (Grigal, 

2000; Johnson and Curtis, 2001; Certini, 2005; Neary et al., 2005; Boerner et al., 2009; 

Nave et al., 2011). Measured effects of fire on soil quality indicators include increased 

and decreased carbon (C) pools, nitrogen (N) mineralization, nutrient fluxes, soil pH, 

bulk density, porosity, and soil moisture and temperatures regimes (Neary et al., 1999; 

Schoenholtz et al., 2000; Certini, 2005). Overall, the effects of low-severity prescribed 

burning on the forest floor and soil properties are heterogeneous across a stand and 

generally not permanent (Nave et al., 2011), but recovery greatly depends on the fire 

return interval (Neary et al., 1999; Muqaddas et al., 2016). Even if the burn objectives 

include consuming the forest floor to expose the soil surface, recovery of the forest floor 

and soil properties are possible if fire frequency is thoughtfully planned (Tiedemann et 
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al., 2000). Several long-term studies from a variety of forest types and regions found that 

a fire return interval of at least 3 to 5 years was a sufficient recovery time for forest floor 

or mineral soil measurements to be insignificant from pre-burn or control levels (Binkley 

et al., 1992; Phillips et al., 2000; Williams et al., 2012; Jacobs et al., 2015; Muqaddas et 

al., 2016). 

1.3.4 Prescribed fire effects on organic horizons 

 The concern with fire effects on soil quality and forest productivity begins with 

disturbance of the organic soil horizons (O horizon) (Tiedemann et al., 2000). Broadly 

referred to as the ‘forest floor’, the O horizon is subdivided into layers of freshly fallen 

plant debris, such as leaves and twigs (Oi), partially decomposed vegetative materials 

(Oe), and highly processed organic materials (Oa) (Binkley and Fisher, 2012). Organic 

horizon decomposition is controlled by litter quality, local climate, and the subsequent 

microbial activity and functions to supply mineralized nutrients and OM to the soil 

profile (Swift et al., 1979; Aerts, 1997; Neary et al., 2005). While fuel continuity is 

necessary for fire to spread across a stand, an intact O horizon provides valuable 

ecosystem services by regulating nutrient and water availability for soil biology and 

plants. In established forest stands, the intra-cycling of nutrients may be closely linked 

between the O horizon and forest vegetation where the majority of nutrients absorbed by 

tree roots are directly available through microbial mineralization of the forest floor 

(Gessel et al., 1973; Dyck and Skinner, 1990; Chorover et al., 1994; Liechty et al., 2005; 

Neary and Leonard, 2015). Perala and Alban (1982) found this relationship to be tighter 

on nutrient-poor soils. With most of the nutrient capital concentrated in the forest floor, 

thermal oxidation of the O horizon directly alters nutrient cycling by volatilizing C, N, 
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and other nutrients, depositing released nutrients as ash or stabilizing OM as charred 

materials (Boerner, 1982; Certini, 2005; Knicker, 2007). Rreduced nutrient status and 

cycling rates of the O horizon from prescribed burning may be responsible for observed 

decreases in productivity (Monleon et al., 1997; Tiedemann et al., 2000). 

 The O horizon physically protects the soil surface and, through absorbing and 

retaining water, moderates mineral soil moisture and temperature. In the post-burn 

environment, concerns with decreased forest productivity as a result of O horizon loss are 

due to exposed mineral soil being vulnerable to soil erosion and extreme moisture and 

temperature regimes (Phillips et al., 2000; Boerner et al., 2009; Wait and Aubrey, 2014; 

Muqaddas et al., 2016). Exposed soil particles dispersed by the rain drop impact can clog 

soil pores and increase bulk density (Phillips et al., 2000), which reduces water holding 

capacity and infiltration rates (Neary et al., 1999; Ice et al., 2004; Binkley and Fisher, 

2012). 

 The volume of O horizon consumed during a burn event is mainly controlled by 

fuel moisture (Boerner et al., 2000), but also influenced by fuel type, which is a function 

of tree species composition and forest type (Vose et al., 1999). For example, pure conifer 

forests have been found to lose significantly more forest floor C and N stocks than mixed 

hardwood-conifer stands (Nave et al., 2011). In mixed-oak forests of the Alleghany 

Plateau in southern Ohio, litter consumption across landscape positions was inversely 

related to fuel moisture and ranged from 29 to 80% (Boerner et al., 2000). Knoepp et al. 

(2009) recorded a significant loss of forest floor mass when burning sub-mesic, mixed-

oak stands of the southern Appalachian Mountains. They measured losses of 82 to 91% 

loss of the Oi horizon and 26 to 46% of the Oe+Oa horizons. After 35 years of annual (1-
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yr) and periodic (5-yr) burning of mixed oak stands in Tennessee, Phillips et al. (2000) 

compared forest floor characteristics between the two burn treatments. Sampling before 

the most recent burn revealed that the periodic burn sites had a thin O horizon with the 

Oe layer was mostly absent. The recent burn consumed all of the Oi and most of the Oe 

horizons, leaving the thin, discontinuous Oa layer intact and unburned. On the contrary, 

annual burn plot surfaces had a 1 to 3 cm thick crust composed of charcoal and silt 

instead of an organic horizon. From a network of sites across the United States, Boerner 

et al. (2009) found a significant increase in exposure of mineral soil from higher severity, 

prescribed fire or where the Oa horizon was discontinuous prior to fire. At the network 

scale, 1-yr and 2-yr post-burn sampling showed the area of exposed mineral soil 

remained at approximately 10% or less. In the chance of recurring fire, low-intensity fires 

cause more significant changes to bare soil than soil with an intact organic horizon 

(Campo et al., 2008).  

1.3.5 Prescribed fire effects on mineral soil physical properties 

 Prescribed burning can deteriorate the physical integrity of the mineral soil profile 

through destruction of soil aggregates and increased bulk density, altering hydrological 

and biogeochemical cycles. Furthermore, soil degradation may continue over time in a 

post-burn environment given the added interaction between precipitation events and the 

loss of organic cover (Onda et al., 2008; Mataix-Solera et al., 2011). Forest productivity 

may be compromised if altered conditions decrease nutrient and water infiltration into the 

soil profile. 
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1.3.5a  Soil water repellency 

 Soil water repellency (SWR) was not measured in this study, but it is important to 

understand the potential presence of this phenomena from either natural or fire-promoted 

conditions when considering fire effects on the mineral soil. Water repellency in the 

mineral soil occurs naturally in a variety of forest types and forest floor depths and is 

generally isolated to the upper few centimeters of soil (Doerr et al., 2000; Huffman et al., 

2001; Cawson et al., 2016). Further, SWR is more likely to develop under coniferous 

species due to greater concentrations of waxes, aromatic oils, and resins in the O horizon 

(Arcenegui et al., 2008; Doerr et al., 2009; Zavala et al., 2014). However, prescribed fire 

is capable of creating or intensifying hydrophobic soil layers. A water-repellent layer 

forms when organic molecules on the surface vaporize, translocate into the soil profile, 

and condense onto soil particles and aggregates (Debano, 1981). Fire-induced SWR 

generally has a patchy distribution, is reported to form at 175 to 200 ᵒC, and is destroyed 

at 280 to 400 ᵒC (Debano, 2000). A wide range in formation depths and formation or 

destruction temperatures are reported across studies and depend on laboratory heating 

durations (Huffman et al., 2001; Doerr et al., 2004; Larsen et al., 2009), site and soil 

conditions (Arcenegui et al., 2007; Stoof et al., 2011; Cawson et al., 2016), or the absence 

of oxygen (Bryant et al., 2005). In addition to fire severity and vegetation type, SWR is 

affected by soil texture where coarse-textured soils tend to exhibit stronger 

hydrophobicity (Debano, 1981; Huffman et al., 2001). Fire-induced SWR has been 

observed to weaken or degrade with time or increased soil moisture content (Huffman et 

al., 2001; Larsen et al., 2009; Stoof et al., 2011). 
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1.3.5b Soil aggregation 

 Soil aggregation, and the concomitant soil structure, is intimately connected to 

SOM. Soil aggregates are formed from biotic and abiotic interactions and are considered 

to be an indicator of soil health and quality (Bronick and Lal, 2005). In soils where SOM 

dominates aggregation, an aggregate hierarchy exists where macroaggregates tend to 

break down to microaggregates before dispersing into primary particles (Oades and 

Waters, 1991). In some environments, iron (Fe) and aluminum (Al) oxides or calcium 

(Ca) carbonates are the dominant binding agents and stabilizers of soil aggregates (Oades 

and Waters, 1991; Bronick and Lal, 2005; Regelink et al., 2015). 

 The influence of prescribed burning on soil aggregates greatly depends on the 

degree of soil heating. The overall portion of soil aggregates can increase or decrease, or 

the relative abundance of aggregates across size fractions may be re-distributed (Mataix-

Solera et al., 2011). Stable aggregates may collapse if aggregate-associated SOM is 

thermally altered or combusted or by increased vapor pressure within aggregates during 

soil heating (Soto et al., 1991; Badía and Martí, 2003; Bronick and Lal, 2005; O'dea, 

2007; Chief et al., 2012; Albalasmeh et al., 2013). On the contrary, increased soil 

temperatures were also found to transform and strengthen mineral cementing agents, such 

as Fe and Al oxides, resulting in a stabilization or increased aggregation (Giovannini and 

Lucchesi, 1997; Guerrero et al., 2001). Guerrero et al. (2001) found an increase in 

percent aggregate stability when heating soils to 200, 400, and 600 ᵒC, even with 

decreasing SOM content. Soil temperatures above 220 ᵒC increased aggregation by 

transforming cementing oxides, which was documented as a simultaneous increase in 

sand-sized particles and a decrease in the clay-sized particle fraction (Giovannini and 
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Lucchesi, 1997; Badía and Martí, 2003). Finally, if fire-induced SWR occurs, the coating 

of hydrophobic compounds onto soil particles and aggregates may also stabilize or 

increase the portion of soil aggregates (Arcenegui et al., 2008). 

1.3.5c  Soil bulk density 

 Soil bulk density (BD) is a valuable soil parameter that permits inferences of 

treatment effects on soil quality and function. Low-severity, prescribed fires do not 

always significantly alter bulk density (Boerner et al., 2009; Stoof et al., 2011). However, 

if a prescribed fire generates greater soil temperatures, BD may increase if aggregate-

associated SOM is combusted (Phillips et al., 2000; Stoof et al., 2010). Badía and Martí 

(2003) measured an increase in BD when soils were heated above 250 ᵒC and a 

significantly greater increase due to the complete combustion of SOM at 500 ᵒC. 

However, on the calcareous and gypsiferous soils, the increased BD did not result in 

decreased porosity because it was accompanied by an increase in particle density due to 

the fusion of clay-sized particles (Badía and Martí, 2003). Other studies measured a 

concomitant decrease in porosity when SOM combustion increased soil BD (Giovannini 

and Lucchesi, 1997). Within an upland Oklahoma oak forest, Williams et al. (2012) 

measured changes in BD from prescribed burning as a function of fire frequency. Two-

year burn intervals significantly increased BD values, while BD values under 4-yr fire 

intervals were not different from control sites. Phillips et al. (2000) reported the same 

relationship between burn frequency and BD as a result of decreased SOM in mixed oak 

forests of middle Tennessee.  



19 

 

1.3.5d  Soil hydrology 

 The effect of prescribed fire on water infiltration, surface runoff, and soil erosion 

rates is influenced by fire severity (Robichaud, 2000), the formation of SWR (Cawson et 

al., 2016), changes to soil aggregation (Mataix-Solera et al., 2011), the presence and 

characteristics of an ash layer (León et al., 2013), and post-burn precipitation events (Ice 

et al., 2004). Decreased water infiltration rate promotes runoff and facilitates SOM and 

sediment erosion (Tisdall and Oades, 1982). Predominately, SWR promotes surface 

runoff and erosion by inhibiting water infiltration unless hydrophobicity is discontinuous 

across the site or until SWR becomes weakened after saturation (Debano, 1981; 

Robichaud, 2000; Neary et al., 2009; Cawson et al., 2016). The physical and chemical 

characteristics of vegetative ash exhibits a range of hydrologic properties depending on 

combustion temperatures and fuel type (Stoof et al., 2010; Bodí et al., 2012; Balfour and 

Woods, 2013). If the ash layer has hydrophobic characteristics (Bodí et al., 2011), it will 

also induce surface runoff similar to SWR (Gabet and Sternberg, 2008; León et al., 

2013). Alternatively, vegetative ash has been observed to protect the surface from erosion 

and decrease surface runoff by absorbing rainfall (Cerdà and Doerr, 2008; Woods and 

Balfour, 2008; Bodí et al., 2012). Once the ash layer is redistributed by wind or water, 

decreases in infiltration are reported due to surface sealing or soil pore clogging by ash, 

PyOM, and soil particles (O'dea, 2007; Onda et al., 2008; Woods and Balfour, 2008; 

Larsen et al., 2009). Also following ash redistribution, surface runoff and sediment yields 

become more dependent on the percent bare soil across a site than surface roughness or 

slope (Johansen et al., 2001; Martin and Moody, 2001; O'dea, 2007). While the greatest 

effects on runoff and surface erosion are reported to occur during the first post-burn 
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precipitation event (Robichaud, 2000), until vegetative cover returns to the site, overall 

increases in runoff and erosion are probable after the ash layer is redistributed (Cerdà and 

Doerr, 2008; Woods and Balfour, 2008), after increased rainfall (O'dea, 2007), or after an 

intense storm event (Wondzell and King, 2003; Ice et al., 2004). 

1.3.5e Soil moisture and temperature 

 Soil moisture and temperature gradients influence forest structure and 

productivity by promoting or hindering biological activity, nutrient availability, and water 

availability (Vance and Henderson, 1984; Hamman et al., 2008; Wait and Aubrey, 2014; 

Muqaddas et al., 2016; Bolstad et al., 2018). Regional and local soil moisture and 

temperature regimes naturally vary with season and are a function of soil properties, litter 

depths, landscape position, aspect, vegetative demand, and climate (Neary et al., 1999; 

Iverson and Hutchinson, 2002; Hubbert et al., 2006; Muqaddas et al., 2016; Bolstad et al., 

2018). The influence of a dormant season burning on post-burn soil moisture and 

temperature regimes depends on the magnitude and duration of surface and soil 

temperatures experienced during the burn event (Neary et al., 1999).  

Fire effects that impact soil moisture and temperature regimes include decreased 

vegetative cover, loss of forest floor, changes to SOM, and the formation of SWR 

(Raison et al., 1986; Hubbert et al., 2006; Granged et al., 2011a; Miesel et al., 2012; 

Cawson et al., 2016). Following the burn event, soil temperature fluxes can become more 

extreme than unburnt sites due to loss of cover (Raison et al., 1986). Decreased forest 

floor depth and coverage promotes greater soil temperatures due to more direct solar 

radiation reaching the soil surface (Hobbs and Schimel, 1984; Wait and Aubrey, 2014). A 

darkening of the surface from charred materials also absorbs more solar energy and raises 
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soil temperatures, which can decrease soil moisture contents (Neary et al., 1999; 

Hamman et al., 2008). These effects are further exacerbated on xeric sites when 

compared to mesic stands, but increased surface temperatures from solar radiation are 

reduced once forest vegetation leafs out (Iverson and Hutchinson, 2002). 

 Besides reduced soil moisture levels from increased soil temperature, soil 

moisture content and holding capacity are also directly affected by prescribed fire. The 

water holding capacity of a soil depends greatly on SOM content and soil porosity. The 

presence of SWR blocks or decreases water infiltration, while altered SOM quantity and 

quality that adversely affects soil structure can decreases soil moisture holding capacity 

(Hubbert et al., 2006; Cawson et al., 2016). On the contrary, increases in post-burn soil 

moisture contents were measured due to decreased water demand and transpiration (Swift 

et al., 1993; Kennard and Gholz, 2001). Even if post-burn increases in soil temperatures 

persist, decreased soil moisture contents were noted by some researchers to return to pre-

burn or control levels one year following fire (Hamman et al., 2008). 

  Long-term, continuous burning leads to more stabilized changes in diurnal and 

seasonal soil moistures and temperatures. On sites where fire intervals maintain a reduced 

canopy cover and allow more solar radiation to reach the forest floor, Wait and Aubrey 

(2014) found average soil temperatures were greater and soil moisture contents were less 

than unburned sites. After long-term forest burning on sandy Australian soils, Muqaddas 

et al. (2015) measured significantly decreased soil moisture from burning at a 2-yr fire 

intervals due to decreased litter depths and SOM concentrations. On the contrary, after 23 

years of periodic burning that increased canopy openness, herb richness, and nutrient 
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availability, Scharenbroch et al. (2012) attributed increased soil moisture content to 

increased SOM and reduced evapotranspiration. 

1.3.6 Prescribed fire effects on mineral soil chemical properties 

 The extent of prescribed fire effects on mineral soil chemical properties depends 

on fire severity, burn regime, burn season, forest type, soil characteristics, and time since 

fire (Certini, 2005; Neill et al., 2007; Boerner et al., 2008; Hatten et al., 2008; Bennett et 

al., 2014). Other site characteristics, such as landscape position, aspect, and soil moisture 

regime, additionally influence fire effects on soil chemical properties (Boerner and 

Brinkman, 2003; Hobley et al., 2017; Abney et al., 2019). Mineral soil chemical 

properties altered by fire include mineral soil organic carbon (SOC), total bulk soil 

nitrogen (TN), N mineralization rates, soil pH, available phosphorus (P), cation exchange 

capacity (CEC), and concentrations of base cations (Certini, 2005; Alcañiz et al., 2018). 

Some fire effects stem from alterations in microbial biomass, the degree of root mortality, 

and a presence of post-burn increases in herbaceous plants (Eivazi and Bayan, 1996; 

Johnson and Curtis, 2001; Rhoades et al., 2004). Alterations to soil chemical properties 

from prescribed burning, such exchangeable and available nutrients, are also attributed to 

the thermally altered organic horizon and ash incorporated into the soil profile (Vance 

and Henderson, 1984; Guinto et al., 2001; Liechty et al., 2005).  

1.3.6a Soil organic carbon 

 Soil organic matter provides energy and nutrients to plants and soil organisms and 

profoundly influences soil properties indicative of soil quality, such as water availability 

and soil aggregation (Tisdall and Oades, 1982; Olness and Archer, 2005; Brady and Weil, 
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2008; Campo et al., 2008). Depending on the degree of soil heating during a burn event, 

SOM may be lost during volatilization and combustion reactions or qualitatively altered 

during pyrolytic reactions (Giovannini and Lucchesi, 1997; Guinto et al., 2001; 

Gonzalez-Perez et al., 2004; Certini, 2005). Heat flux to surface materials may also 

contribute to increases in SOM content when volatilized C compounds move into the soil 

profile during the burn event, such as the case of SWR formation (Debano, 2000). Rau et 

al. (2009) found an immediate increase in SOC concentration at the 0 to 3 cm mineral 

soil depth in a pinyon-juniper (Pinus monophyla – Juniperus osteosperma) woodland in 

central Nevada; however, there were no detectable differences when analyzing at a 0 to 8 

cm depth. They hypothesized that while mineral soil temperatures did not increase 

enough during the burn event to oxidize C, surface temperatures measured reached 200 to 

300 ᵒC and were capable of releasing C from surface materials. Therefore, increased SOC 

content in the surface soil could be from incorporation of ash and partially combusted 

surface materials (Rau et al., 2009; Alcañiz et al., 2016; Hobley et al., 2017). On the 

contrary, high fire temperatures during experimental burning of a Mediterranean 

heathland were responsible for an immediate and short-term decrease in SOM content 

(Granged et al., 2011b). 

Short-term and long-term increases in SOC stocks and pools are attributed to the 

incorporation of ash, thermally altered materials, and unburnt residues into the soil 

surface over time (Johnson and Curtis, 2001; Gonzalez-Perez et al., 2004; Alexis et al., 

2012). However, while some researchers report immediate and short-term changes in 

SOC contents from prescribed fire (Guinto et al., 2001; Nobles et al., 2009; Roaldson et 

al., 2014), the low intensities and low severities more commonly exhibited during a 
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dormant season, prescribed burn generally have no immediate or short-term effect on 

SOC (Hatten et al., 2008; Nave et al., 2011; Switzer et al., 2012). For example, after a 

single fire within regenerated longleaf pine (Pinus palustrus) and slash pine (Pinus 

elliottii) forest in north-central Florida, Lavoie et al. (2010) found no changes in TOC 

during three consecutive years of monitoring. Gundale et al. (2005) also reported no 

change in TOC at one- and three-years following fire in ponderosa pine (Pinus 

ponderosa) forests of Montana. Long-term increases in SOC contents, however, may still 

occur due to below-ground root mortality and revegetation promoting carbon 

sequestration from root-turnover (Johnson and Curtis, 2001; Rau et al., 2009; Hobley et 

al., 2017). 

 The long-term effects of burning in forested ecosystems on SOC stocks are 

additionally influenced by fire frequency when the fire return interval does not allow for 

sufficient recovery of the forest floor (Phillips et al., 2000; Muqaddas et al., 2016). 

Decreased O horizon quantity or quality may facilitate surface erosion or alter microbial 

communities and enzyme activities (Phillips et al., 2000; Hatten et al., 2005; Muqaddas et 

al., 2015; Butnor et al., 2017). Across a variety of forest and soil types, several studies 

found no significant changes from periodic burning at fire intervals of four years or 

greater when compared to unburnt sites (Eivazi and Bayan, 1996; Phillips et al., 2000; 

Scharenbroch et al., 2012; Williams et al., 2012; Fontúrbel et al., 2016; Muqaddas et al., 

2016). Further, several long-term studies found more frequent burning decreased SOC 

stocks. After 35 years of annual and periodic burning in mixed oak vegetation in middle 

Tennessee, Phillips et al. (2000) found that SOM concentrations in the upper 7.6 cm were 

significantly reduced in annual plots when compared to control plots. Williams et al. 
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(2012) monitored prescribed fire effects after twenty years of 2-yr and 4-yr burn intervals 

in an upland oak forest in Oklahoma. While 2-yr interval measurements were not 

significantly different from 4-yr interval burns, the SOM and SOC content of soils under 

2-yr burn intervals were significantly less than control values by 60 and 64%, 

respectively (Williams et al., 2012). Additionally, after almost forty years of burning in a 

wet sclerophyll forest in southeast Queensland, Australia, Muqaddas et al. (2015) found 

that 2-yr burn intervals significantly decreased total SOC concentrations by 44 % 

compared to control and 4-yr burn treatments.  

1.3.6b  Soil pyrogenic carbon pool 

Incomplete combustion during vegetative fire events when oxygen is low or 

absent yields thermally altered organic materials on the surface and in the soil. These 

materials are referred to as pyrogenic organic matter (PyOM), pyrogenic carbon (PyC), or 

black carbon (Knicker, 2011a; Bird et al., 2015). Chemical and spectroscopic studies 

have identified a range of PyOM compounds that differ based on vegetative stock, 

pyrolysis temperature, and burn duration (Masiello, 2004; Hammes et al., 2008). Soil 

PyOM contributes greatly to the pool of sequestered C, sparking the more recent 

inclusion of PyC in global C cycling calculations (Forbes et al., 2006; Bird et al., 2015; 

Santin et al., 2016). However, because of the wide range in physiochemical 

characteristics, the entire PyC continuum is difficult to quantify in one measure since the 

many methods currently utilized capture a limited portion of the spectrum, consume or 

produce PyC during the process, and/or capture non-PyC refractory compounds with 

similar structures (Forbes et al., 2006; Hammes et al., 2007; Knicker et al., 2007; De La 

Rosa Arranz et al., 2009). 
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Several nuclear magnetic resonance (NMR) observations show that fuel type, 

formation temperature, and heating duration greatly influence PyOM structural 

characteristics (Mcbeath and Smernik, 2009; Ascough et al., 2011; Soucémarianadin et 

al., 2013; Hatton et al., 2016). With increasing pyrolysis temperatures, plant cellular 

structures, such as hemicellulose and cellulose, break down into PyOM intermediates as 

OC compounds begin to undergo decarboxylation and dehydration (Mcbeath et al., 2011; 

Soucémarianadin et al., 2013). Once the temperature rises above 200 ºC and as it 

increases to ca. 350 ºC, the charred material becomes dominated by aromatic C and alkyl 

C (Mcbeath et al., 2011). As PyOM increases in aromaticity, which is indirectly 

measured as a decrease in O/C and H/C ratios, aromatic clusters grow in size increasing 

the degree of aromatic condensation (Mcbeath et al., 2011; Wiedemeier et al., 2015). The 

degree of aromatic condensation slowly changes between 200 ºC and 400 ºC, and then 

increases rapidly as temperatures raise from 400 ºC to 1000 ºC (Mcbeath et al., 2011). 

Soucémarianadin et al. (2013) found that among a variety of fuels, aromatic structures 

dominated the PyOM spectra during NMR analysis when charring was above 350 ºC. 

Over all, low-temperature PyC compounds, which differ between wood and grass chars, 

have more labile C forms and a lesser proportion of aromatic C rings than high-

temperature PyC, which are produced at ca. ≥400 °C (Ascough et al., 2011; Mcbeath et 

al., 2011; Soucémarianadin et al., 2013; Wiedemeier et al., 2015; Lian and Xing, 2017).  

Pyrogenic OM formed during vegetation fires and incorporated into soil profile is 

considered a sink in the global carbon cycle and has a long residence time that depends 

on formation temperature, environmental exposure time, landscape position, soil depth, 

and climate variables in the environment (Laird et al., 2008; Ascough et al., 2011; Bird et 
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al., 2015; Ahmed et al., 2017; Butnor et al., 2017; Abney et al., 2019). With biotic and 

abiotic oxidation and degradation rates differing by site and depth, PyC is estimated to 

cycle at time scales from weeks and months to decadal, centennial, and millennial (Glaser 

et al., 2000; Cheng et al., 2006; Forbes et al., 2006; Singh et al., 2012; Santin et al., 2016; 

Hobley et al., 2017). Several studies have noted a rapid decomposition of labile PyC 

pools once incorporated into the soil (Hamer et al., 2004; Smith et al., 2010; Mukome et 

al., 2014; Näthe et al., 2017). Over a long time period, the total loss of labile PyC from 

microbial degradation is estimated to be only about 10 to 11% of the total PyC pool 

(Knicker et al., 2006; Foereid et al., 2011). 

The range of PyOM structural characteristics impart a variety of functional 

properties in soils (Knicker, 2011a; Pingree and Deluca, 2017). The addition of PyOM to 

soils may or may not have priming effect on native SOM degradation (Hamer et al., 

2004; Santos et al., 2012; Whitman et al., 2014; Maestrini et al., 2015; Zimmerman and 

Ouyang, 2019). Hydrophobic areas of PyOM function as a sorbent for organic 

contaminants, allelopathic compounds, and non-polar C compounds, while abundant 

porosity serves to hold water and provide a refuge for soil microbes, which are likely 

utilizing the adsorbed materials (Pietikäinen et al., 2000; Cornelissen et al., 2005; 

Lehmann et al., 2011). Hydrophobic PyC surfaces may ultimately become transformed 

and activated through microbial interactions or by adsorption of SOM, which leads to 

increased acid functional groups, increased CEC, and increased moisture holding 

capacity (Glaser et al., 2000; Cheng et al., 2006; Liang et al., 2006; Näthe et al., 2017; 

Pingree and Deluca, 2017; Deciucies et al., 2018). 
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Pyrogenic materials have been found throughout the soil profile within a range of 

aggregate and particulate size fractions, associated with clay subfractions, and observed 

in solution as dissolved organic matter (DOM) (Kim et al., 2004; Laird et al., 2008; 

Soucémarianadin et al., 2014; Velasco-Molina et al., 2016; Butnor et al., 2017). Studies 

have isolated PyC compounds to the coarse clay soil fraction and light SOM fraction 

(Glaser et al., 2000; Laird et al., 2008). Dissolved PyC has been measured in the soil 

solution within a few months after a burn event (Näthe et al., 2017). Hydrophilic PyC 

compounds in the soil solution are transported lower in the soil profile or further leached 

into groundwater (Kim et al., 2004; Hockaday et al., 2007; Major et al., 2010; Näthe et 

al., 2017). Butnor et al. (2017) studied the relationship between soil texture and depth on 

concentration, age, and portion of PyC in the easily oxidizable and recalcitrant SOC 

pools. Clay content and extractable iron were well correlated with the SOC pool resistant 

to chemical oxidation, which increased with depth. The specific portion of the PyC 

continuum captured by a method that isolates benzene polycarboxylic acids (BPCAs) as 

PyC markers measured greater PyC concentrations at the surface, which resided 

somewhat in a the oxidizable-resistant SOC pool but mostly in the oxidizable SOC pool 

(Butnor et al., 2017). Several studies noted increases in the proportion of PyC to TOC 

with depth (Mackenzie et al., 2008; Hobley et al., 2014; Velasco-Molina et al., 2016; 

Butnor et al., 2017). Mackenzie et al. (2008) measured an increase from 15% PyC at the 

upper 6 cm of mineral soil to an average 25% PyC at around the 40 cm depth within a 

Sierra Nevada oak woodland that was dominated by low severity fires and short fire 

intervals (<10 years). Additionally, Butnor et al. (2017) captured measurable PyC at 0 to 

10 cm, 10 to 20 cm, 20 to 50 cm, and 50 to 100 cm in the soil profile across several 
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longleaf pine forests from three major land resource areas in southeastern United States. 

While TOC concentrations declined with depth, there was not much change in PyC 

contents, resulting in an increased percent PyC to TOC with depth. In this study, they 

found the PyC pool to be well correlated with clay content and extractable iron (Butnor et 

al., 2017). In sandy Australian soils, (Hobley et al., 2014) used diffuse reflectance 

infrared Fourier Transfrom (DRIFT) and measured 5 to 26% PyC to TOC at the 0 to 30 

cm, 19 to 39% PyC at 30 to 60 cm, and about 17% PyC at the 60 to 100 cm depth.   

Given the influence of temperature and feedstock on PyOM characteristics, low-

severity prescribed fires tend to produce less refractory PyC than wildfires 

(Soucemarianadin et al., 2015). Pyrogenic OM may be emitted to the atmosphere within 

smoke, eroded from the surface by wind or water, incorporated into the soil profile, or 

combusted during subsequent fire events (Rumpel et al., 2006; Deluca and Aplet, 2008; 

Bond et al., 2013; Foereid et al., 2015; Hobley et al., 2017). Regardless, changes to the 

PyC pool in the mineral soil that may occur immediately following a fire event or over 

time are influenced by soil texture, fire severity, and fire frequency (Glaser et al., 2000; 

Laird et al., 2008; Alexis et al., 2012; Pingree et al., 2012; Krishnaraj et al., 2016). 

Immediate changes in PyC contents after prescribed fire have been documented in 

the upper few centimeters of the mineral soil (Foereid et al., 2015; Krishnaraj et al., 

2016). While studying sandy loam to sandy clam loam soils in a south-eastern Australian 

Eucalyptus obliqua forests, Krishnaraj et al. (2016) captured a significantly, immediate 

increase by 370 kg C ha-1 in PyC content at 0 to 2 cm but no change in PyC at the 2 to 4 

cm depth. Foereid et al. (2015) used hydrogen pyrolysis to measured PyC contents in the 

upper 5cm of soils from the New Jersey Pine Barrens that have a history of high-
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frequency and high-intensity wildfires. Current prescribed burning efforts to reduce fuel 

loading are conducted every 5 to 8 years. Changes in PyC contents of O horizon and the 

upper 5cm of mineral soil were small and not significant between four different burn 

sites, but one site showed a significant decrease in mineral soil PyC when compared with 

pre-burn values (Foereid et al., 2015). 

Measured short-term change between burned and unburnt sites appear mostly 

insignificant (Hatten et al., 2008; Adkins et al., 2019). Three years after a wildfire in 

mixed-conifer forest of Sierra Nevada, Adkins et al. (2019) found no difference in mean 

PyC contents at the 0 to 5 cm depth between unburned, low severity, and medium 

severity sites, which measured 10.6 ± 1.9 mg g-1, 8.4 ± 2.6 mg g-1, and 10.5 ± 2.0 mg g-1, 

respectively. Within ponderosa pine forest of inland northwestern U.S., Hatten et al. 

(2008) compared A-horizon PyC contents at one-year post-burn from stands burned twice 

in 6 years with six-year post-burn PyC contents from sites burned only once. Pyrogenic C 

contents measured with the chemo-thermal oxidation at 375 °C method (CTO375) on 

spring burn sites, which did not reduce O horizon thickness significantly from control 

levels, were insignificantly greater than control sites by 6%. Mean ± standard deviation 

PyC stocks in Control, sites burned once, and sites burned twice were 1.91 ± 0.59 Mg ha-

1, 1.83 ± 0.76 Mg ha-1, and 2.10 ± 1.0 Mg ha-1, respectively (Hatten et al., 2008). 

Long-tern prescribed fire studies found PyC contents in soils were influenced by 

fire return interval. Charred materials remaining on the forest floor, on the outer surfaces 

of coarse woody debris, and stored vertically on snags and living tree bark are all 

potential sources of mineral soil PyC over time; however, these sources are vulnerable to 

combustion during recurring fires (Hatten et al., 2008; Buma et al., 2014; Foereid et al., 
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2015). For example, Muqaddas et al. (2015) measured the portion of PyC to TOC at 0 to 

10 cm under 2-yr and 4-yr burn intervals at 19%, which was significantly higher than 

percent PyC from unburned sites, indicating PyC was moving into the mineral soil profile 

at all burn sites. However, they measured significantly less PyC in the mineral soil under 

2-yr fire intervals than 4-yr fire intervals, suggesting the loss of PyOM from the surface 

during subsequent burning before it was able to move into the mineral soil. Using 

attenuated total reflectance (ATR) infrared spectroscopy, Hobley et al. (2017) measured 

PyC contents at the 0 to 20 cm depth in sandy soils of a eucalypt forest of eastern 

Australia that have a long history of wildfires and prescribed fires. Along of 

chronosequence of 3-months, 1-year, and 14-years post-burn sampling, PyC contents at 

1-year were significantly greater than the recently burned and long-unburnt sites. In these 

soils, the short-term incorporation of surface PyC was attributed to bioturbation and easy 

infiltration into sandy surface soil containing large pores. Further, the decreased PyC 

content at 14-yrs post-burn suggests PyC is likely percolating deeper into the soil profile 

(Hobley et al., 2017).  

1.1.1a Soil nutrients and pH 

While nutrients essential for plant growth may be introduced into natural 

ecosystems through atmospheric deposition and biological fixation or become plant 

available via soil mineral weathering reactions, forest productivity relies heavily on 

woody debris and the forest floor decomposition for sustained nutrient supply (Chorover 

et al., 1994; Debano et al., 1998). The nutrient cycling characteristics and disturbance 

responses of each ecosystem are determined by soil nutrient status and the nutrient 

conservation techniques of the vegetative species (Boerner, 1982).   
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 Prescribed fire may influence forest productivity through short- and long-term 

changes to nutrient availability. The combustion of surface organic materials during a 

prescribed fire event abruptly releases nutrients. Nutrients that volatilize at lower 

temperatures (ca. 200 ᵒC), such as nitrogen (N) and sulfur (S), are generally lost as gases 

at concentrations proportional to the amount of organic materials combusted during the 

fire (Kauffman et al., 1994; Certini, 2005). Nutrients with volatilization temperatures 

greater than those commonly experienced during prescribed fire, such as phosphorus (P) 

and calcium (Ca), are either lost as particulates in fire-induced convection currents or 

remain on the surface in incompletely burned vegetative materials, sequestered in charred 

materials, or as ionic forms in the ash (Boerner, 1982; Kauffman et al., 1994; Pereira et 

al., 2011). The fate of these plant available nutrients in the ash is further dictated by their 

vulnerability to wind or water erosion and their ability to dissolve into solution and 

infiltrate into the soil profile (Bêche et al., 2005; Cerdà and Doerr, 2008; Bodí et al., 

2014). Once incorporated into the soil, dissolved nutrients are available for immediate 

plant and microbial uptake, stored on soil ion exchange sites, or leached through the soil 

profile (Chorover et al., 1994; Näthe et al., 2018). Prescribed fire studies that report post-

burn increases in nutrient availability show these increases to be mostly short-term 

(Nobles et al., 2009; Lavoie et al., 2010; Fontúrbel et al., 2016). Long-term effects of 

prescribed burning suggest decreased nutrient availability due to changes to organic 

matter quality (Vance and Henderson, 1984; Monleon et al., 1997). The feedback loop 

between nutrient availability and litter quality may be exacerbated if repeated burning 

alters soil and environmental conditions, such as soil moisture, soil temperature, soil pH, 

and the quantity of OM, which may adversely affect microbial communities and enzyme 
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activities (Binkley et al., 1992; Eivazi and Bayan, 1996; Boerner and Brinkman, 2003; 

Muqaddas et al., 2016). 

 Since nitrogen is an essential nutrient for plant growth and often limited in forests, 

its apparent sensitivity to thermal fluxes is a concern when managing forests with 

prescribed fire. Even when heat fluxes remain below combustion temperatures, N pools 

may decrease from volatilization of species, such as nitrate (NO3
-) and amino acids, or 

from the reduction of bacterial communities involved in N transformations (Giovannini 

and Lucchesi, 1997; Hart et al., 2005; Binkley and Fisher, 2012). Overwhelmingly, 

studies have captured an increase in available N immediately post-burn once organic N 

thermally mineralizes to ammonia (NH4
+) and when the readily available NH4

+ pool is 

then biologically transformed to NO3
- (Deluca and Zouhar, 2000; Wan et al., 2001; 

Trammell et al., 2004; Boerner et al., 2009; Nobles et al., 2009; Rau et al., 2009). 

During a burn event, organic N may also become stabilized in the PyOM pool 

remaining in the post-fire ash and unavailable for biological use (Knicker, 2011b). Soil 

surface TN increases when recalcitrant N, NH4
+, and NO3

- are added to the soil profile 

dissolved in the soil solution or from short-term, post-fire bursts of N fixation associated 

with native legumes (Chorover et al., 1994; Johnson and Curtis, 2001; Wan et al., 2001; 

Nobles et al., 2009; Rau et al., 2009). Measured increases in available N are short-lived, 

lasting a few years at the most, due to rapid uptake by plants and microbes or leaching 

from the soil profile (Vitousek et al., 1982; Vance and Henderson, 1984; Deluca and 

Zouhar, 2000; Carter and Foster, 2004; Rau et al., 2008). For example, an abrupt increase 

in soil solution NH4
+, captured by Chorover et al. (1994) following prescribed fire 
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treatment in Sierra Nevada, quickly decreased below pre-burn levels within the first post-

burn year. 

 The long-term fate of N stocks and pools from prescribed burning differs across 

sites due to differences in forest types, burn frequency, environmental conditions, 

microbial activity, and antecedent nutrient capital (Boerner et al., 2000; Hart et al., 2005; 

Grady and Hart, 2006; Muqaddas et al., 2016). Extractable and mineralizable N and TN 

contents are dependent upon the incidence and frequency of burning (Carter and Foster, 

2004); changes in SOM and its effect on microbial communities and enzymes responsible 

for N transformations (Eivazi and Bayan, 1996; Hart et al., 2005); other soil chemical 

properties, such as pH (Liechty et al., 2005; Hamman et al., 2008); changes in N-fixing 

plant species (Wan et al., 2001); and the mass of N contributed through atmospheric 

inputs over time (Carter and Foster, 2004; Trammell et al., 2004). A meta-analysis of 76 

studies comparing fire effects with forest type concluded no significant influence on soil 

N stocks, a negative effect on microbial biomass N, and decreased N mineralization by 

prescribed fire with forest type as an influencing factor (Wang et al., 2012). After 30 

years of prescribed burning in loblolly and longleaf pine forests in South Carolina, 

Binkley et al. (1992) measured no significant changes in soil N on sites managed with 1, 

2, 3, or 4-year burn intervals. Williams et al. (2012) also found no significant long-term 

changes to TN, NH4
+-N, and NO3

--N between 2-yr and 4-yr fire frequencies. In contrast, 

(Muqaddas et al., 2016) found that 2-yr burn intervals significantly reduced soil N pools 

compared to 4-yr burn intervals after greater than 30 years of burning.  

 Phosphorus (P) is a key nutrient for vegetative growth and, similar to N, often of 

limited availability in most ecosystems. The forms and solubility of mineral P in the soil 
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are greatly dictated by soil pH and concentrations of metal cations. The concentrations of 

P ions in solution are further controlled by the availability of positively charged exchange 

sites for adsorption and the concentration of competing anions (Hinsinger, 2001). While 

only a portion of immobilized P is weathered, extracted, or desorbed from soil minerals, 

the majority of the P utilized by plants and soil microbes is available through OM 

decomposition (Smil, 2000; Brady and Weil, 2008).   

 The thermal decomposition of surface OM during prescribed fire releases 

mineralized P into the surface ash (Mckee, 1982; Giovannini and Lucchesi, 1997). Post-

burn rain events can erode ash and soil P from the site or move dissolved P into the soil 

profile (Trammell et al., 2004; Bêche et al., 2005; Ponder et al., 2009). In acidic soils, a 

fire-promoted increase in soil pH can concomitantly promote an increase in available P 

(Mckee, 1982). However, a sudden increase in available P is not always significant and is 

often reported as a short-term benefit for plants and soil microbes (Certini, 2005; Gundale 

et al., 2005; Fontúrbel et al., 2016). From a study using prescribed burning to manage 

oak-hickory, oak-pine, and pine savannas on upland Missouri Ozark sites, Ponder et al. 

(2009)recorded significantly greater soil P concentrations in burned oak-hickory sites 

one-year post-burn. Since P cycling is predominately sourced from the organic pools, 

continuous long-term burning may reduce P availability. Binkley et al. (1992) found no 

differences in soil P pools from 30 years of burning loblolly and longleaf pine forest in 

the Coastal Plain of South Carolina at different burn intervals. However, they measured a 

significant decrease in phosphatase activity at the 0-10 cm depth with the greatest effect 

on sites managed with 2yr burn intervals (Binkley et al., 1992). Other studies have 

measured a decrease in microbial biomass and the activity of enzymes involved in P 
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mineralization after the long-term use of prescribed fire in mixed oak forests (Eivazi and 

Bayan, 1996; Boerner and Brinkman, 2003).  

 Fire consumption of the forest floor and wood debris abruptly reduces the nutrient 

capital of the stand; however, the quantity of available Ca, Mg, K, and Na species, as 

oxides, carbonates, or hydroxides, in the ash layer immediately increases (Pereira et al., 

2012; Bodí et al., 2014). Fuel loading and fire severity control the amount of ash 

produced, and forest type also influences relative differences in ash nutrient content 

(Tomkins et al., 1991; Chorover et al., 1994; Arocena and Opio, 2003). Divalent ions, 

such as Ca+2 and Mg+2, aid in soil stabilization and are more competitive for exchange 

sites, while K+1 and Na+1 are highly mobile and less competitive (Oades, 1988; Tomkins 

et al., 1991; Soto et al., 1993). Following fire, dissolved ions move into the mineral soil 

profile via precipitation and are available for plant and microbial uptake. The capacity of 

the soil to store nutrients on cation exchange sites decreases if SOM is consumed or 

thermally altered. However, the concentrations of available nutrients within the soil 

profile are usually greater than concentrations moving into or leaching out of the soil 

system (Chorover et al., 1994). Additionally, most soils are capable of retaining the 

majority of the dissolved cations entering the soil profile (Soto et al., 1993; Näthe et al., 

2018). Commonly observed increases in exchangeable base cations are not always 

significant and tend to be short-lived (Neary et al., 2005; Boerner et al., 2009). On sites 

with low nutrient status soils, forest vegetation benefits from the spike in available 

nutrients (Guyette and Cutter, 1997). 

 Soil pH values indicate a relationship between exchangeable acidic (hydrogen, 

H+; aluminum, Al3+) and nonacidic cations on organic and mineral surfaces and H+ and 
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hydroxyl (OH-) ions in soil solution. The ratio of these constituents controls nutrient 

availability directly through soil chemistry or indirectly by influencing soil organisms 

responsible for nutrient cycling. Fire-induced changes in cation concentrations often 

correspond with increased soil pH (Guinto et al., 2001; Granged et al., 2011a), but fire 

may decrease pH in calcareous soils (Giovannini et al., 1990; Badía and Martí, 2003). 

Soils not buffered by organic acids or aluminum (pH<4.5) or carbonates (pH>6.5), may 

be more susceptible to fire-induced pH changes when surface and soil organic acids are 

denatured or consumed or when water formation during OM oxidation significantly 

decreases H+ concentrations (Certini, 2005; Binkley and Fisher, 2012). For well-drained, 

rhyolite and dolomite derived soils in the Missouri Ozarks, Guyette et al. (1992) 

estimated a pH rage between 4.55 and 5.85 to be the most sensitive to disturbances.  

 Significant increases in pH have been measured after fire treatments, but lasted 

only months or a few years before returning to pre-burn or control levels (Hamman et al., 

2008; Fontúrbel et al., 2016; Näthe et al., 2018). One year following two consecutive 

annual fires on savannas in the Central Missouri Ozark Highland, Ponder et al. (2009) 

found that soil pH and Ca2+ concentrations significantly increased in the upper 5 cm of 

the cherty Ultisols, while Na+, K+, and Mg2+ concentrations did not change. In pine-oak 

woodlands in northwest Alabama, Nobles et al. (2009) found immediate increases in soil 

pH and exchangeable base cation concentrations on loamy sand and sandy loam soils. 

Soil pH slightly decreased in the A horizon (4 - 26 cm thick) but significantly increased 

from pH 4.8 and 4.9 to pH 5.1 in the E, BE, and Bt1 horizons. Post-burn changes in 

exchangeable Ca2+, Mg2+, and K+ concentrations were slight and insignificant, but 
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exchangeable Na+ concentrations significantly increased throughout the profiles of burn-

only units (Nobles et al., 2009). 

In a study comparing the impacts of a single prescribed fire treatment across 12 

sites dominated by conifer species in the western and eastern United States, two sites in 

California showed significantly increased soil pH values during the first post-burn year. 

At the network-scale, A horizon extractable Ca2+ and K+ increased during the first post-

burn growing season and were significant at α = 0.07 (Boerner et al., 2009). Low-severity 

prescribed fire in shrublands of NW Spain did not have any immediate or short-term 

effects on exchangeable bases in the upper 0-2 cm of surface soil; however, soil pH was 

significantly greater at 6- and 24-months post-burn and decreased to control values at 4-

years post-burn (Fontúrbel et al., 2016).  

In longleaf and slash pine flatwoods of northern Florida, post-burn sampling 

shows elevated Ca2+, Mg2+, and K+ concentrations at the 0 to 5 cm mineral soil depth 

during the first year after a single prescribed fire event. However, soil pH on these 

poorly-drained, acidic soils did not change immediately following the fire treatment 

(Lavoie et al., 2010). Short-lived changes in soil pH are likely due to decreased cation 

availability as ions are either immobilized or leached from the soil profile (Certini, 2005). 

 The effects of long-term, repeated burning show no change to soil pH or 

exchangeable cation concentrations on some sites while repeated burning appears to 

stabilize differences on others (Binkley et al., 1992; Eivazi and Bayan, 1996; 

Scharenbroch et al., 2012; Williams et al., 2012; Muqaddas et al., 2015). For example, 

Williams et al. (2012) measured soil chemistry at the 0 to10 cm depth after 20 years of 

prescribed burning at 2-yr and 4-yr intervals on upland oak forests in Oklahoma and 
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found no change in soil pH (avg. pH 4.8) and plant available K+. Eivazi and Bayan 

(1996) similarly found no effect on soil pH after over 40 years of burning (annual and 

periodic) in upland oak-hickory and oak-shortleaf pine forests of the Missouri Ozarks. 

Guyette et al. (1992) hypothesized that, besides potentially high buffering capacity, rapid 

uptake of the increased available nutrients may also account for minimal change in soil 

pH within Ozark soils.  

 On the contrary, after 23 years of dormant season fire (1- to 3-year return interval) 

on silt loam soils in dry-mesic and mesic forests of northern Illinois, Scharenbroch et al. 

(2012) measured significant increase in soil pH from 6.1 to 6.3 and increases in 

exchangeable Na+, K+, Mg2+, and Ca2+ concentrations by 23, 32, 7 and 15%, respectively. 

Binkley et al. (1992) measured the effects of prescribed fires after 30 years at 1, 2, 3, and 

4-year return intervals in a loblolly and longleaf pine forest in South Carolina. With no 

clear trend of interval effects, soil pH at the 0 to 10 cm depth under annual and 4-yr burn 

intervals was significantly less (pH 4.3) than unburnt sites (pH 4.6). Further, 

exchangeable Mg2+ and K+ concentrations showed no effect from fire and Ca2+ 

concentrations were significantly greater under 1-yr and 2-yr burn regimes (Binkley et 

al., 1992).  

 A study in Australia exhibits how fire frequency influences the ability for soil 

chemistry to recovery to pre-burn or control values. Researchers monitored long-term 

burning at 2-yr and 4-yr return intervals on a wet sclerophyll forest site in in south-east 

Queensland. After 22 years of burn treatments, Guinto et al. (2001) measured significant 

increases in soil pH at the 0 to10 cm depth from both burn frequencies. Soil pH increased 

with increasing fire frequency and the changes were proportional to the amount of 
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surface OM consumed. Base cation concentrations measured by Guinto et al. (2001) were 

increased, but not significantly. The researchers suggest that besides fire, confounding 

factors, such as natural variations in soil properties, were also influencing cation 

concentrations. After almost 40 years of burning, continued sampling shows that soil pH 

in 2-yr burn plots remained significantly greater while values in 4-yr plots were not 

different from unburned sites (Muqaddas et al., 2015). 

1.3.7 Joint Fire Science Program Study in Ozark Highlands 

 This project is part of a broader objective to study the effects of prescribed fire on 

vegetation and fuel loading when managing for a woodland structure. At initiation of the 

Joint Fire Science Program (JFSP) study in 2001, none of the sites had documented fire 

or management for 30 years prior to the onset of the study, and all stands were mature, 

closed-canopied oak-pine and oak-hickory forests. Treatments include a control (C), 

commercial thinning, prescribed burning (B), and a combination of thinning and burning. 

All four treatments are replicated on protected slopes (315°-135°), exposed slopes (135°-

315°), and along ridges. Each treatment-aspect pair is repeated across three blocks at two 

separate locations near the town of Ellington, Missouri (Fig.1.1). Block 1 and Block 3 are 

located within Clearwater Conservation Area; and Block 2 is within Logan Creek 

Conservation Area. All three blocks are managed by the Missouri Department of 

Conservation. Treatment units are approximately 2 ha each, totaling nearly 25 ha per 

block. The first thinning treatment occurred during the summer and fall of 2002. The first 

and second prescribed burns were applied during early spring of 2003 and 2005 (Kolaks 

et al., 2004). Within each treatment-aspect unit, 30 permanent quadrants (1 m2) for 
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monitoring ground flora and three overstory subplots for inventorying trees ≥ 4 cm 

diameter at breast height were randomly assigned along transects. Fuel loading was 

measured pre- and post-fire on all units and fire behavior was observed during the first 

prescribed burn in 2003 (Kolaks et al., 2004). Thinning treatments and forest vegetation 

data collection have been ongoing. 

 In this current study, we utilize the JFSP study sites to evaluate the effects of 

prescribed fire on forest floor depths and soil properties. Study sites for soil analyses will 

be limited to the control (Control) and periodic burn (Burn) treatments on exposed 

aspects in each of the three blocks. During the winter of 2014, new treatment units within 

Figure 1.1 Joint Fire Science Project treatments are replicated across three blocks on 

exposed, protected, and ridge aspects. Treatments include unmanaged units (Control), 

sites managed with only fire (Burn only), units managed with thinning (Thin only), and 

units managed with a combination of burning and thinning (Thin/Burn). 
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each block were identified on exposed slopes. These units are reminiscent of control sites 

and were selected to be burned for the first time in recent history (New Burn).  

 The inclusion of New Burn units will allow us to compare changes in soil 

chemical and physical properties between sites that have a recent history of fire and those 

that do not. Because of the length of time since that last burn treatment, we will also be 

able to compare the Burn units with the Control units to infer the degree of recovery and 

resiliency of the soils. The New Burn units are intended to reveal the effects of a single 

burn on soil chemical and physical properties in a forest where fire has been suppressed 

for over 40 years. Additionally, comparison of New Burn and Burn treatments will 

elucidate differences in a response due to differing burn histories. By comparing 

treatment effects among the Control, New Burn, and Burn units, we initiate a study of 

short- and long-term effects of prescribed fire on the gravelly, low nutrient soils of 

exposed slopes in the Missouri Ozark forests.   

1.4 Summary 

Fire was historically applied to the landscape at regular intervals in the Ozark 

Highlands ecoregion and became a key factor in shaping vegetative communities (Nelson 

et al., 2010). Present day use of prescribed fire as an ecosystem management tool is more 

complex as land managers commonly have multiple management objectives. In forest 

management, the underlining goal is to preserve forest productivity, which requires 

understanding of how actions and disturbances impact the soil. Unlike wildfire, dormant 

season fires are low in intensity and severity, and changes to the forest floor and soil 

properties are generally recoverable with time (Certini, 2005). Studies from a multitude 

of regions where prescribed fire is regularly used support this consensus; however, the 
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variability in study results highlights a strong influence of regional factors on immediate, 

short-term, and long-term effects of fire on soil properties (Johnson and Curtis, 2001; 

Nave et al., 2011).  

Prescribed burning may adversely influence forest productivity through altering 

soil properties indicative of soil quality. The fine fuels and coarse woody debris of the 

forest floor spread fire across the stand, but the forest floor may be only partially 

consumed during dormant season burns (Boerner et al., 2000; Nave et al., 2011). Fuel 

loading, fuel moisture, and soil moisture content at the time of fire highly influences the 

degree of influence that fire has on the organic and mineral horizons (Boerner et al., 

2000). If fuel moisture contents during the time of fire are low and the forest floor is 

entirely consumed, exposed mineral soil is vulnerable to erosion, degradation, and 

extreme moisture and temperature fluxes (Boerner et al., 2009; Wait and Aubrey, 2014; 

Muqaddas et al., 2016). Physical changes to the surface soil, such as collapsed soil 

aggregates and increased bulk density, reduces the water holding capacity and infiltration 

rates that support forest productivity (Neary et al., 1999; Ice et al., 2004). Soil chemical 

properties may be altered if soil heating is extreme (Giovannini and Lucchesi, 1997); 

however, measured changes in chemical properties mainly stem from nutrients and 

organic materials of the ash layer entering the soil profile (Chorover et al., 1994; Näthe et 

al., 2018). Pyrogenic OM chemically dissolved in solution or physically incorporated into 

the mineral soil increases the labile and recalcitrant soil OC concentrations and total OC 

stocks throughout the soil profile (Pingree et al., 2012; Krishnaraj et al., 2016; Butnor et 

al., 2017). Prescribed fire also enhances nutrient cycling important for forest productivity 

with a short-term increase in available nitrogen, phosphorus, and cations (Wan et al., 
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2001; Scharenbroch et al., 2012; Fontúrbel et al., 2016). Overall, the fire return interval 

largely dictates the degree of recovery of organic and mineral properties following each 

burn event and the concomitant impact from the succeeding fire (Phillips et al., 2000; 

Muqaddas et al., 2016). 

Very few studies in Ozark Highland forests have looked at prescribed fire effects 

on soil properties, none of which focused on woodland management (Vance and 

Henderson, 1984; Eivazi and Bayan, 1996; Rhoades et al., 2004; Ponder et al., 2009). 

Therefore, we utilized a long-term research site that focuses on managing for a woodland 

structure across multiple aspects with prescribed fire and mechanical thinning (Kolaks et 

al., 2004; Kinkead et al., 2013). We narrowed our focus to studying the effects of 

prescribed fire on the forest floor and physiochemical properties of soils on the mid- to 

upper-backslopes of exposed stands. In addition to observing the original unmanaged and 

burn-only units, we included in the study new treatment stands that were burned for the 

first time after a period of fire suppression. Measuring the effects of prescribed fire on the 

organic and mineral horizons in New Burn units gave us insight to the potential affects 

the first prescribed burn in 2003 had on the Burn units. We also compared New Burn 

values with Burn values to gage the relationship of time since fire on recovery.  

At the onset of this soil study, we knew the previous fire treatments were within 

prescribed parameters and did not consume the entire O horizon. The 2015 fire treatments 

were also prescribed for a low-intensity burn event. However, we do not know the extent 

and duration that the nutrients and thermally altered OM in the ash layer were 

incorporated into the mineral soil profile. Soils across the study sites are highly 

weathered, gravelly, and acidic. Soil series found across study sites are well-drained. 
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Therefore, it was uncertain if and how a spike in OM and nutrient ions would interact 

with the inherent physical and chemical properties of the soils. The range of organic and 

mineral soil parameters measured pre-burn and for two years following the prescribe fire 

treatment include measurements that are indicative of soil quality (Schoenholtz et al., 

2000). 
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CHAPTER 2: PRESCRIBED FIRE USE IN FORESTS OF THE OZARK 

HIGHLANDS: EFFECTS ON FOREST FLOOR AND SOIL PHYSICAL 

PROPERTIES 

Abstract – 

 Prescribed fire is increasingly used and studied in the Ozark Highlands to restore 

and maintain oak (Quercus spp.) and pine-oak (Pinus-Quercus) woodland ecosystems; 

however, few studies have focused solely on measuring fire impacts on soil properties. 

We utilized an established Joint Fire Science Program study site located in the Missouri 

Ozark Highlands to measure over time prescribed fire effects on organic and mineral soil 

horizons of Alfisols and Ultisols located on exposed slopes. The fire treatments applied to 

sites with periodic burning and sites burned for the first time in recent history were 

generally within prescription and did not significantly decrease soil moisture contents at 

the surface. All of the litter layer (Oi) and a significant portion of the organic horizon 

comprising partially decomposed vegetative materials (Oe) were consumed during the 

burns. Two years following the prescribed fire, the cover, depth, and dry weight of the Oi 

and Oe horizons recovered to pre-burn levels. Bulk densities of whole soil and of the fine 

soil fraction at the 0 to 10 cm depth were not significantly different from pre-burn values 

at two years post-burn. The size distribution of water stable macroaggregates (0.25-2.0 

cm) and microaggregates (0.05-0.25 cm) at the 0 to 10 cm depth were not significantly 

different between treatments before fire, immediately following fire, and at two years 

post-burn. In conclusion, dormant-season prescribed fire did not completely consume the 

forest floor, which is likely due to fuel and organic horizon moisture contents at the time 

of fire. Prescribed fire did not have an immediate or short-term, adverse effect on soil 
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physical properties at study sites burned for the first time after a decades-long period of 

fire suppression. Additionally, periodic burning also did not adversely affect the forest 

floor volume or soil physical properties at the sites studied, which is likely due to 

sufficient moisture at the time of fire and sufficient time for recovery organic and soil 

properties. 

2.1 Introduction 

Prescribed fire is an ideal tool for restoring and maintaining woodlands by 

opening up understories and allowing a diverse floral groundcover to grow (Taft, 1997). 

It is estimated that 65% of the Ozark ecoregion was once covered with a range of 

woodland types prior to European settlement (Hanberry et al., 2014a). While woodlands 

no longer exist at the landscape scale, over 2.5 million ha have the potential to support 

restored woodland ecosystems (Nelson et al., 2010; Hanberry et al., 2014b). Studies 

reconstructing pre-settlement vegetative communities across the Ozark Highlands 

confirm a relationship between physiography, climate, geology, edaphic factors, and 

vegetative community with fire frequency (Ware et al., 1992; Jenkins et al., 1997; Batek 

et al., 1999; Guyette and Dey, 2000). As such, government agencies, conservation 

organizations, and private land managers in the Ozark Highlands are increasingly using 

prescribed burning to meet a variety of objectives, including restoring woodland 

ecosystems (Nelson et al., 2010). Although many studies in the Ozarks have monitored 

how prescribed burning alters stand density, regenerates targeted woody species, 

diversifies ground flora, and influences the accumulation and decay of the forest floor 

(Dey and Hartman, 2004; Kolaks et al., 2004; Stambaugh et al., 2006; Kinkead et al., 
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2013; Stevenson, 2016), very few have focused solely on measuring the effects of fire on 

soil properties (Eivazi and Bayan, 1996; Rhoades et al., 2004; Ponder et al., 2009).  

 Concern associated with fire effects on soil quality and forest productivity begins 

with disturbance of the organic horizon (O horizon) (Tiedemann et al., 2000). While a 

continuous fuel bed helps fire to spread across a stand, an intact O horizon protects the 

soil surface from erosion, moderates water availability, and supplies nutrients for soil 

organisms and plants (Swift et al., 1979; Aerts, 1997; Neary et al., 2005). In established 

forest stands, the intra-cycling of nutrients may be closely linked between the O horizon 

and forest vegetation because the majority of nutrients absorbed by plant roots are 

directly available through mineralization of the forest floor (Gessel et al., 1973; Dyck and 

Skinner, 1990; Chorover et al., 1994; Neary and Leonard, 2015). Perala and Alban (1982) 

found this relationship to be even more closely linked within nutrient-poor soils.   

 Unlike wildfires, prescribed fires generally do not irreversibly alter forest soils; 

however, continuous burning of forested sites can influence forest productivity by 

altering soil properties indicative of soil quality (Boerner et al., 2000; Certini, 2005; Nave 

et al., 2011). Because of the variability in fire behavior associated with differences in fuel 

loading, fuel moisture, and topography, the effects of dormant season, prescribed burning 

on the forest floor and soil properties are heterogeneous across a stand (Pyne et al., 1996; 

Boerner et al., 2000). The volume of forest floor consumed and the amount of heat 

transferred to the soil surface may be limited by greater fuel and soil moisture contents 

buffering against rapid increases in soil temperature regardless of soil texture (Hillel, 

1982; Boerner et al., 2000; Busse et al., 2010; Badía et al., 2017). Fire temperatures 

during a burn event begin to damage live tissue, such as plants and soil organisms, 
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between 50 and 60 °C (Debano et al., 1998; Busse et al., 2010; Kreye et al., 2013). Fuel 

and soil moisture maintain temperatures around 95 °C until all moisture is driven out, at 

which point fuel and soil temperatures continue increasing (Campbell et al., 1994). 

Volatilization or vaporization of some organic compounds or nutrients begin as low as 

100 °C, while the majority of OM is combusted between 200 °C and 460 °C (Soto et al., 

1991; Giovannini and Lucchesi, 1997; Gonzalez-Perez et al., 2004). When oxygen is 

minimal or absent, pyrolysis reactions begin chemically altering OM at ca. 250 °C and 

forming char at around 450 °C (Baldock and Smernik, 2002; Gonzalez-Perez et al., 2004; 

Knicker, 2011). 

 Besides landscape position, slope aspect, fuel type, and fuel moisture, the effects 

of prescribed fire on coverage, thickness, and mass of the O horizon also depends on the 

length of time between recurring burn events (Vose et al., 1999; Boerner et al., 2000; 

Phillips et al., 2000; Nave et al., 2011). High-severity fires can significantly increase 

exposure of mineral soil, especially where the Oa sub-horizon is already discontinuous 

(Boerner et al., 2009). After 35 years of annual and periodic (5 yr.) burning of mixed oak 

stands in Tennessee, Phillips et al. (2000) found an absence of an O horizon in annual 

burn plots and a thin O horizon where the Oe sub-horizon was mostly absent in periodic 

burn plots. 

 The effects of prescribed burning on soil physical properties include alterations to 

soil aggregation and soil bulk density (BD), which are indicators of soil structure and 

physical stability and affect soil quality (Schoenholtz et al., 2000; Six et al., 2000; 

Bronick and Lal, 2005). Microaggregates (0.05 - 0.25 mm) are strong organo-mineral 

complexes composed of organic matter (OM) that is tightly bound to clay and polyvalent 
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cations. Macroaggregates (0.25 - 2.0 mm) often surround particulate OM and are bound 

by roots, fungal hyphae, and biological agents. Microaggregates are considered more 

stabilized than macroaggregates due to the more recalcitrant carbon pool within the 

organo-mineral complexes compared to the more labile carbon pool associated within 

macroaggregates (Elliott, 1986; Oades, 1993; Beare et al., 1994; Six et al., 2004; Bronick 

and Lal, 2005) . 

 The portion and stability of soil aggregates may degrade or collapse during fire-

induced soil heating if aggregate-associated OM is thermally altered or combusted or 

from the expansion of vaporized water (Soto et al., 1991; Badía and Martí, 2003; O'dea, 

2007; Chief et al., 2012; Albalasmeh et al., 2013). On the contrary, soil aggregates can be 

produced or stabilized when surface OM vaporizes, translocates within the soil profile, 

and condenses onto soil particles and aggregates as a hydrophobic layer (Debano, 1981; 

Arcenegui et al., 2008; Terefe et al., 2008). Greater heat fluxes may also stabilize or 

enhance aggregation by transforming and strengthening mineral cementing agents, such 

as iron and aluminum oxides, or clays (Ulery and Graham, 1993; Giovannini and 

Lucchesi, 1997; Guerrero et al., 2001). Soil BD may be affected if the proportion of soil 

aggregates decreases or the relative abundance of aggregates across size fractions is 

redistributed. While low-severity, prescribed fire does not always significantly change 

aggregate stability and soil BD (Boerner et al., 2009; Mataix-Solera et al., 2011; Stoof et 

al., 2011). Phillips et al. (2000) found long-term, annual burning significantly decreased 

SOM and increased BD at the surface.  

 Prescribed fire indirectly affects soil aggregate formation and stability, BD, and 

associated processes where a loss of the forest floor leaves the soil surface vulnerable to 
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erosion or when ash and soil particles become incorporated into the soil profile (Larsen et 

al., 2009). While the ash may protect the surface from erosion and decrease runoff by 

absorbing rainfall, until vegetative cover returns to the site, soil erosion and surface 

runoff are probable during subsequent storm events once the ash layer is redistributed 

(Robichaud, 2000; Wondzell and King, 2003; O'dea, 2007; Cerdà and Doerr, 2008; 

Woods and Balfour, 2008; Bodí et al., 2012). Aggregates exposed at the surface can be 

damaged by the impact of rain drops (Assouline, 2004; Mataix-Solera et al., 2011). Soil 

BD may increase if ash and soil particles clog soil pores and cause surface sealing, which 

also increases surface runoff potential (Badía and Martí, 2003; O'dea, 2007; Onda et al., 

2008; Woods and Balfour, 2008; Larsen et al., 2009). 

 Recovery of the O horizon and soil physical properties are possible if conditions 

at the time of burning and the fire regime are thoughtfully planned (Neary et al., 1999; 

Tiedemann et al., 2000). Several long-term studies from a variety of forest types and 

regions found that a fire return interval of at least 3 to 5 years was a sufficient time for O 

horizon or mineral soil measurements to recover to pre-burn or control levels (Binkley et 

al., 1992; Phillips et al., 2000; Williams et al., 2012; Jacobs et al., 2015). Information 

derived from literature reviews and meta-analyses indicates that the effects of fire on soil 

properties to vary widely and be more closely determined by regional variables, such as 

ecosystem type, soil order, and local management (Grigal, 2000; Johnson and Curtis, 

2001; Certini, 2005; Neary et al., 2005; Boerner et al., 2009; Nave et al., 2011).  

 It is uncertain how prescribed fire used for restoring and maintaining oak 

(Quercus spp.) and pine-oak (Pinus-Quercus) woodlands on Alfisols and Ultisols of the 

Ozark Highlands affects the forest floor and soil physical properties (Neary et al., 1999; 
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Van Der Putten et al., 2016). Understanding how short- and long-term fire responses 

affect soil productivity in the Ozark Highlands will help ensure restoration and 

management objectives are successful (Craigg et al., 2015). Given the minimal 

knowledge about prescribed fire effects on forest soils in this region, the objective of this 

study was to measure over time how prescribed fire on sites with differing burn history 

effects (1) organic soil horizons of the forest floor, (2) mineral soil bulk density, and (3) 

the size distribution of stable aggregates. 

2.2 Methods 

2.2.1 Site Description  

 This project was conducted as part of a Joint Fire Science Program (JFSP) study 

established in 2001 and located in the Ozark Highlands ecoregion near the town of 

Ellington, Missouri in Reynolds County (Fig. 2.1). The JFSP sites are on the steeply 

sloping landforms of the Oak-Pine Woodland/Forest Hills and Current River Pine-Oak 

Woodland Dissected Plain Land Type Associations. Elevations at treatment plots range 

from 207 to 256 meters at Block 1 and Block 3 and from 250 to 317 meters at Block 2 

(U.S. Geological Survey, 2016). Historical climate averages (1981-2010) calculated 

using data from a weather station at Clearwater Dam (201 m., Lat: 37.1319ᵒ N, Lon: -

90.7755ᵒ W) show an average annual precipitation at 120.9 cm, an average minimum 

winter temperature of -4.1ᵒ C, and an average maximum summer temperature of 25.1ᵒC 

(Arguez et al., 2012). Daily climate data was obtained from a remote automatic weather 

station (RAWS; 427 m., Lat: 37ᵒ 10’ 50” N; Long: 91ᵒ 07’ 05” W) located about 16 km 

west of Ellington, Missouri in the Current River Conservation Area (Western Regional 

Climate Center, Accessed 10/28/2018). Daily values were compiled to calculate average 
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air temperatures and total precipitation during each growing and dormant season (Table 

2.1). 

 Soils found across all blocks were formed in hillslope sediments and residuum 

from interbedded sandstone and dolomite from the Roubidoux formation and cherty 

dolomite from the Gasconade formation. They contained large quantities of rock 

fragments, and have reduced nutrient contents (Meinert et al., 1997; Nigh and Schroeder, 

2002). Soils on upper slope positions include the highly weathered Ultisols of the Poynor 

(loamy-skeletal over clayey, siliceous, semiactive, mesic Typic Paleudults), Clarksville 

(loamy-skeletal, siliceous, semiactive, mesic Typic Paleudults), and Scholton (loamy-

skeletal, siliceous, active, mesic, Typic Fragiudults) series. Alfisols occur on the lower 

slope positions and include the Alred (loamy-skeletal over clayey, siliceous, semiactive, 

mesic Typic Paleudalfs) and Rueter (loamy-skeletal, siliceous, active, mesic Typic 

Figure 2.1 Joint Fire Science Project study sites at Logan Creek (Block 2) and Clearwater 

(Blocks 1 and 3) Conservation Areas (CA) within the Ozark Highlands. 
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Paleudalfs) series (Soil Survey Staff, Accessed 01/06/2017). Appendix B provides more 

information about the characteristics of soils found at the JFSP sites. Surface fragments 

measured across all study sites are mostly gravels (2 – 75 mm diam.) and some cobbles 

(75 – 250 mm diam.) and average 759 cm3 (s.d. 876) (Data not presented). 

2.2.2 Experimental Design 

Treatment sites had no documented fire or management for 30 years prior to the 

onset of the study in 2001 and all stands were under second-growth, closed-canopied oak-

pine and oak-hickory forests (Kolaks et al., 2004). While broader study objectives 

include investigating the effects of prescribed fire on vegetation and fuel loading when 

managing for a woodland structure (Kolaks et al., 2004), we utilized the JFSP sites to 

initiate a study of short- and long- terms effects of prescribed fire on forest floor and soil 

physical properties on exposed slopes (135°-315°). Exposed slopes are generally drier 

and prescribed fire consumes a greater portion of surface fuels on exposed slopes at these 

sites (Kolaks et al., 2004). 

Year Season Date Range 

Avg. 

Air 

Temp 

Avg. 

Max Air 

Temp 

Avg. Min 

Air 

Temp Precip 
      (°C) (°C) (°C) (cm) 

2014 Growing 04/17/2014 - 10/05/14 21.4 28.6 15.3 52.3 

2014/2015 Dormant 10/06/2014 - 04/02/2015 5.4 11.4 0.2 56.4 

2015 Growing 04/03/2015 - 10/14/2015 20.7 27.6 15.1 79.9 

2015/2016 Dormant 10/15/2015 - 03/31/216 7.4 14.3 1.6 61.4 

2016 Growing 04/01/2016 - 10/12/2016 21.1 28.1 15.5 95.3 

2016/2017 Dormant 10/13/216 - 04/12/2017 8.6 15.2 2.7 39.2 

Table 2.1 Average air temperature, average maximum air temperature, average minimum 

air temperature, and total precipitation collected from the remote automatic weather station 

(RAWS) near the study sites during pre-burn and post-burn growing and dormant seasons. 
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2.2.3 Treatments 

 Within blocks, treatment units approximately 2 ha each were established and 

treatments included units burned periodically since 2003 (Burn) and units that had no 

recent fire or management (Control). The Burn units were included in dormant season, 

prescribed burns in 2003 and 2005/2006 (Kolaks et al., 2004; Kinkead et al., 2013). The 

study included three 23-hectare sites managed by the Missouri Department of 

Conservation (MDC). Each site was designated as a complete statistical block; Block 1 

and Block 3 are located on Clearwater Conservation Area and Block 2 is located within 

the Logan Creek Conservation Area (Fig. 2.1). Elevations at treatment plots range from 

207 to 256 meters at Block 1 and Block 3 and from 250 to 317 meters at Block 2 (U.S. 

Geological Survey, 2016).   

During the winter of 2014, new treatment units (New Burn; < 2 ha) were selected to 

be burned for the first time in recent history and established on exposed aspects within 

each block (Fig.2.2). The inclusion of New Burn units permitted a comparison of changes 

to the forest floor and in soil physical properties between sites that have a recent history 

of fire with those that do not. The New Burn treatment was intended to reveal short-term 

changes in organic horizons and soil physical properties following the first-time fire was 

applied to the forest after at least 40 years of fire suppression. Because of the time that 

has elapsed since the previous burn treatments (9 to 10 years), the JFSP study sites also 

permitted comparison of the historic Burn units with the Control units to infer the degree 

of recovery of the forest floor and soils during the fire-free interval. Additionally, 
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comparison of New Burn and Burn treatments elucidated differences in responses due to 

differing burn histories.  

2.2.4 Fire Characteristics 

Prescribed fire treatments were applied to all three blocks the week of March 23-

31, 2015 by MDC personnel. The prescribed burn plans outlined environmental 

parameters that would facilitate low- to moderate-intensity fires for each block with the 

objective of consuming most of the leaf litter and fine woody fuels and top killing 

approximately 50% of woody seedlings up to 2.5 cm in diameter. Observed parameters 

during each burn were documented on-site by MDC staff and obtained for this report 

from their post-burn evaluations. 

Figure 2.2 Layout of unmanaged units (Control), units with recent history of fire (Burn), 

and units burned for the first time in recent history (New Burn) within each block. 
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Fire temperatures were recorded during each burn at one-second intervals using 

HOBO data loggers that were carefully installed near two sampling sites within each burn 

treatment (HOBO UX-120-014M 4 Channel Thermocouple, Onset Computer Corp., 

Bourne, MA). The four thermocouples that were attached to each data logger were 

separated into two pairs and placed about one meter apart in upslope and downslope 

positions. For each pair, one thermocouple was hung with a metal wire at 10 cm above 

the forest floor and the other was placed on the soil surface. Mineral soil temperatures at 

the 5 to 7 cm depth were measured with a hand-held, digital thermometer, and a small 

soil sample was collected the day before each burn and immediately following fire from 

the 0 to 10 cm depth for gravimetric soil moisture analysis, once each site was safe to 

enter. Mineral soil samples for calculating gravimetric soil moisture content and mineral 

soil temperatures measured with the digital thermometer were obtained from all three 

sampling sites within each treatment unit, including Control units. 

2.2.5 Sampling Protocol and Laboratory Analyses 

 Each treatment unit contains three sampling sites. Sampling locations in the 

Control and Burn units coincided with the JFSP vegetative overstory plots (Kolaks et al., 

2004). There were no vegetative overstory plots in the newly established study units; 

therefore, the three sampling sites within each New Burn unit were randomly assigned. 

Sampling events are outlined in Appendix C and include: four months before prescribed 

fire in January 2015 (Pre-burn), immediately following fire in April 2015 (Post-burn), 

one-year post-burn in April 2016 (1-yr Post), and two-years post-burn in April 2017 (2-yr 

Post). Details on forest floor and soil sampling are provided in subsequent sections and 

sampling dates are listed in Appendix C. Soil particle size distribution was analyzed at 
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the 0 to 10 cm, 10 to 20 cm, and 20 to 30 cm depths on the pre-burn bulk soil samples by 

the Soil Health Assessment Center (Columbia, MO) using the pipette method outlined in 

the Kellogg Soil Survey Laboratory Methods Manual (Burt, 2014) and is presented in 

Table B.2 of the appendix.  

2.2.5a Organic Horizons 

 The forest floor was sampled at all three sampling sites within each treatment unit 

at pre-burn, immediately post-burn, one-year post-burn, and two-years post-burn. At each 

sampling site, we measured horizon thickness (cm) at five different points and overall 

percent cover for the litter layer (Oi), the partially decomposed layer (Oe), and the highly 

decomposed organic layer (Oa) within a 0.25 m2 quadrant. Rock fragments (> 2 mm) not 

embedded in the mineral soil were considered surface fragments. Each organic layer and 

all surface fragments were collected in separate paper bags. In the lab, coarse fragments 

too small to remove by hand were separated from the Oa horizon with a 2.0-mm sieve. 

All samples were oven-dried at 70 ºC until weight-loss ceased; samples were then 

weighed.   

2.2.5b Soil bulk density 

 Soil bulk density was determined at three depths at each of the three sampling 

sites per treatment unit: 0-10 cm; 10-20 cm; and 20-30 cm. The 0-10 cm and 10-20 cm 

depths were measured before the 2014-2015 winter burn season began. Due to time 

constraints, BD at the 20 to 30 cm depth was measured in the summer of 2015 (after 

prescribed burns) with the assumption that the burn treatment did not immediately 

influence measurements at the 20 to 30 cm depth. To assess the impacts of fire on the 
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surface soil, BD was re-measured at the 0 to10 cm depth two years after the burn 

treatment.   

 Due to the large content of coarse fragments, BD measurements of the mineral 

soil were determined using the foam method (Muller and Hamilton, 1992; Page‐

Dumroese et al., 1999). Following the excavation of the fine soil fraction, coarse 

fragments, and roots from each depth increment, the perimeter of the excavation was 

outlined with wire, and the excavation was filled with expanding polyurethane foam and 

topped with a 4 mm mesh screen. Cardboard and rocks were placed on top of the 4 mm 

mesh screen to ensure complete foam expansion within the excavation. Foam cores were 

retrieved after curing for a minimum of one day.  

 Materials removed from the excavations were transported to the laboratory, air-

dried, and the coarse fragments (> 2 mm), roots, and fine earth material (≤ 2mm) were 

separated. Each fraction was oven-dried at 110°C until weight loss ceased; samples were 

then weighed. The foam cores were washed of soil and protruding rocks, and trimmed to 

the wire perimeter using a heated serrated knife. The 0 to 20 cm cores were cut into 0 

to10 and 10 to 20 depth increments. The volume of each foam core was determined by 

water displacement. Soil BD parameters were determined for each depth increment: 

𝐷𝑏𝑡 = 𝑀𝑇 ÷ 𝑉𝑇  [1] 

𝐷𝑏𝑓 = 𝑀𝑓  ÷  (𝑉𝑇 − 𝑉𝑐𝑓 −  𝑉𝑅) [2] 

𝑉𝑐𝑓 = 𝑀𝑐𝑓 ÷ 2.65 𝑔 𝑐𝑚−3 [3] 

𝑉𝑅 = 𝑀𝑅 ÷ 0.60 𝑔 𝑐𝑚−3 [4] 

% 𝐶𝐹 = (𝑉𝑐𝑓 ÷ 𝑉𝑇) ÷ 100 [5] 
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where Dbt is total bulk density (g cm-3) (Eq.1), MT is the total oven-dried mass, VT is the 

total volume of the foam core, Dbf is the bulk density (g cm-3) of the fine earth fraction 

(≤ 2 mm; Eq.2), Mf is the mass (g) of the fine earth fraction, Vcf represents the volume 

(ml) of coarse fragments (Eq.3), VR is the volume (ml) of roots (Eq.4), and %CF is the 

percent by volume of coarse fragments (> 2mm) (Eq. 5). The Vcf was determined by the 

mass (g) of the coarse fragments (Mcf) converted to a volume using a particle density of 

2.65 g cm-3 (Brady and Weil, 2008; Burt, 2014). The VR was determined by using the 

oven-dried mass of roots and a specific gravity for white oak (Quercus alba) of 0.60 g 

cm-3 (Jenkins et al., 2003). 

2.2.5c Water stable aggregates  

 Water stable micro- and macro-aggregate content, which is the portion of 

aggregates resistant to slaking, was quantified from bulk soil samples collected pre-burn, 

immediately post-burn, one-year post-burn, and two-years post-burn at the 0 to 10 cm, 10 

to 20 cm, and 20 to 30 cm depths. Standard method of analysis for aggregate size 

distribution utilizes intact soil cores or whole soil samples sieved to ≤ 8 mm (Elliott, 

1986; Six et al., 2000; Márquez et al., 2004; Burt, 2014). Due to the large portion of 

coarse fragments in studied soils, samples were sieved to ≤ 4 mm in the field to ensure 

sufficient mineral soil was collected for analysis. Upon return to the laboratory, samples 

from each sampling site were air-dried, sieved to ≤ 2 mm, and combined as equal 

portions into a composite sample representing each treatment unit. Therefore, the values 

for WSA250 and WSA53 reported here represent the portions of the whole soil when 

sieved to ≤ 4 mm at field-moist conditions and the dry sieved to ≤ 2 mm. The portion of 

WSA250 represents the stable macroaggregates naturally present in the soil and the stable 
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macroaggregates that remained intact when larger aggregates were passed through the 4 

mm and 2 mm sieves. The portion of WSA53 represents the stable microaggregates 

naturally present in the soil, stable microaggregates from disruption of sieved 

macroaggregates, and stable microaggregates resulting from fragmentation of 

macroaggregates during the slaking process.  

 The wet sieving method proceeded with slaking for determining water stable 

microaggregates (0.25 - 0.053 mm; WSA53) and macroaggregates (2 - 0.25 mm; WSA250) 

was adapted from Elliott (1986) and Burt (2014) and the method is detailed in Appendix 

D. The choice of pretreatment by slaking is appropriate for surface aggregates because it 

mimics potential aggregate degradation from water vapor pressure during soil heating, 

raindrop impact, and rapid wetting (Nimmo and Perkins, 2002; Chief et al., 2012). For 

comparison, we also used the slaking pretreatment on samples collected lower in the 

profile.  

 Briefly, 40 g of air-dried soil (≤ 2 mm) was distributed evenly over a 0.25 mm 

sieve and allowed to sit for 5 minutes. The sample was then sieved at a rate of 50 times 

over a period of 2 minutes. Floatable materials were discarded, the sieve with the 2 to 

0.25 mm aggregate fraction was removed, all materials remaining in the container were 

transferred onto a 0.053 mm sieve, and the process was repeated to capture the 0.25 to 

0.053 mm size fraction. All materials from each sieve were oven dried at 60ᵒC. The 

aggregate-sized sand content of each aggregate sample was also determined. All samples 

were analyzed in triplicate. The percent water stable aggregates (WSA) for each size 

fraction was calculated by removing the non-aggregate-associated sand of the 

corresponding size fraction and the total sand removed from whole sample weight: 



82 

 

𝑊𝑆𝐴(%) =  {(𝑊𝐴 −  𝑊𝑆) ÷ (𝐼𝑊 −  𝑊𝑇𝑆)} × 100  [6] 

where WA is the total weight (g) of aggregates retained on the sieve, WS is the weight (g) 

of sand removed from the aggregates, IW is the initial sample weight (40.0 ± 0.5 g), and 

WTS is the total sand weight (g) removed from both aggregate fractions (Nimmo and 

Perkins, 2002; Burt, 2014) .  

2.2.5d Data analysis 

 Study results were analyzed using general linearized mixed models to examine 

the fixed effects of treatment (Control, New Burn, Burn) over time (pre-burn 2015 and 

post-burn 2015, 2016, 2017) and with depth (forest floor: Oi, Oe, Oa; mineral soil: 0-10 

cm, 10-20 cm, 20-30 cm). Blocks were treated as random effects. The UNIVARIATE 

procedure was first used to determine distribution. We used the GLIMMIX procedure 

(SAS version 9.3, SAS institute, Inc, Cary, NC) to conduct an analysis of variance 

(ANOVA) on balanced data. We tested the hypotheses that there was no main effect of 

treatment or time and no interaction effect between treatment and time on response 

variables. Residuals were further analyzed using PROC UNIVARIATE to check for 

normal distribution with the Pearson residual test and PROC MIX to test the hypothesis 

that variances were equally distributed with Levene’s Test.  

 Response variables include forest floor coverage, thickness, and dry mass; total 

bulk density and bulk density of fines; and the portion of water stable aggregates at two 

size fractions. Result means were compared using the conservative Tukey-Kramer test for 

multiple comparisons at the pre-specified level (α = 0.05). Some response variables were 

analyzed from a composite sample and others were analyzed with sub-samples from each 
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treatment unit. The following SAS models were used in the GLIMMIX procedure for the 

different sampling scenarios: 

With time and sub-samples -  

Class treatment time block replicate 

Model response = treatment | time 

Random intercept / subject = block group = treatment 

Random replicate / subject = block 

Random time / type = ARH (1) subject = replicate*treatment (block) 

residual 

 

With time and no sub-samples - 

Class treatment time block  

Model response = treatment | time 

Random intercept / subject = block group = treatment 

Random time / type = ARH (1) subject = treatment*block residual 

 

With sub-samples and no time -  

Class treatment block replicate 

Model response = treatment 

Random intercept / subject = block group = treatment 

Random replicate / subject = block 

 

The ‘group=option’ was included in SAS coding so the model would calculate a separate 

covariance parameter for each treatment. In some cases, the standard errors for each 

covariate were almost as large at the estimated sum of squares and were largely different 

from one another. This is likely the case when there were small sample sizes (n=3) per 

treatment for each time interval. In cases when only one mean is provided for each 

treatment unit, the SAS model was too complex for the data and the assumption of 
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variance homogeneity was not met (p < 0.05) for treatment or time. In these instances the 

code was adjusted in one of two ways: 1) the ‘group=trt’ option in the random statement 

was removed, or 2) the ‘h’ was removed from the ‘arh(1)’ code, which indicated a 

heterogeneous variance in the repeated measures statement.  

2.3 Results 

2.3.1 Prescribed Fire Characteristics 

 The prescribed fire treatments applied to each block were generally within 

prescription. The prescribed and observed parameters for each burn are presented in 

Table 2.2, which shows that relative humidity at each block was higher than the 

prescribed range at the start of each burn. Mean maximum fire temperatures (ᵒC) and the 

range of maximum temperatures measured within New Burn and Burn units are presented 

in Table 2.3. Additionally, Table A.1 of the appendix provides data on maximum fire 

temperatures recorded during each burn, including total duration that temperatures 

exceed 50, 100, 200, 400, and 600 ᵒC at each sampling site.  

At 10 cm above the litter layer, maximum fire temperatures across all New Burn 

and Burn units on exposed aspects ranged between 27 and 839 °C with an overall average 

of 354 °C at 10 cm above the litter layer (n=24; Table 2.3). Seventy-five percent of the 

sensors measured temperatures exceeding 200 °C from 2 to 66 seconds in duration and 

over half of those readings exceeded 400 °C from 1 to 29 seconds (Tables 2.3 and A.1). 

Maximum temperatures across New Burn units averaged (± standard deviation) 423 ± 

134 ᵒC and ranged from 261 to 680 ᵒC. Maximum temperatures across Burn units 

averaged 284 ± 283 ᵒC and ranged from 27 to 839 ᵒC.  
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Maximum temperatures at the mineral soil surface, ranged between 28 and 242 °C 

with about half of the readings exceeding 50 °C for generally 3 to 17 seconds (n=24; 

Table A.1). Maximum fire temperatures across all New Burn units ranged from 28 to 242 

ᵒC and averaged 102 ± 77 ᵒC. Six of the twelve New Burn soil surface sensors recorded 

temperatures exceeding 50 ᵒC for durations of 3 to 14 seconds, with an exception for a 

seventh location where the soil surface experienced a slow cool-down and remained 

above 50 ᵒC for almost 5 minutes. In the Burn units, maximum temperatures at the 

mineral soil surface ranged from 29 to 185 ᵒC and averaged 60 ± 49 ᵒC. Only four out of 

twelve Burn sensors recorded surface temperatures exceeding 50 ᵒC, which lasted for 

durations between 6 and 17 seconds.  

 Mineral soil temperatures observed in the Burn and New Burn units at the 5 to 7 

cm depth ranged from 6.8 to 10.3 ᵒC the day before each burn event and ranged from 13.3 

to 13.7 ᵒC a few hours after each burn was completed (Table 2.2). Compared to pre-burn 

measurements, soil temperatures across all burn units increased by an average 4.6 °C. 

Pre-burn gravimetric soil moisture content at the 0 to 10 cm depth ranged from 29 to 

35%. Variability in sampling show an increase in post-burn soil moisture at Block 1, but 

overall soil moisture decreased by an average 1.4% (Table 2.2). 
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Table 2.2 Comparison of prescribed and observed parameters during JFSP burns at three 

blocks between March 23 -31, 2015. 

 

 

Table 2.3 Mean ± standard deviation (sd) of maximum temperatures (°C) and the range 

of maximum temperatures measured at New Burn (NB) and Burn (B) units during all 

three prescribed fires. 

      Max Temperature (°C) 

Position Trt n Mean (sd) Range 

10 cm 

Above 
NB 12 423 (134) 261 - 680 

B 12 284 (283) 27 - 839 

                

Soil surface NB 12 102 (77) 28 - 242 

B 12 60 (49) 29 - 185 

                

 

 

Parameter Prescription  Observed  

    Block 1 Block 2 Block 3 

  range (ideal) start finish start finish start finish 

Temp (ᵒC) 7-18 (13) 11 26 19 27 13 27 

Mid-Flame Wind (m/s) 0-3.1 (1.3) 0.9-2.2 3.1-7.2 1.3 2.2-4.5 0.4-3.1 1.8-4.0 

Rel. Humidity (%) 25-45 (30) 81 31 56 30 51 18 

Wind Direction Any  NW NW SW SW N-NW NE 

Soil (0-10 cm)*               

Soil sampling Dates   3/30 3/31 3/22 3/23 3/29 3/30 

Soil Moisture (%)** --- 33 35 35 31 29 26 

Soil Temperatures 

(ᵒC)*** 
--- 10.3 13.7 9.4 13.3 6.8 13.4 

Burn Dates 
3/24 - 

3/28/2015 
3/31/2015 3/23/2015 3/30/2015 

*Avg. data collected from Burn and New Burn units on exposed slopes only (n=6 from each 

block). 

**Gravimetric soil moisture content 

***Soil temperature at the 5-7 cm depth 
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2.3.2 Organic Horizons 

 Treatment had a significant effect on the percent cover of Oi and Oe horizons but 

not the Oa horizon (Table 2.4). The effect of time and the treatment x time interaction 

were significant for the percent cover of the Oi; but, only the interaction was significant 

for the Oa horizon cover. Prior to the fire, no significant differences were observed 

among the three treatments within a given horizon (Figs. 2.3a - 2.31c). The prescribed 

fire consumed the entire Oi layer and nominally (p > 0.05) decreased the Oe horizon 

cover in the New Burn and Burn units (Figs. 2.3a and 2.3b). At one-year post-burn, 

percent cover of the Oi horizon in New Burn and Burn units was not significantly 

different from Control or from pre-burn measurements (Fig. 2.3a). While the average 

percent cover of the Oe horizon in New Burn treatment at one-year post-burn was similar 

to the Burn treatment, it was significantly less than values in the Control (p=0.016; Fig. 

2.3b). The percent cover of the Oa horizon varied widely for all treatments over time 

(Fig. 2.3c); however, treatment means were generally not significantly different from one 

another at a given time interval. One exception was within the Control treatment. 

Average cover of Control Oa horizon at one-year post-burn was less than pre-burn and 

post-burn values but only significantly reduced compared to two-year post-burn sampling 

(Fig. 2.3c). During the one-year post-burn sampling interval, average cover of Control Oa 

horizon was nominally less at one-year post-burn than Burn and New Burn. Overall, the 

percent cover of each organic horizon in the New Burn and Burn treatments returned to 

pre-burn levels and were not significantly different from Control at two-year post-burn.  

 Treatment effect on thickness of the Oe horizon was significant (p=0.028) and 

nominal for the Oi horizon (p=0.055); however, there were significant time and trt x time  
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Table 2.4 Type 3 Tests of Fixed Effects, evaluating treatment (trt), time, and the 

interaction of treatment and time (trt*time) on the forest floor. Dependent variables 

include percent cover, thickness, and the dry weight of each organic horizon (Oi, Oe, and 

Oa) and the volume of rock fragments (RF) on the surface. Treatments include Control 

sites, sites burned for the first time in recent history (New Burn), and sites with recent 

periodic fire (Burn), and time represents samples collected four months before the 

prescribed fire (pre-burn), immediately following the fire treatment (post-burn), and 

annually for two years following fire (1-yr post, 2-yr post). Statistically significant main 

and interaction effects (p <0.05) are noted in bold. The symbol “†” indicates a normal 

distribution and “‡” indicates a lognormal distribution. 

 

  Cover Thickness Dry Weight 

Source Oi ‡ Oe ‡ Oa ‡ Oi † Oe ‡ Oa † Oi † Oe ‡ Oa † 

   - - - - - - - - - - - - - - - - - - - - - - - - - p-values - - - - - - - - - - - - - - - - - - - - - - - -  

trt 
<.0001 0.0194 0.7785 0.0753 0.0280 0.7858 0.0549 0.0046 0.5238 

time <.0001 0.2448 0.3903 <.0001 0.0008 0.0888 <.0001 0.3836 0.0229 

trt*time <.0001 0.0691 0.0308 <.0001 0.0004 0.6451 <.0001 0.1291 0.5865 
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Figure 2.3. Comparison of percent cover mean values for the (a) Oi, (b) Oe, and (c) Oa 

horizons between Control (C), New Burn (NB), and Burn (B) treatments sampled before 

the prescribed fire (Pre-burn), immediately following the fire treatment (Post-burn), one-

year post-burn (1-yr Post), and two-years post-burn (2-yr Post). For each separate 

horizon, significant differences between values across all time and treatment are based on 

Tukey-Kramer adjusted p-values and represented by different letters (α=0.05). Boxes 

represent the 1st and 3rd quartiles, small squares represent the mean, thick bars represent 

the median, and error bars represent a 5 to 95% confidence interval. 
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interactions for each of the Oi and Oe horizons (Table 2.4). Prior to the fire, no 

significant differences in thickness were observed among the three treatments within a 

given horizon (Figs. 2.4a - 2.4c). Fire consumption did not statistically change the 

thickness of the Oi layer (Fig. 2.4a). The Burn and New Burn treatments significantly 

reduced the Oe horizon thickness immediately post-burn (Figs. 2.4b) compared to 

Control. Post-burn values in the Burn treatments were also significantly lower than pre-

burn values, while average Oe horizon thickness in New Burn nominally decreased 

relative to pre-burn conditions. There were no other significant differences in Oe horizon 

thickness among treatments at one- and two-years post-burn, with exception for the New 

Burn treatments, which were significantly less than Control (p≤0.001) at one-year post-

burn. However, at two-years post burn, New Burn values associated with the Oe 

significantly increased relative to one-year post-burn measurements (p= 0.003). Average 

thickness of the Oa horizon for each burn treatment was not significantly affected by fire 

and remained similar to Control (Figs. 2.4c). Two years following prescribed fire, the 

thickness of each organic horizon was not significantly different between treatments and 

had recovered to be similar to pre-burn values.  

 Changes in mean dry weight were significantly affected by time and the 

interaction of treatment and time in the Oi horizon (p=<0.001; Table 2.4). However, the 

effect of treatment on Oi dry weight was nominal (p=0.055). The Oe horizon dry weight 

values were significantly affected by treatment (p=0.005) and the dry weight of the Oa 

horizon was significantly affected by time (p=0.023). Prior to the burn, no significant 

differences in organic horizon dry weight were observed amongst the three treatments 

(Figs. 2.5a - 2.5c). Even though fire consumed all of the Oi horizon and nominally 
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reduced dry weight the Oe horizon, immediate post-burn dry weight of the Oe horizon 

was not significantly different between treatments (Figs. 2.5a and 2.5b). Average dry 

weight of the Oa horizon for each burned unit was not significantly affected by fire and 

remained similar to Control (Figs. 2.5c). At one-year post-burn, the mean dry weight of 

the Oe horizon in New Burn treatments was comparable to the Burn treatments (p=0.999) 

but different from Control (p=0.006). However, two years following prescribed fire, the 

dry weight of each organic horizon was not significantly different between treatments and 

not different from pre-burn values.   
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Figure 2.4. Comparison of mean thickness of the (a) Oi, (b) Oe, and (c) Oa horizons 

between Control (C), New Burn (NB), and Burn (B) treatments sampled before the 

prescribed fire (Pre-burn), immediately following the fire treatment (Post-burn), one-year 

post-burn (1-yr Post), and two-years post-burn (2-yr Post). For each separate horizon, 

significant differences between values across all time and treatment are based on Tukey-

Kramer adjusted p-values and represented by different letters (α=0.05). Boxes represent 

the 1st and 3rd quartiles, small squares represent the mean, thick bars represent the 

median, and error bars represent a 5 to 95% confidence interval. 

C NB B C NB B C NB B C NB B

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

A

A

A

A
A

A

BB

A
A

A

A

C NB B C NB B C NB B C NB B

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

A

ABA

ABC
C

A

BCBC

A

AB
ABCAB

c) oa

b) oe

T
h

ic
k
n

e
s

s
 (

c
m

)

a) o
i

C NB B C NB B C NB B C NB B

Pre-burn Post-burn 1-yr Post 2-yr Post

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

A
A

A

A

A

A
A

AA

AA

A



93 

 

  

 

Figure 2.5. Comparison of dry weight per area of the (a) Oi, (b) Oe, and (c) Oa horizons 

between Control (C), New Burn (NB), and Burn (B) treatments sampled before the 

prescribed fire (Pre-burn), immediately following the fire treatment (Post-burn), one-year 

post-burn (1-yr Post), and two-years post-burn (2-yr Post). Due to a narrow range in 

values, the scale for Oi horizon differs from the scale shown for Oe and Oa horizons. For 

each separate horizon, significant differences between values across all time and 

treatment are based on Tukey-Kramer adjusted p-values and represented by different 

letters (α=0.05). Boxes represent the 1st and 3rd quartiles, small squares represent the 

mean, thick bars represent the median, and error bars represent a 5 to 95% confidence 

interval.  
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2.3.3 Soil bulk density 

 Before prescribed fire, there was no treatment effect on Db, Dbf, and CF values 

means within each depth increment (p >0.05; Table 2.5). There were also no significant 

differences between treatment means within each depth increment for each dependent 

variable (Table 2.6). Mean values between depths were not evaluated.  

 Bulk density variables re-measured at the 0 to 10 cm depth two-years post-burn 

show no significant treatment, time, or interaction effects; however, there was a nominal 

effect of time on Dbf (p=0.078) (Table 2.7). Figures 2.6a to 2.6c and Table F.1 of the 

appendix show Db, Dbf, and CF values at 0 to 10 cm were not significantly different 

between treatments two years following prescribed fire and not different from pre-burn 

values.  

 

Table 2.5 Type 3 of Fixed Effects, evaluating treatment (trt) effects on pre-burn 

measurements at 0 to10 cm, 10 to 20 cm, and 20 to 30 cm depths. Treatments include 

Control units, units burned for the first time in recent history (New Burn), and units with 

recent periodic fire (Burn), and dependent variables include total bulk density (Db), bulk 

density of the fine soil fraction (Dbf; <2mm), and the percent of coarse fragments (CF; 

>2mm) by volume. Values for each dependent were evaluated for significant differences 

at α = 0.05. The symbol “†” indicates a normal distribution and “‡” indicates a lognormal 

distribution. 

Depth 

(cm) Source 
Db (g cm-3) Dbf (g cm-3) CF (v v-1) 

      - - - - - - - - - - - p-values - - - - - - - - - - - 

0-10 trt 0.6019 † 0.9807 † 0.3514 † 

10-20 trt 0.0906 ‡ 0.5983 ‡ 0.1077 ‡ 

20-30 trt 0.3945 † 0.2286 † 0.2632 † 
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Table 2.6 Mean ± standard error for total bulk density (Db), bulk density of fine soil 

fraction (< 2-mm) (Dbf), and the percent of coarse fragments (> 2-mm) by volume (CF) at 

three depth increments sampled before the prescribed fire treatments (pre-burn) from 

Control units (C), units burned for the first time in recent history (New Burn; NB), and 

units with recent periodic fire (Burn; B). There were no significant differences between 

treatment means for each dependent variable within each depth increment (α = 0.05). 

    Preburn 

Depth  Trt Db (g cm-3) Dbf (g cm-3) CF (v v-1) 

(cm)    - - - - -- - - - - - mean ± SE - - - - - - - - - - -    

0-10 C 1.29 ± 0.12 a 0.83 ± 0.14 a 25.2 ± 1.78 a 

  NB 1.44 ± 0.06 a 0.82 ± 0.14 a 33.4 ± 8.55 a 

  B 1.42 ± 0.02 a 0.79 ± 0.11 a 33.4 ± 3.44 a 

10-20 C 1.38 ± 0.19 a 1.07 ± 0.24 a 22.3 ± 3.59 a 

  NB 1.18 ± 0.14 a 1.00 ± 0.19 a 13.5 ± 1.16 a 

  B 1.12 ± 0.07 a 0.83 ± 0.07 a 16.1 ± 0.58 a 

20-30 C 1.82 ± 0.15 a 1.34 ± 0.22 a 36.9 ± 3.21 a 

  NB 2.02 ± 0.05 a 1.81 ± 0.07 a 26.3 ± 4.54 a 

  B 2.09 ± 0.02 a 1.84 ± 0.07 a 31.8 ± 2.64 a 

 

Table 2.7 Type 3 of Fixed Effects, evaluating treatment (trt), time, and the interaction of 

treatment and time (trt*time) on bulk density measurements collected pre-burn and two-

years post-burn at the 0 to 10 cm depth. Treatments include Control units, units burned 

for the first time in recent history (New Burn), and units with recent periodic fire (Burn), 

and dependent variables include total bulk density (Db), bulk density of the fine soil 

fraction (<2mm), and the percent of coarse fragments (CF; >2mm) by volume. Values for 

each dependent variable were normally distributed and evaluated for significant 

differences at α = 0.05. 

Source Db (g cm-3) Dbf (g cm-3) CF (v v-1) 

    - - - - - - - - - p-values - - - - - - - - - - - 

trt 0.0975 0.5050 0.6081 

time 0.2395 0.0781 0.7892 

trt*time 0.1931 0.7841 0.3602 
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Figure 2.6. Box plots of (a) total bulk density (Db), (b) bulk density of the fine soil 

fraction (Dbf), and (c) percent of coarse fragments by volume (CF) values measured pre-

burn and two-years post-burn (2-yr Post) at the 0 to 10 cm depth in Control (C), New 

Burn (NB), and Burn (B) units. Boxes represent the 1st and 3rd quartiles, small squares 

represent the mean, thick bars represent the median, and error bars represent a 5 to 95% 

confidence interval. There were no significant differences between sampling events for 

each dependent variable (p < 0.05). 
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2.3.4 Water Stable Aggregates 

 Mean values between the macroaggregate (0.25-2.0 mm; WSA250) and 

microaggregate (0.05-0.25 mm; WSA53) size classes and between depths were not 

compared in the statistical analysis, but relationships between depths and size fractions 

are displayed in Figure 2.7. The percent WSA250 was not significantly affected by 

treatment at any depth increment; however, the main effect of time and the interaction of 

time on differences between treatment means were significant at all depths (Table 2.8). 

At the 0 to 10 cm depth, there were no significant differences between treatments within 

each sampling event (α=0.05; Table 2.9a). Changes in WSA250 over time were not 

significant for Control and Burn treatments at the 0 to 10 cm depth. However, at two-

years post-burn, WSA250 in New Burn treatments was significantly greater than pre-burn 

values (p=0.002). At the 10 to 20 cm depth, treatment means were not significantly 

different from one another before the prescribed burn. While there were also no 

differences between treatments post-burn, the mean portion of WSA250 for Control and 

Burn treatments were significantly greater than each pre-burn value (p = 0.013 and 

<0.001, respectfully). However, Control, New Burn, and Burn means significantly 

decreased one year later (p=0.001, <0.001, and <0.001, respectfully) relative to 

immediate post-burn values, and were similar to each pre-burn value. Two years post-

burn, at a depth of 10 to 20 cm, the mean portion of WSA250 in New Burn units 

significantly increased relative to one-year post-burn values (p=<0.001). The only 

significant difference between treatment means within the same time period at 10 to 20 

cm depth was a significantly reduced value for Burn than New Burn treatments 

(p=<0.001) two years following prescribed fire. However, at two-years post-burn, mean 
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WSA250 for all treatments were similar to pre-burn values. At the 20 to 30 cm depth, the 

only significant difference between treatments at a given time interval was also at two-

years post-burn with a smaller portion of WSA250 in Burn than New Burn treatments 

(p=<0.001). Following the same trend as the above depths, all treatment means increased 

following fire relative to pre-burn values; however, the increase in Control values was the 

only significant change at the 20 to 30 cm depth (p=<0.001). At one-year post-burn, New 

Burn and Burn treatment means decreased significantly relative to post-burn values 

(p=0.006 and <0.001, respectfully). At two-years post-burn, WSA250 values in Control 

significantly decreased relative to one-year post-burn values (p=<0.0001). And finally, at 

two-years post-burn, the mean portion of WSA250 in Burn treatments at the 20 to 30 cm 

depth was significantly less than New Burn treatments (p=< 0.001) and significantly less 

than pre-burn values (p=0.001).  

 The portion of WSA53 was less affected by treatment, time, and trt x time 

interaction (Table 2.7). In fact, there were no treatment effects on WSA53 at either of the 

three depths. At the 0 to 10 cm depth, there were no significant differences in WSA53 

between treatments at a given time interval and no significant changes with time for each 

treatment (Table 2.9b). At the 10 to 20 cm depth, there were significant time (p=0.0003) 

and interaction effects (p=<0.0001) (Table 2.8). Pre-burn sampling at 10 to 20 cm shows 

significantly less WSA53 in Control than Burn treatments (p=0.046) (Table 2.9b). At 

immediate post-burn sampling, all mean values decreased but the only significant change 

was for Burn treatments (p=0.026). Additionally, post-burn Control values were 

significantly less than New Burn values (p=0.03) and remained different one-year post-

burn (p=0.03). At two-years post-burn, mean WSA53 at the 10 to 20 cm depth in Burn 



99 

 

treatments was significantly greater than Control and New Burn treatments (p=0.002 and 

<0.001, respectfully). However, at two years post-burn, all treatment values were similar 

to their respective pre-burn values. At the 20 to 30 cm depth, in addition to no treatment 

effect, there was also no effect of time or interaction on mean WSA53 (Table 2.8). 

Treatment means were not significantly different at each sampling event and did not 

significantly change with time (Table 2.9b).  

 

 

 

Table 2.8 Type 3 Tests of Fixed Effects, evaluating treatment (trt), time, and the 

interaction of treatment and time (trt*time) on dependent variables. Dependent variables 

include the percent of macroaggregates (0.25 - 2.0 mm; WSA250) and microaggregates 

(0.05 – 0.25 mm; WSA53) sampled before the prescribed fire (Pre-burn), immediately 

following the fire treatment (Post-burn), one-year post-burn (1-yr Post), and two-years 

post-burn (2-yr Post) in Control, New Burn, and Burn treatments. Statistically significant 

main or interaction effects (p <0.05) are noted in bold. The symbol ‘†’ denotes a normal 

distribution and ‘‡’ denotes a lognormal distribution. 
 

  WSA250 WSA53 

Source 0-10 cm ‡ 10-20 cm ‡ 20-30 cm † 0-10 cm ‡ 10-20 cm † 20-30 cm ‡ 

  - - - - - - - - - - - - - - - - - - - p-values - - - - - - - - - - - - - - - - - - - - - 

trt 0.7284 0.1593 0.5368 0.2112 0.5487 0.0871 

time <.0001 <.0001 <.0001 0.0766 0.0003 0.0504 

trt*time 0.0095 <.0001 <.0001 0.723 <.0001 0.5064 
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Figure 2.7. Comparison of percent water stable aggregates (WSA) for macroaggregates 

(0.25-2.0 mm; gray bars) and microaggregates (0.053-0.25 mm; white bars). Samples 

were collected at three depth increments (0-10 cm, 10-20 cm, and 20-30 cm) a) before the 

prescribed fire treatment (Pre-burn), b) immediately following the fire (Post-burn), c) one 

year following the fire (1-yr Post), and d) two years following the fire (2-yr Post) from 

Control (C), New Burn (NB), and Burn (B) treatments. Thick lines represent median 

values and error bars represent the 5 to 95% confidence interval. 
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Table 2.9 Mean ± standard error (SE) values from ANOVA analysis of interaction 

between treatment and time (trt*time; n=108) on the percent of water stable aggregates 

within the a) macroaggregate fraction (0.25-2.0 mm; WSA250) and b) microaggregate 

fraction (0.05-0.25 mm; WSA53) at three depth increments (0-10cm, 10-20 cm, and 20-30 

cm). Comparison is between Control (C), New Burn (NB), and Burn (B) treatments 

sampled before the prescribed fire (Pre-burn), immediately following the fire treatment 

(Post-burn), one-year post-burn (1-yr Post), and two-years post-burn (2-yr Post). 

Statistical significance (α = 0.05) was determined from adjusted p-values according to the 

Tukey-Kremer least squares means test. Within each depth increment, statistically 

different means between treatments across all time intervals are followed by different 

letters. 

a)                                   

    WSA250 

Depth Trt Pre-burn Post-burn 1-yr Post 2-yr Post 

     - - - - - - - - - - - - - - - - - - - - - - - -mean ± SE - - - - - - - - - - - - - - - - - - - - - - -  

0-10 C 57.8 ± 3 ab 60.1 ± 2 ab 60.9 ± 2 ab 59.6 ± 4 ab 

  NB 53.3 ± 5 b 61.1 ± 2 ab 52.8 ± 6 ab 62.6 ± 1 a 

  B 53.0 ± 4 ab 60.1 ± 4 ab 52.6 ± 2 ab 58.0 ± 2 ab 

10-20 C 37.8 ± 5 bcd 51.8 ± 5 a 35.9 ± 7 bcd 29.4 ± 5 cde 

  NB 31.9 ± 8 bcde 41.8 ± 7 abc 25.0 ± 1 de 41.9 ± 0 abc  

  B 27.2 ± 5 cde 48.4 ± 9 ab 28.5 ± 2 cde 18.6 ± 2 e 

20-30 C 17.0 ± 5 bcde 36.6 ± 8 a 19.9 ± 4 abcd 8.8 ± 1 ef 

  NB 18.6 ± 5 abcd 23.7 ± 9 abc 11.1 ± 2 def 15.8 ± 2 bcde 

  B 15.2 ± 3 bcde 26.2 ± 7 ab 12.0 ± 1 cde 7.1 ± 1 f 

                                    

b)                                   

    WSA53 

Depth Trt Pre-burn Post-burn 1-yr Post 2-yr Post 

     - - - - - - - -- - - - - - - - - - - - - - - - mean ± SE - - - - - - - - - - - - - - - - - - - - - - - - -    

0-10 C 9.2 ± 0 a 10.1 ± 2 a 11.1 ± 0 a 10.6 ± 1 a 

  NB 15.3 ± 2 a 12.7 ± 1 a 15.9 ± 3 a  14.6 ± 4 a 

  B 13.3 ± 1 a 12.7 ± 1 a 15.0 ± 2 a  12.0 ± 1 a 

10-20 C 20.4 ± 2 de 14.6 ± 1 e 21.4 ± 2 cde 23.7 ± 2 bcd 

  NB 28.1 ± 5 abcd 25.7 ± 5 abcd 30.1 ± 2 ab 22.1 ± 1 cde 

  B 28.6 ± 2 abc  20.4 ± 4 de 24.8 ± 2 bcd 33.0 ± 1 a 

20-30 C 29.7 ± 1 abc 25.8 ± 1 c 28.7 ± 2 bc  29.2 ± 3 bc  

  NB 41.3 ± 3 a 41.2 ± 7 abc 36.3 ± 3 abc 35.9 ± 1 abc 

  B 39.8 ± 1 ab 33.0 ± 2 abc 35.0 ± 2 abc 36.6 ± 2 abc 
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2.4 Discussion 

2.4.1 Prescribed Fire Characteristics 

 Fire suppression in the Ozark Highlands region began in the mid-1900s and 

promoted an ecological succession from open, second-growth stands to dense, mixed-

hardwood forests with high litter loading (Guyette et al., 2002; Stambaugh et al., 2006; 

Nelson et al., 2010; Hanberry et al., 2014b). Since the 1990s, there has been a concerted 

effort between agencies, private organizations, and private landowners to restore historic, 

fire-adapted ecosystems, such as woodlands and savannahs, in the Ozarks and across 

Missouri and to specifically preserve woody species once prevalent to the Ozarks, such as 

shortleaf pine and various oak species (Kinkead et al., 2013; Dey, 2014; Dey and 

Kabrick, 2015; Kinkead et al., 2017). With current changes to climate conditions, an 

adaptive management approach to designing a fire management plan, rather than solely 

mimicking historic fire regimes, requires continuous monitoring of fire responses (Dey 

and Hartman, 2005; Craigg et al., 2015; Dey et al., 2017; Olson et al., 2017). Therefore, 

the JFSP study aimed to look at the reintroduction and continued application of fire on 

fuel loading, fire behavior, herbaceous diversity, woody species mortality and 

regeneration, and their interactions (Kolaks et al., 2004; Kolaks et al., 2007; Kinkead et 

al., 2013; Kinkead et al., 2017). The first prescribed fires conducted at the JFSP study 

sites in early spring 2003 were within prescribed parameters and resulted in a 50% fuel 

reduction across Burn units, which entailed mostly finer fuels and not the larger 100-hr 

and 1000-hr solid fuels (Kolaks et al., 2004). Data on fuel and vertical structure 

consumption are described in Kolaks et al. (2004) and fire behavior characteristics are 

further presented in (Kolaks et al., 2007). Fireline intensity across the greater JFSP Burn 
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plots (ridge tops, exposed and protected aspects) was about 35% less during the 2005 

burns (only 2 blocks analyzed) than the 2003 burns (Kinkead et al., 2013).  

 The late winter prescribed fires in 2015 were generally within parameters 

designed to reduce fuel loading and kill woody seedlings with diameters less than 2.5 cm 

(Table 2.2). Maximum fire temperatures at 10 cm above the litter layer on exposed slopes 

ranged between 27 and 839 °C (Tables 2.3). Overall, the average maximum surface 

temperature was 354 °C, which is slightly greater than other dormant season, low-

severity fires conducted in neighboring counties of the Ozark Highlands (Dey and 

Hartman, 2004; O'donnell et al., 2015). For example, prescribed burns were conducted at 

the Sinkin Experimental Forest (Dent County, Missouri, USA) in December 2012 

reported that maximum fire temperatures at the fuel surface on upper slope positions 

ranged from 232 to 371 °C and averaged 312 °C (O'donnell et al., 2015). Dey and 

Hartman (2004) reported maximum fire temperatures at the fuel surface between 121 and 

316 °C for late dormant season burns conducted between 1998 and 2001 in the Chilton 

Creek Preserve watershed (Shannon and Carter Counties, Missouri, USA). Across all 

JFSP New Burn and Burn units, seventy-five percent of the thermocouples measured 

temperatures exceeding 200 °C from 2 to 66 seconds in duration and over half of those 

readings exceeded 400 °C from 1 to 29 seconds, indicating combustion or charring was 

occurring (Gonzalez-Perez et al., 2004). 

 Maximum temperatures below the forest floor at the mineral soil surface, ranged 

between 28 and 242 °C with about half of the readings exceeding 50 °C for generally 3 to 

17 seconds (Table A.1). The sensors recorded fire temperature exceeding 50 °C at all 

Blocks in New Burn units, but soil surface temperatures appear to have only exceeded 
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lethal temperatures in Burn units during the Block 2 burn. Five sensors across all New 

Burn sites and two sensors across Burn sites measured heat fluxes exceeding 100 °C from 

2 to 9 seconds, with an additional sensor recording an extended duration of 57 seconds. 

Three of the New Burn soil surface temperature readings exceeded 200 °C for 2 seconds. 

Temperatures reaching the soil surfaces in both burn treatments were hot enough to 

damage or kill plant and microbial tissue (Debano et al., 1998; Busse et al., 2010). The 

higher temperatures (>100 °C) recorded at the surfaces suggest fuel and soil moisture had 

been vaporized and there was potential for loss of OC (Giovannini and Lucchesi, 1997; 

Gonzalez-Perez et al., 2004).  

 It is interesting to note that during the 2015 burns most of the maximum 

temperatures at the high end of the measured range were obtained during the Block 2 

burn. Wind directions during the fire treatments on Block 1 and Block 3 were from north-

northwesterly and north-northeasterly directions, but wind directions during the Block 2 

burns were from the south-southwesterly direction (Table 2.2). Kolaks et al. (2007) 

mentioned the influence of wind direction on fire behavior at these sites, especially for 

the drier, exposed slopes. It was proposed that north-northwesterly winds during the 2003 

fire treatments contributed to the lack of significant differences in post-burn fuel loading 

between exposed and protected sites and that south or southwesterly winds would have 

accentuated fire behavior parameters on exposed slopes (Kolaks et al., 2007). 

 Soil heating at the 5 to 7 cm depth was minimal during the fire treatments. 

Average pre-burn temperatures for each block varied and ranged from 6.8 to 10.3°C 

(Table 2.2) Post-burn temperatures were very similar, ranging from 13.3 to 13.7 °C. 

These measurements are supported by the general idea that soil heating in forested 
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ecosystems, especially when soils are wet, is minimal during prescribed burning, unless 

the forest floor is entirely consumed, and remains elevated for only a few minutes to an 

hour (Neary et al., 1999; Busse et al., 2014). Gravimetric soil moisture contents for the 0 

to 10 cm depth slightly decreased. However, given the number of sampling sites showing 

mineral surface temperatures exceeding 100 °C, it is possible there was a greater decrease 

in soil moisture at the surface that was not captured in the 10 cm sampling increment. 

Badía et al. (2017) show that maximum temperatures and durations in moist mineral soils 

extend to only a few centimeters into the soil surface and are significantly less than dry 

soils.  

2.4.2 Organic Horizons 

 Prescribed burning is commonly applied to reduce fuel loading and to promote 

ground flora seed germination in oak woodlands. However, since organic horizons play a 

key role in forest productivity as the major source of nutrients for plants and organisms 

and by protecting the mineral soil from adverse exposure, it is undesirable for fire to 

consume the entire forest floor. Before the 2015 prescribed fire treatment at the JFSP 

sites, there were no significant differences in percent cover, thickness, and dry weight of 

each organic horizon between Control, New Burn, and Burn units. The lack of significant 

differences between New Burn and Control units supports the selection of the New Burn 

sites to represent unmanaged units that would be burned for the first time after a long 

period of fire suppression. The previous prescribed fire treatment in 2005 consumed 98% 

of the Oi layer and insignificantly reduced the duff layer (Oe+Oa) by 38% on exposed 

sites (Loewenstein, 2004). According to a litter accumulation model developed for the 

Ozark region (Stambaugh et al., 2006), the ten years since the prior fire was sufficient 
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time for the organic horizons in the Burn units to recover to conditions comparable to the 

Control.  

The 2015 prescribed fire consumed 100% of the Oi horizon and reduced the Oe 

horizon in New Burn and Burn units by 9% and 44%, respectively. For both New Burn 

and Burn treatments, the reduction in Oe cover and dry weight were not different from 

pre-burn values. Thickness of the Oe horizon in New Burn units was significantly 

reduced from 1.7 ± 0.5 cm (mean ± standard error) to an average of 1.2 ± 0.1 cm, and Oe 

thickness was significantly reduced in Burn units from 2.4 ± 0.2 cm to 1.3 ± 0.3 cm 

(Appendix E.1b). The post-burn thickness of the Oe horizon for both burn treatments was 

significantly less than Control values. However, there was no immediate change in cover, 

thickness, and dry weight of the Oa horizon from fire. The minimal reduction of the Oe 

horizon and lack of impact to the Oa horizon at the JFSP sites suggests there was enough 

moisture in the Oe and Oa horizons to attenuate heat flux (Boerner et al., 2000). 

Complete consumption of the Oi horizon and partial reduction of the Oe+Oa horizon 

variables were observed in other low severity, prescribed fires (Elliott et al., 2002; 

Knoepp et al., 2009). After prescribed fire in sub-mesic, mixed-oak stands of the southern 

Appalachian Mountains, Knoepp et al. (2009) measured an 82 to 91% loss of the Oi 

horizon dry weight and 26 to 46% reduction in Oe+Oa horizon dry weight.  

 Average values of O horizon variables were often not significantly different 

among treatments during the following two years of post-burn sampling, seemingly due 

to a wide range in site variability (Figs. 2.1 – 2.3). For example, the average cover of the 

Oi horizon in New Burn treatments was 84.2 ± 3.5% pre-burn and recovered to 76.7 ± 

2.8% one-year post-burn (Table E.1a). However, the Oi horizon in the Burn treatments 
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had an average 92.4 ± 3.8% cover before fire and only recovered 63% to an average 58.3 

± 5.0% cover at one-year post-burn. Average values in the two burn treatments at one-

year post-burn were not statistically different when compared to each other and to 

Control values. Furthermore, at two-years post-burn, average Oi cover for Control and 

New Burn treatments was 95.2 ± 4.0 and 91.9 ± 1.6%, respectively; but, Oi cover in the 

Burn treatments averaged 70.4 ± 21.1% (Figure 2.1a). Overstory data was not collected 

from New Burn treatments prior to fire and is assumed to be similar to Control. 

Therefore, it is possible the difference in Oi cover recovery between New Burn and Burn 

treatments is due to the reduced number of trees per acre and percent stocking in Burn 

treatments on exposed slopes when compared to Control (Kinkead et al., 2013).  

 Recovery of Oi thickness was not affected by fire. Mean litter depths measured 

two years following prescribed fire were similar to pre-burn values for New Burn and 

Burn treatments. Before the prescribed burn, mean thickness of New Burn and Burn Oi 

horizons were 3.3 ± 0.1 cm and 3.5 ± 0.6 cm, respectively. Two years following fire, 

mean thickness of Oi horizon in New Burn and Burn units was 3.3 ± 0.2 cm and 4.2 ± 0.8 

cm. Recovery of post-fire litter depths at the JFSP sites was similar to other sites in the 

Ozarks. A study of oak-hickory and oak-pine woodlands in the Missouri Ozarks assessed 

the effects of fire on fuel loading after a period of fire suppression (Hartman, 2004). Five 

years after initiation of the study, mean litter depths on exposed sites, which were 

measured 2 and 3 years after the most recent fire, decreased from 5.1 cm to 3.6 cm after 

three fire treatments (Hartman, 2004). 

 The significant reduction in Oe horizon thickness by fire in New Burn and Burn 

treatments recovered at two-years post-burn and was not significantly different from pre-
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burn or Control values at two-years post-burn. However, there were significant 

differences between Control and New Burn measurements one-year post-burn for all Oe 

horizon variables (percent cover, thickness, and dry weight). Site variability is likely 

reason for statistically significant differences. For example, Oe horizon thickness in 

Control was 2.8 ± 0.3 cm at one-year post-burn, which was 61% greater than pre-burn 

values. On the contrary, New Burn Oe thickness was 1.0 ± 0.1 cm at one-year post-burn, 

which was 30% less than pre-burn values. The difference between the two treatment 

averages had increased (Table E.1b).  

 Changes to response variables in the Oa horizon were not directly impacted by 

prescribed fire at these sites. There were no significant differences between treatments 

and across sampling events for Oa thickness and dry weight, even though there was a 

significant effect of time on Oa dry weight (Table 2.4 and Figs. 2.1c- 2.3c). The 

significant trt x time interaction on Oa horizon cover is likely due to site variability. The 

volume of surface coarse fragments at these sites could have an effect on Oa 

measurements (Table B.3). While large volumes of rock fragments could result in less Oa 

cover, field observations also noted an increased Oa thickness where litter became 

trapped and accumulated between surface rocks. However, increasing the number of 

sampling sites and measuring the percent cover of rock fragments could provide a clearer 

link between surface coarse fragments and Oa cover. The variability in Oa horizon values 

may also be influenced by faunal activity. Sampling within each treatment of the JFSP 

study found at least one sampling site with no measurable Oa horizon at two out of the 

four sampling events. Most of the incidents of unmeasurable Oa were located in Control 

units, which contributed to significantly less cover one-year post-burn than two-years 
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post-burn (Fig. 2.1c). Fields observations noted the presence of worm casts and fecal 

pellets on the soil surface where the Oa horizon was missing; however, the presence or 

absence of casts and pellets was not noted for all incidents. It is possible there is a 

relationship between fire and detritivore activity at these sites (Heyward and Tissot, 

1936; Binkley et al., 1992; Phillips et al., 2000). It is also possible that any effects on 

detritivore populations from previous fires at historic Burn sites, especially those 

specifically residing in the forest floor, could have recovered since the low severity, 

prescribed fires do not remove all the organic habitat (Jacobs et al., 2015). 

2.4.3 Soil Bulk density 

 Soil bulk density measurements provide valuable insight into management that 

may adversely influence soil productivity by altering soil characteristics, such as 

porosity, soil aggregates, and soil water retention (Debano, 1981; Giovannini et al., 1988; 

Stoof et al., 2010). Before the prescribed fire treatment, bulk density parameters were 

assessed in all treatment units at multiple depth increments (Table 2.5). Total bulk 

density across all treatments ranged from 0.93 to 2.03 g cm-3 (avg. 1.38 g cm-3) at the 0 to 

10 cm depth, from 0.86 to 2.39 g cm-3 (avg. 1.23 g cm-3) at 10 to 20 cm depth, and from 

1.19 to 2.63 g cm-3 (avg. 1.98 g cm-3) at 20 to 30 cm depth. Additionally, the portion of 

coarse fragments (by volume) across treatment units ranged from 11.9 to 63.5% (avg. 

30.7%) at the 0 to 10 cm depth, from 8.1 to 52.8% (avg. 17.3%) at 10 to 20 cm depth, and 

from 11.7 to 54.7% (avg. 31.7%) at 20 to 30 cm depth. Because the large portion of 

coarse fragments in these soils influence total bulk density measurements, bulk density of 

the fine soil fraction was also calculated. If fire treatment were to alter soil physical 

properties at the soil surface, it should be revealed in changes to Dbf. The bulk density of 
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the fine soil fraction across all treatments ranged from 0.45 to 1.41 g cm-3 (avg. 0.81 g 

cm-3) at the 0 to 10 cm depth, from 0.53 to 2.14 g cm-3 (avg. 0.96 g cm-3) at 10 to 20 cm 

depth, and from 0.27 to 2.63 g cm-3 (avg. 1.66 g cm-3) at 20 to 30 cm depth. There were 

no significant differences in average Dbt, Dbf, and CF values between treatments within 

each depth increment before the prescribed fire (Table 2.5). 

 Even though low-severity prescribed fires do not always significantly change soil 

bulk density (Boerner et al., 2009; Stoof et al., 2011), the amount of forest floor 

consumption and degree of soil heating is heterogeneous across a stand. Significant 

changes in bulk density measurements are possible immediately following fire and during 

short-term, post-fire phase. Chief et al. (2012) measured an immediate decrease in Dbt 

measured five days after prescribed fire in a shrub-woodland site in Nevada due to soil 

water vapor expansion. However, one year later, soil Dbt increased and returned to pre-

burn levels due to compaction. O'dea (2007) also measured increased soil Dbt at 0 to 2 cm 

in the first and second post-fire growing season where vegetative cover was reduced. 

They monitored gravelly loam soils in a semi-arid Arizona savanna and found 

significantly increased Dbt in burn sites from fine particle illuviation and reduced SOM, 

which was specifically related to fungal biomass and glomalin (O'dea, 2007). Krishnaraj 

et al. (2016) measured an immediate increase in bulk density at the 0 to 2 cm depth after 

a low-intensity burn. They attributed the change to compaction after heating of SOM and 

the incorporation of fine ash materials. 

 Fuel measurements recorded before and after the 2003 and 2005 prescribed fires 

at the JFSP sites show a majority of the Oi layer and part of the of Oe+Oa was consumed 

(Kolaks et al., 2004; Kinkead et al., 2013). The 2015 prescribed burn consumed all the Oi 
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layer and some of the Oe horizon within all burned units, and random sampling did not 

reveal significant patches of bare soil. Gravimetric soil moisture of the 0 to 10 cm depth 

was not different between samples collected the day before and immediate after each 

burn (Table 2.2). Even so, it is unknown if the 2015 prescribed fire would immediately, 

or with time, change bulk density values in the surface soil in New Burn or Burn 

treatments. Therefore, two years following fire, we re-measured Dbt, Dbf, and CF at the 0 

to 10 cm depth (Table D.1). We did not expect changes in bulk density measurements at 

the 10 to 20 cm and the 20 to 30 cm depths; therefore, these lower depth increments were 

not resampled.  

 Two-year post-burn measurements show no significant differences in Dbt, Dbf, and 

CF values between treatments and when compared to pre-burn data (Fig. 2.4). Relative to 

Control, which had average pre-burn and two-year post-burn Dbf values of 0.83 ± 0.14 g 

cm-3 and 0.92 ± 0.04 g cm-3, respectively; average Dbf values in New Burn treatments 

were 0.82 ± 0.14 g cm-3 pre-burn and 0.96 ± 0.14 g cm-3 two-years post-burn (Table D.1). 

While not significantly different, average Dbf values in Burn treatments were slightly less 

than Control and New Burn treatments at 0.79 ± 0.11 g cm-3 pre-burn and 0.84 ± 0.08 g 

cm-3 two-years post-burn.  

 The lack of significant change in soil bulk density in the historic Burn units is 

likely because the ten years since the previous fire allowed the forest floor to recover to a 

thickness that protected the soil during the 2015 burn. Soil and organic horizon moisture 

contents were also sufficient to protect soil structure from soil heating during the 

prescribed fire treatment. The presence of an organic horizon protected the soil surface 

from post-burn erosion and maintained a supply of OM. It is also likely that changes in 
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bulk density cannot be realized when sampling at 10 cm increments and a smaller depth 

increment may have been more appropriate for assessing fire effects (Badía et al., 2017). 

However, adverse changes in surface soil bulk density are possible at these sites with 

long-term burning at regular intervals (Phillips et al., 2000; Williams et al., 2012). 

Several studies noted increased bulk densities as a result of decreased SOM. In an upland 

oak forest in Oklahoma, Williams et al. (2012) measured effects from burning at 2 yr. and 

4 yr. intervals for over 20 years. They found burning at two-year intervals significantly 

increased Dbt values, while Dbt values under four-year burn frequencies were not different 

from control sites. Phillips et al. (2000) reported the same relationship between burn 

frequency and Dbt on sites burned periodically and annually. Increased soil Dbt on annual 

burn sites corresponded with decreased SOM, while periodic burning at five-year 

intervals allowed soil properties to recover and Dbt to be unaffected (Phillips et al., 2000). 

2.4.4 Water stable aggregates 

 Aggregate size distribution and stability fluctuates with additions and alterations 

of SOM and microbial activity, as well as shrinking and swelling or freezing and thawing 

cycles (Oades, 1993; Six et al., 2004). Changes in stable soil aggregation and size 

distribution may reveal the degree of influence from disturbance and management 

activities on physical and chemical soil properties, such as bulk density, soil carbon, and 

erodibility (Barthes and Roose, 2002; Nimmo and Perkins, 2002; O'dea, 2007). 

Prescribed fire studies mostly focused on surface soils when observing increases, 

decreases, and no changes in stable aggregation and aggregate size distribution, which is 

dependent on fire severity, soil type, and the dominant aggregate binding agent (Debano, 

1981; Oades and Waters, 1991; Mataix-Solera et al., 2011). The portions of stable macro- 
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and microaggregates remaining after being subjected to the disruptive forces of slaking is 

similar to increased soil water vapor pressure during soil heating and rain-drop impact on 

surface soil (Assouline, 2004; Chief et al., 2012; Albalasmeh et al., 2013). 

 Before the prescribed fire at the JFSP sites, there were no significant different 

differences between treatments for either aggregate size fraction (Table 2.9). The trend 

with depth suggested an inverse relationship between the two size classes, where the 

portion of WSA53 decreases when WSA250 increases. If the previous fire treatment had 

altered soil aggregation in the Burn units, the lack of difference between treatments for 

both aggregate size classes indicates there was sufficient time for recovery. However, 

since low severity or low intensity fires generally do not cause irreversible changes to the 

surface soil (Mataix-Solera et al., 2011), it is more likely that there were no effects to 

WSA in Burn units during the 2003 and 2005 burns. Scharenbroch et al. (2012) noted no 

long-term changes in the portion of WSA from 1 to 2 mm sized aggregates when low 

severity prescribed fire is applied as one to four-year return intervals.  

 Within the upper 0 to 10 cm depth, there was no significant treatment effect on 

WSA250 and WSA53 across sampling events. The lack of change in stable soil aggregates 

is supported by the lack of significant change in Dbt and Dbf measured two years 

following fire. It is an indication that any heat flux into the soil surface during the fire 

event was not intense enough or of a duration to affect SOM, mineral cementing agents, 

or vapor pressure (Giovannini and Lucchesi, 1997; Badía and Martí, 2003; Chief et al., 

2012) . While an unexplained increase for all treatments within both aggregate size 

classes was observed immediately post-burn; the average portions of WSA250 and WSA53 

at the 0 to 10 cm depth among treatments was not significant. Aggregates in the surface 
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soil are most susceptible to soil heating. If there were immediate fire-induced changes in 

aggregation, it would have occurred in the upper few centimeters (Debano, 1981; 

Pattinson et al., 1999); therefore, sampling at a 10 cm increment may have masked any 

direct changes.  

 The effect of time on WSA250 and WSA53 at the 0 to 10 cm depth is likely a 

combination of site variability and soil moisture conditions at the time of sampling. 

While aggregate turn-over naturally occurs from moisture, biological, and seasonal 

fluctuations, changes in WSA250 and WSA53 with time since fire may be influenced by a 

decrease in OM input from the surface or increased in OM below ground from root 

turnover (Oades, 1993; Certini, 2005). However, the only significant change observed at 

the 0 to 10 cm depth during the two years of post-burn sampling occurred in New Burn 

treatments (Table 2.9a). The average WSA250 in the New Burn treatment at two-years 

post-burn was 62.6 ± 1.3%, which was significantly greater than the pre-burn portion by 

15%. The average WSA250 in Control and Burn treatments at two-years following fire 

were 59.6 ± 3.8% and 58.0 ± 1.8%, respectively, which were not significantly different 

from New Burn or pre-burn values. It is not clear if the significant increase in New Burn 

values two-years post-burn is due to post-fire ash or OM inputs promoting aggregation of 

microaggregates or from background site variability (Elliott, 1986; Oades, 1993; Beare et 

al., 1994). However, the significant trt x time interaction on WSA250 at the 0 to 10 cm 

depth reflects a trend of increasing values in both burned units with time (Table 2.9a). 

Even though New Burn and Burn treatments were not different from Control, the mean 

portion of WSA250 increased with time since fire and was approaching values observed in 

the Control. A shallower sampling depth would have been better for determining if the 
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changes in both burned units were from post-fire ash and OM inputs rather than site 

variability.  

 We did not expect to observe significant changes in the portion and distribution of 

WSA as a result of fire at the 10 to 20 cm and 20 to 30 cm depths, which was supported 

by no significant treatment effect on either aggregate size class within either of the deeper 

depth increments (Table 2.8). Aggregate size data collected at the deeper depths display 

how WSA change with depth in the forest soils studied. The decrease in WSA250 and 

increase in WSA53 with depth reflects a decrease in SOM and microbial activity that is 

responsible to binding microaggregates and loose mineral particles into larger sized 

aggregates (Elliott, 1986; Mataix-Solera et al., 2011).  

 The significant effect of time and trt x time interaction on WSA250 and WSA53 at 

the 10 to 20 cm depth is likely attributable to site variability. The thickness of the A 

horizon in the soils studied range from an average of 2.5 cm to 20.3 cm (Table A.1). The 

best explanation for the significant changes over time within and between treatments is 

due to the variability in the lower boundary of the A horizon across the study sites.  

 The significant effect of time and trt x time interaction at the 20 to 30 cm depth 

was only noted for WSA250. After the prescribed fire, macroaggregates in the Burn 

treatment significantly decreased to 12.0 ± 1.3% at one-year post-burn and further 

decreased to 7.1 ± 0.5% at two-years post-burn (Table 2.8a). At two-years post-burn, 

WSA250 values for Burn treatments was significantly less than New Burn treatments 

(15.8 ± 1.7% WSA250). 
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2.5 Conclusion 

 Prescribed fire was applied to forested stands at the end of March 2015 as part of 

a greater JFSP study on woodland restoration. Environmental parameters designed for a 

low-severity fire were generally within prescription during each burn event and soil 

temperatures measured in the late afternoon on the day of each burn indicated minimal 

fire-induced soil warming when compared with Control temperatures. However, soil 

samples collected at the 0 to 10 cm depth the day before and immediately after each burn 

event show no change in gravimetric soil moisture on burned sites. The fire treatment 

consumed all of the Oi layer and a significant part of the Oe horizon in New Burn and 

Burn units, which recovered to pre-burn levels two years after the introduction of 

prescribed fire in 2015. The immediate effect of fire and short-term recoveries of Oi and 

Oe horizons in burned units indicate that dormant season fire does not adversely reduce 

the forest floor on exposed slopes of Ozark forests. It is likely that there was sufficient 

time between burn events for forest floor recovery in Burn units and sufficient moisture 

at the time of fire to minimize O horizon combustion in all burned units. The difference 

between New Burn and Burn suggests a stand that is burned for the first time after a long 

period of fire suppression may initially recover quickly; however, continued burning may 

increase the time to recovery for the O horizons.  

 Soil bulk density and the size distribution of water stable macro- and 

microaggregates were not immediately affected by the prescribed fire treatment or within 

two years post-burn. Surface soil moisture contents most likely buffered the soil from 

severe heat fluxes during the burn event, and preservation of the Oa horizon protected the 

soil surface from erosion or degradation in the post-burn environment. If there were 
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treatment effects on soil physical properties, there was insufficient evidence to show 

significant differences among treatments. It is also possible that treatment effects were 

not realized at a 10 cm sampling increment. To better assess the effects of dormant-

season prescribed fire on mineral soils physical properties, soil monitoring should include 

sampling at the 0 to 5 cm surface depth and, perhaps, additional sampling increments that 

correspond with designated genetic horizons. The lack of significant change in water 

stable aggregates at the surface suggests there were no severe changes to soil properties 

associated with aggregation, such as OC and microbial activity. Overall, low-severity 

prescribed fire did not alter soil physical properties indicative of soil quality and soil 

productivity on Ozark Highland slopes. 
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CHAPTER 3: PRESCRIBED FIRE USE IN FORESTS OF THE OZARK 

HIGHLANDS: EFFECTS ON MINERAL SOIL ORGANIC CARBON 

STOCKS AND POOLS 

Abstract  

 Prescribed fire is increasingly used and studied in the Ozark Highlands to restore 

and maintain oak (Quercus spp.) and pine-oak (Pinus-Quercus) woodland ecosystems; 

however, few studies have focused solely on measuring fire impacts on soil properties. 

We utilized an established Joint Fire Science Program study site located in the Missouri 

Ozark Highlands to measure prescribed fire effects over time on total mineral soil organic 

carbon (OC) stocks and OC pools of Alfisols and Ultisols located on exposed slopes. The 

fire treatment applied to sites with periodic burning and sites burned for the first time in 

recent history were within prescription and did not significantly decrease soil moisture 

contents at the surface. Total OC and labile OC concentrations at the 0-10 cm, 10-20 cm, 

and 20-30 cm depths were not significantly different between treatments before fire, 

immediately following fire, and at six-month intervals for two years post-burn. All 

burned and unburned sites contained measurable pyrogenic carbon (PyC) at all sampled 

depths representing the long history of burning in the Ozark region. Pyrogenic carbon 

contents and stocks for all depth increments were not different at two years post-burn 

when compared to pre-burn values. The percent labile OC to total OC slightly increased 

with depth, but the percent PyC to total OC remained the same with depth. In conclusion, 

prescribed fire did not adversely affect soil OC stocks and pools at study sites burned for 

the first time after a decades long period of fire suppression. Additionally, given 

sufficient time for recovery of the forest floor, periodic burning also did not adversely 
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affect soil OC stocks and pools at the sites studied. It is likely that surface soil moisture 

contents at the time of fire buffered the soil from severe heat, and preservation of the soil 

organic horizon protected the soil surface from erosion or degradation in the post-burn 

environment. 

3.1 Introduction 

Woodland ecosystems are natural communities with canopies at 30 to 100 percent 

closure, an open understory at 10 to 50 percent coverage, and a dense, rich layer of 

herbaceous groundcover that is present throughout the growing season (Nelson et al., 

2010). They are managed by frequent but low- intensity fire and are a transitional 

ecosystem connecting forests and prairies (Mcpherson, 1997; Taft, 1997; Hanberry et al., 

2014a). It is estimated that 65% of the Ozark ecoregion was once covered with a range of 

woodland types prior to European settlement (Hanberry et al., 2014a). While woodlands 

no longer exist at the landscape scale, over 2.5 million ha have the potential to support 

restored woodland ecosystems (Nelson et al., 2010; Hanberry et al., 2014b). Studies 

reconstructing pre-settlement vegetative communities across the Ozark Highlands 

confirm a relationship between physiography, climate, geology, edaphic factors, and 

vegetative community with fire frequency (Ware et al., 1992; Jenkins et al., 1997; Batek 

et al., 1999; Guyette and Dey, 2000). As such, government agencies, conservation 

organizations, and private land managers in the Ozark Highlands are increasingly using 

prescribed burning to meet a variety of objectives, including restoring woodland 

ecosystems (Nelson et al., 2010). Prescribed fire is an ideal tool for restoring and 

maintaining woodlands by opening up understories and allowing a diverse floral 

groundcover to grow (Taft, 1997; Kinkead et al., 2013). Although many studies in the 
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Ozarks have monitored how prescribed burning alters stand density, regenerates targeted 

woody species, diversifies ground flora, and influences the accumulation and decay of the 

forest floor (Dey and Hartman, 2004; Kolaks et al., 2004; Stambaugh et al., 2006; 

Kinkead et al., 2013; Stevenson, 2016), very few have focused solely on measuring the 

effects of fire on soil properties, such as soil organic matter (SOM) (Eivazi and Bayan, 

1996; Rhoades et al., 2004; Ponder et al., 2009). 

Unlike wildfires, prescribed fires generally do not irreversibly alter forest soils; 

however, fire severity during a prescribed burn and the fire return interval may adversely 

influence forest productivity and soil quality by altering SOM (Binkley et al., 1992; 

Boerner et al., 2000; Certini, 2005; Nave et al., 2011; Bennett et al., 2014; Muqaddas et 

al., 2015). Greater fuel and soil moisture contents at the time of fire can protect surface 

and soil OM by decreasing the volume of forest floor consumed and buffering the amount 

of heat transferred into the mineral soil surface (Boerner et al., 2000; Kreye et al., 2013; 

Badía et al., 2017). In contrast, the cumulative effect of continuous burning may impact 

carbon (C) cycling if the fire return interval maintains reduced aboveground biomass, 

changes litter quality, and alters soil moisture and temperature regimes (Phillips et al., 

2000; Boerner and Brinkman, 2003; Hatten et al., 2008; Williams et al., 2012; Muqaddas 

et al., 2015). 

Soil OM provides energy and nutrients to plants and soil organisms and 

profoundly influences mineral soil properties indicative of soil quality, such as water 

availability and soil aggregation (Tisdall and Oades, 1982; Olness and Archer, 2005; 

Brady and Weil, 2008; Campo et al., 2008; Granged et al., 2011). Commonly measured 

and referred to as soil organic carbon (SOC), this collection of biogenic compounds 
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represents various stages of plant and animal decomposition and organic synthesis 

(Baldock et al., 2004). Organic C compounds from forest floor decomposition are added 

to mineral SOC stocks as dissolved OM (DOM) or particulate OM or are incorporated in 

situ via root and microbial turnover. Labile SOC is the pool of chemically unstable 

biomolecules that are soluble, have low carbon to nitrogen ratios (C:N), and are actively 

degraded by plants and microorganisms as a source of energy and nutrients (Binkley and 

Fisher, 2012). The recalcitrant SOC pool consists of chemically stable compounds with 

complex structures and higher C:N ratios (Binkley and Fisher, 2012). However, SOC 

compounds, including labile compounds, may become chemically stabilized or physically 

protected when incorporated into stable aggregates or by sorbing to clay particles, iron- 

or aluminum-oxides, or biologically stable organic compounds (Amelung and Zech, 

1999; Baldock and Smernik, 2002; Eusterhues et al., 2005; Lützow et al., 2006). 

Regardless of solubility or degree of decomposition, mineral soil OC compounds that are 

physical protected from enzymatic degradation may be considered part of the recalcitrant 

C pool. 

Prescribed fire effects on mineral SOM may occur immediately during a fire 

event or become realized with time in the post-burn environment. Conductive and radiant 

heat flux into the mineral soil profile can immediately change SOC contents if fuel and 

soils have reduced moisture contents. Fire temperatures during a burn event begin 

damaging living tissue, such as plants and soil organisms, between 50 °C and 60 °C 

(Klopatek et al., 1990; Debano et al., 1998; Neary et al., 1999; Kreye et al., 2013). Fuel 

and soil moisture maintains temperatures around 95 °C until all moisture is driven out, at 

which point fuel and soil temperatures continue increasing (Campbell et al., 1994). 
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Volatilization or vaporization of some organic compounds or nutrients begin as low as 

100 °C, while the majority of OM is combusted between 200 °C and 460 °C (Soto et al., 

1991; Giovannini and Lucchesi, 1997; Gonzalez-Perez et al., 2004).  

Pyrogenic materials (PyOM) are created from incomplete oxidation, or pyrolysis, 

of vegetative biomass when the oxygen supply becomes low or absent at ca. 250 °C 

(Baldock and Smernik, 2002; Gonzalez-Perez et al., 2004; Knicker, 2011). Fuel type, 

formation temperature, and heating duration greatly influence PyOM structural 

characteristics (Mcbeath and Smernik, 2009; Ascough et al., 2011; Soucémarianadin et 

al., 2013). Pyrogenic OM, which is often referred to as pyrogenic carbon (PyC), consist 

of a diffuse continuum of compounds ranging from partially thermally-altered biomass to 

charcoal or soot (Gonzalez-Perez et al., 2004; Knicker, 2011; Bird et al., 2015). With 

increasing pyrolysis temperatures, plant cellular structures, such as hemicellulose and 

cellulose, break down into PyOM intermediates as OC compounds begin to undergo 

decarboxylation and dehydration (Mcbeath et al., 2011; Soucémarianadin et al., 2013). 

Further increases in pyrolysis temperature promotes a more aromatic PyOM structure, 

which is indirectly measured as a decrease in O/C and H/C ratios, and the degree of 

aromatic condensation increases as aromatic clusters grow in size (Mcbeath et al., 2011; 

Wiedemeier et al., 2015). Low-temperature PyC compounds, which differ between wood 

and grass chars, have more labile C forms and a lesser proportion of aromatic C rings 

than high-temperature PyC, which are produced at ≥400 °C (Ascough et al., 2011; 

Mcbeath et al., 2011; Soucémarianadin et al., 2013; Wiedemeier et al., 2015; Lian and 

Xing, 2017).  
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The pool of PyOM makes up a portion of total soil organic carbon (TOC) in areas 

with historic or current fire regimes (Bird et al., 2015) . Pyrogenic materials have been 

found throughout the soil profile within a range of aggregate and particulate size 

fractions, associated with clay subfractions, and observed in DOM (Kim et al., 2004; 

Laird et al., 2008; Soucémarianadin et al., 2014; Velasco-Molina et al., 2016; Butnor et 

al., 2017). The addition of PyOM may or may not have a priming effect on native SOM 

degradation (Santos et al., 2012; Whitman et al., 2014; Maestrini et al., 2015; 

Zimmerman and Ouyang, 2019). Once added to the mineral soil, the labile fraction of 

PyOM may initially promote microbial activity but the recalcitrant portions of PyOM 

may inhibit further mineralization by protecting SOM (Maestrini et al., 2015; Wang et 

al., 2015). Additionally, hydrophobic areas of PyOM function as a sorbent for organic 

contaminants, allelopathic compounds, and other non-polar C compounds, while an 

abundant porosity serves to hold water and provide a refuge for soil microbes, which are 

likely utilizing the adsorbed materials (Wardle et al., 1998; Pietikäinen et al., 2000; 

Cornelissen et al., 2005; Lehmann et al., 2011). Ultimately, surface oxidation and 

adsorption of DOM to PyOM leads to increased acid functional groups and cation 

exchange capacity (Cheng et al., 2006; Liang et al., 2006; Knicker, 2007; Heitkötter and 

Marschner, 2015; Pingree and Deluca, 2017). Overall, formation temperature, 

environmental exposure time, landscape position, soil depth, and climate variables 

greatly control PyC degradation (Ascough et al., 2011; Ahmed et al., 2017; Butnor et al., 

2017; Abney et al., 2019).  

Changes in mineral SOC stocks and pools can occur during the burn event, over a 

short time period in the post-burn environment, or be realized in the long term. During a 
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burn event, surface and soil OM may be completely oxidized to carbon dioxide (CO2) via 

combustion, volatilized as altered compounds, such as polyaromatic hydrocarbons 

(PAHs), redistributed in convection winds as organic particulates, or remain in the ash 

layer as PyOM (Gonzalez-Perez et al., 2004; Certini, 2005; Kavouras et al., 2012; 

Quigley et al., 2019). Immediately following a fire event and over time, unaltered OM 

and PyOM remaining on the surface, freshly added litter from a new plant growth, and 

charred portions of standing tree trunks and downed woody debris may be lost to erosion, 

become consumed in subsequent fire events, or eventually become incorporated into the 

mineral soil profile (Pyne et al., 1996; Santín et al., 2008; Alexis et al., 2012; Hobley et 

al., 2017). 

Low- to medium-severity prescribed fires generally have no immediate or short-

term effect on SOM (Gundale et al., 2005; Hatten et al., 2008; Lavoie et al., 2010; Nave 

et al., 2011). However, some studies noted increased TOC concentrations within the 

upper few centimeters of the soil profile immediately following a single fire event and 

within the first post-burn year due to incorporated ash and surface OM (Boerner et al., 

2000; Campo et al., 2008; Nobles et al., 2009; Rau et al., 2009). Within a mixed-oak 

forest of southern Ohio, Boerner et al. (2005) noted a significant increase in OC content 

in upper 15 cm of the soil surface two years after a single, low-intensity burn due to 

increased enzyme activity at the end of the growing season. In the long-term following a 

single burn event, Roaldson et al. (2014) measured no significant differences in mineral 

surface TOC between burned and unburned treatments within a pine dominated forest in 

the eastern Sierra Nevada mountains. 



134 

 

Long-term, continuous burning can greatly alter SOC concentrations and pools 

based on the fire return interval. While no significant change in TOC under long-term 

annual and periodic burning has been reported (Eivazi and Bayan, 1996), significant 

increases and decreases in TOC concentrations under various fire intervals are more 

commonly found. Across a variety of forest and soil types, several studies found more 

frequent burning at one- and two-year intervals decreased TOC while periodic burning at 

fire intervals of four years or greater had no significant impact on TOC (Eivazi and 

Bayan, 1996; Phillips et al., 2000; Scharenbroch et al., 2012; Williams et al., 2012; 

Fontúrbel et al., 2016; Muqaddas et al., 2016). Decreased TOC likely occurred from 

surface erosion, decreased litter quantity, or when changes to environmental conditions or 

litter quality altered microbial communities and subsequent enzyme activities (Phillips et 

al., 2000; Hatten et al., 2005; Muqaddas et al., 2015; Butnor et al., 2017). Increases in 

TOC concentrations from long-term burning have also been noted and are attributed to 

incorporation of recalcitrant OM or root-turnover from root mortality and revegetation 

(Johnson and Curtis, 2001; Rau et al., 2009; Alexis et al., 2012; Scharenbroch et al., 

2012; Hobley et al., 2017). 

  Soil OM plays a key role in soil functions and processes vital for forest 

productivity and is vulnerable during and following a prescribed fire event. Because of 

the relationship between SOM, nutrient cycling, and net primary productivity of a given 

ecosystem, changes in mineral SOC stocks and pools must be monitored immediately 

following a burn event and over time when fire is continuously applied (Schoenholtz et 

al., 2000). In the Missouri Ozark Highlands, it is uncertain how prescribed fire used for 

restoring and maintaining oak-hickory and pine-oak woodlands affects mineral SOC 
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stocks and pools on Alfisols and Ultisols. It is also unknown what portion of TOC in 

these soils is made up of the highly refractory PyC pool. Given the long history of 

prescribed burning prior to European settlement and a period of fire suppression, the 

more recently renewed application of prescribed fire for ecosystem management, and the 

minimal knowledge about fire effects on forest soils in this region, the objective of this 

study was to measure over time how prescribed fire on exposed slopes with differing 

burn histories effects (1) total mineral soil organic carbon stocks, (2) the labile, 

oxidizable carbon pool, and (3) the refractory, un-oxidizable pyrogenic carbon pool. 

3.2 Methods 

3.2.1 Site Description  

This study was conducted as part of a Joint Fire Science Program (JFSP) 

established in 2001 and located in the Ozark Highlands ecoregion near the town of 

Ellington, Missouri in Reynolds County (Fig. 3.1). The JFSP sites are on the steeply 

sloping landforms of the Oak-Pine Woodland/Forest Hills and Current River Pine-Oak 

Woodland Dissected Plain Land Type Associations. Historical climate averages (1981-

2010) calculated using data from a weather station at Clearwater Dam (201 m., Lat: 

37.1319ᵒ N, Lon: -90.7755ᵒ W) show an average annual precipitation at 120.9 cm, an 

average minimum winter temperature of -4.1ᵒ C, and an average maximum summer 

temperature of 25.1ᵒC (Arguez et al., 2012). Daily climate data was obtained from a 

remote automatic weather station (RAWS; 427 m., Lat: 37ᵒ 10’ 50” N; Long: 91ᵒ 07’ 05” 

W) located about 16 km west of Ellington, Missouri in the Current River Conservation 

Area (Western Regional Climate Center, Accessed 10/28/2018). Daily values were 
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compiled to calculate average air temperatures and total precipitation during each 

growing and dormant season (Table 3.1). 

Soils found across all blocks were formed in hillslope sediments and residuum 

from interbedded sandstone and dolomite from the Roubidoux formation and cherty 

dolomite from the Gasconade formation. They contained large quantities of rock 

fragments and have reduced nutrient contents (Meinert et al., 1997; Nigh and Schroeder, 

2002). Soils on upper slope positions include the highly weathered Ultisols of the Poynor 

(loamy-skeletal over clayey, siliceous, semiactive, mesic Typic Paleudults), Clarksville 

(loamy-skeletal, siliceous, semiactive, mesic Typic Paleudults), and Scholton (loamy-

skeletal, siliceous, active, mesic, Typic Fragiudults) series. Alfisols occur on the lower 

slope positions and include the Alred (loamy-skeletal over clayey, siliceous, semiactive,  

Figure 3.1 Joint Fire Science Project sites at Logan Creek (Block 2) and Clearwater 

(Blocks 1 and 3) Conservation Areas (CA) within the Ozark Highlands. 
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Table 3.1 Average air temperature, average maximum air temperature, average minimum 

air temperature, and total precipitation collected from the remote automatic weather 

station (RAWS) near JFSP sites during pre-burn and post-burn growing and dormant 

seasons. 

Year Season Date Range 

Avg. 

Air 

Temp 

Avg. 

Max Air 

Temp 

Avg. Min 

Air 

Temp Precip 
      (°C) (°C) (°C) (cm) 

2014 Growing 04/17/2014 - 10/05/14 21.4 28.6 15.3 52.3 

2014/2015 Dormant 10/06/2014 - 04/02/2015 5.4 11.4 0.2 56.4 

2015 Growing 04/03/2015 - 10/14/2015 20.7 27.6 15.1 79.9 

2015/2016 Dormant 10/15/2015 - 03/31/216 7.4 14.3 1.6 61.4 

2016 Growing 04/01/2016 - 10/12/2016 21.1 28.1 15.5 95.3 

2016/2017 Dormant 10/13/216 - 04/12/2017 8.6 15.2 2.7 39.2 

 

mesic Typic Paleudalfs) and Rueter (loamy-skeletal, siliceous, active, mesic Typic 

Paleudalfs) series (Soil Survey Staff, Accessed 01/06/2017). Appendix B provides more 

information about the characteristics of soils found at the JFSP sites.  

3.2.2 Experimental Design 

Treatment sites had no documented fire or management for 30 years prior to the 

onset of the study in 2001 and all stands were under second-growth, closed-canopied oak-

pine and oak-hickory forests (Kolaks et al., 2004). While broader study objectives 

include investigating the effects of prescribed fire on vegetation and fuel loading when 

managing for a woodland structure (Kolaks et al., 2004), we utilized the JFSP sites to 

initiate a study of short- and long- terms effects of prescribed fire on forest floor and soil 

physical properties on exposed slopes (135° - 315°). 

The study included three 23-hectare sites managed by the Missouri Department of 

Conservation (MDC). Each site was designated as a complete statistical block; Block 1 

and Block 3 are located on Clearwater Conservation Area and Block 2 is located within 
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the Logan Creek Conservation Area (Fig. 3.1). Elevations at treatment plots range from 

207 to 256 meters at Block 1 and Block 3 and from 250 to 317 meters at Block 2 (U.S. 

Geological Survey, 2016).   

3.2.3 Treatments 

 Within blocks, treatment units approximately 2 hectares each were established 

and treatments included units burned periodically since 2002 (Burn) and units that had no 

recent fire or management (Control). The Burn units were included in dormant season, 

prescribed burns in 2003 and 2005/2006 (Kolaks et al., 2004; Kinkead et al., 2013). 

During the winter of 2014, new treatment units (New Burn; < 2 ha) were selected to be 

burned for the first time in recent history and established on exposed aspects within each 

block (Fig. 3.2). The inclusion of New Burn units permitted a comparison of changes to 

Figure 3.2  Layout of unmanaged units (Control), units with recent history of fire 

(Burn), and units burned for the first time in recent history (New Burn) within each 

JFSP block. 
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the forest floor and in soil physical properties between sites that have a recent history of 

fire with those that do not. The New Burn treatment was intended to reveal short-term 

changes in organic horizons and soil physical properties following the first-time fire was 

applied to the forest after at least 40 years of fire suppression. Because of the time that 

has elapsed since the previous burn treatments (9 to 10 years), the JFSP study sites also 

permitted comparison of the historic Burn units with the Control units to infer the degree 

of recovery of the forest floor and soils during the fire-free interval. Additionally, 

comparison of New Burn and Burn treatments elucidated differences in responses due to 

differing burn histories.  

3.2.4 Fire Characteristics 

Prescribed fire treatments were applied to all three blocks the week of March 23-

31, 2015 by MDC personnel. The prescribed burn plans outlined environmental 

parameters that would facilitate low- to moderate-intensity fires for each block with the 

objective of consuming most of the leaf litter and fine woody fuels and killing 

approximately 50 percent of woody seedlings up to 2.5 cm in diameter. Observed 

parameters during each burn were documented on-site by MDC staff and obtained for 

this report from their post-burn evaluations.  

Fire temperatures were recorded during each burn at one-second intervals using 

HOBO data loggers (HOBO UX-120-014M 4 Channel Thermocouple, Onset Computer 

Corp., Bourne, MA) that were carefully installed near two sampling sites within each 

burn treatment. The four thermocouples that were attached to each data logger were 

separated into two pairs and placed about one meter apart in upslope and downslope 

positions. For each pair, one thermocouple was hung with a metal wire at 10 cm above 
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the forest floor and the other was placed on the soil surface. Mineral soil temperatures at 

the 5 to 7 cm depth were measured and a small soil sample from the 0 to 10 cm depth was 

collected for soil moisture analysis the day before each burn and immediately following 

fire, once each site was safe to enter. Mineral soil moisture and temperature 

measurements were obtained from all three sampling sites within each treatment unit, 

including Control units. 

3.2.5 Sampling Protocol and Laboratory Analyses 

Each treatment unit contains three sampling sites. Sampling locations in the 

Control and Burn units coincided with the JFSP vegetative overstory plots (Kolaks et al., 

2004). There were no vegetative overstory plots in the newly established study units; 

therefore, the three sampling sites within each New Burn unit were randomly assigned. 

Bulk soil samples were collected from the 0 to10 cm, 10 to 20 cm, and 20 to 30 cm 

depths from each site. Sampling events are outlined in Appendix C and include: before 

prescribed fire in January 2015 (Pre-burn), immediately following fire in April 2015 

(Post-burn), six months post-burn at the end of the first growing season in October 2015 

(0.5-yr Post), one-year post-burn in April 2016 (1-yr Post), at the end of the second 

growing season in October 2016 (1.5-yr Post), and two-years post-burn in April 2017 (2-

yr Post). Upon return to the laboratory, samples from each sampling site were air-dried, 

sieved to ≤ 2 mm, and combined as equal portions into a composite sample representing 

each treatment unit. Particle size distribution for each site was analyzed on the pre-burn 

bulk soil samples at the three depth increments by the Soil Health Assessment Center 

(SHAC; 3600 New Haven Rd., University of Missouri, Columbia, MO) using the pipette 
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method outlined in the USDA-NRCS Soil Survey Laboratory Methods Manual (Burt, 

2014) and is presented in Table B.2 of the appendix.  

3.2.5a Total mineral soil organic carbon 

Total mineral soil organic carbon (TOC) was determined on bulk soil samples 

collected from each sampling event and for all three depth increments. TOC values were 

measured by loss-on-ignition using a LECO Carbon analyzer (St. Joseph, MI, USA) by 

the SHAC. Inorganic C contents in these acidic soils are considered absent or negligible, 

therefore measured C concentrations (g kg-1) were considered TOC and were converted 

to stocks (Mg ha-1) using the average bulk density of the fine soil fraction obtained from 

that site. 

3.2.5b Soil Labile Carbon 

 The mineral soil labile C pool was estimated using the potassium permanganate 

(KMnO4) method (Blair et al., 1995; Weil et al., 2003; Lucas and Weil, 2012). Weil et al. 

(2003) adjusted the KMnO4 method from Blair et al. (1995) by reducing the 

concentration of permanganate solution that is reacted with a soil sample and shortening 

the reaction time to produce results that were more sensitive to management. Longer 

reaction times and higher concentrations are thought to allow the KMnO4 solution to react 

with a portion of the recalcitrant C pool, resulting in higher SOCPOX values (Weil et al., 

2003). We reduced the concentration of the KMnO4 solution from 0.333 M KMnO4 to 

0.02 M KMnO4, as recommended by Weil et al. (2003), but continued using the 15-

minute shake time from the Blair et al. (1995) method. Weil et al. (2003) noted that 

shaking the 0.02 M KMnO4 solution with soil for 15 minutes and centrifuging for 5 

minutes resulted in all the 0.02 M KMnO4 being consumed and an absorbance reading 
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could not be made. To remedy this, we decreased the initial sample weight from 5.0 g to 

2.5 g, an adjustment made by Lucas and Weil (2012) to account for the greater carbon 

content of forest soils. The labile C quantified in this method is operationally defined as 

permanganate-oxidizable C (SOCPOX).  

 To measure SOCPOX, 2.5 g of air-dried, soil was added to a 50 mL polycarbonate 

centrifuge tube with 20 mL of 0.02 M KMnO4 solution. The tubes were shaken on a side-

by-side shaker at 300 rpm for 15 min at room temperature. Afterwards, the tubes are 

centrifuged at 3000 rpm for 5 minutes. A 0.25 mL sample of the supernatant solution was 

added to a glass vial containing 10.0 mL of ultra-pure DI water and vortexed. Samples 

were then transferred to a glass cuvette and the absorbance value determined at 550 nm 

using a Spectronic Genesys 8 UV/Visible Spectrophotometer (Thermo-Fisher Sci., 

Madison, WI). Absorbance values were compared with a standard curve created from 

standards made with 0.005, 0.01, 0.02, 0.03, and 0.04 M KMnO4 solutions. Labile carbon 

was determined for each sample using the following equation: 

SOCPOX (mg kg-1) =  

[0.02 mol L-1 – (a + bz)] x (9000 mg C mol-1) x (0.02 L solution / 0.0025 kg soil) [7]              

where 0.02 mol L–1 is the initial concentration of the KMnO4 reactant, a and b are the 

intercept and slope of the standard curve, z is the absorbance of each sample, 9000 mg C 

mol–1 is the mass of C (0.75 mol) oxidized by 1 mol of MnO4, which reduces Mn7+ to 

Mn4+, and 0.0025 kg soil is the initial mass of soil analyzed (Blair et al., 1995; Weil et al., 

2003). Samples from each bulk soil sampling event were analyzed in triplicate for all 

depths. The percent SOCPOX as a portion of TOC was also calculated for each SOCPOX 

value. The adapted KMnO4 method used here is described in more detail in Appendix G. 
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3.2.5c Pyrogenic Carbon 

 Soil pyrogenic carbon (PyC) content was measured by dry combustion on 

samples collected pre-burn and 2-yrs post- from each sampling depth after a pretreatment 

of hydrogen peroxide (H202)/ dilute nitric acid (HNO3) digestion (Kurth et al., 2006). The 

digestion method is relatively quick and inexpensive and considered appropriate for soils 

with small amounts of PyC. The assumption is that all non-pyrolized OC is consumed 

during the chemical digestion leaving the refractory, un-oxidizable fraction of PyC 

(Kurth et al., 2006).  

 The development and design of methods for measuring PyC considers it a 

polycondensed, aromatic network of organic compounds that resist thermal and chemical 

oxidation (Masiello, 2004; Knicker, 2011). However, because the variety of methods 

currently utilized to quantify PyC in soil rely on different physical or chemical properties, 

only a portion of the PyC continuum is captured and PyC concentrations may be over- or 

underestimated due to interfering materials or method limitations (Gustafsson et al., 

2001; Currie et al., 2002). An extensive, multi-lab comparative study of methods and 

reference materials looking at intra- and inter-laboratory reproducibility recommended 

PyC reference materials be used in all PyC studies to help compare results across studies 

and methods and inform efforts to standardize methods (Hammes et al., 2007). While the 

pretreatment chemical digestion method developed by Kurth et al. (2006) for quantifying 

PyC in forest mineral soils was not included in the multi-lab trial, it has been used in 

various forest soil studies, several of which also included PyC reference materials 

(Pingree et al., 2012; Buma et al., 2014; Krishnaraj et al., 2016).  
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 One recommended PyC reference material, a Chernozem soil, was included in our 

PyC quantification analysis and is described in detail in several publication (Hammes et 

al., 2006; Hammes et al., 2008). The Chernozem soil was collected at the 20 to 60 cm 

depth in Harsum, Germany in 2000 and almost 50% of the SOC has been identified as 

charred. The Chernozem soil was selected as a reference soil because it represents char in 

a soil matrix with a low clay content (Hammes et al., 2007). The reference material was 

obtained from Dr. Michael Schmidt at the University of Zurich in Switzerland (Available 

at www.geo.uzh.ch/en/units/2b/Services/BC-material.html).  

 We adapted the 30% H2O2 / 1 M HNO3 digestion method of Kurth et al. (2006)by 

1) replacing the hot plate with a hot water bath (Mackenzie et al., 2008), and 2) using a 

centrifuge instead of filtering (Krishnaraj et al., 2016). The thermo-chemical digestion 

method starts with 1g (±0.05 g) of air-dried soil (gently ground to < 74 µm) weighed into 

a 250 ml Erlenmeyer flask and reacted with 20 ml of 30% H2O2 and 10 ml of 1 M HNO3. 

Each flask was covered with a watch glass for gentle reflux and moisture control. 

Samples were initially periodically swirled for 30 minutes and then slowly agitated (100 

rpm) in a water bath (Precision, Jouan Inc., Winchester, VA, USA) at 70 ᵒC for 16 hours 

under a ventilated hood. Afterwards, the contents from each flask were rinsed into a 50 

ml centrifuge tube with DI water and centrifuged at 3000 rpm for 10 minutes. The liquid 

was decanted and the remaining soil oven-dried at 60 ºC for 24 hours. Samples were then 

homogenized and the remaining PyC fraction was determined by dry combustion (1300 

ºC) on a LECO TruMac CN analyzer (St. Joseph, MI, USA). The Chernozem reference 

material and study samples were analyzed in triplicate pre-digestion for TOC and post-

digestion for PyC.  

http://www.geo.uzh.ch/en/units/2b/Services/BC-material.html
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To calculate PyC concentrations for each standard, the OC content measured after 

chemical digestion was adjusted to consider the mass lost during digestion (Buma et al., 

2014; Abney et al., 2019): 

             PyC = Cpd * (Mpd / Mo) [8] 

where PyC (g kg-1) is concentration of pyrogenic carbon in a sample, Cpd (g kg-1) is the 

concentration of OC measured post-digestion, Mpd is the post-digestion mass of a soil 

sample (g), and Mo is the original mass of sample used in the digestion (g).  

3.2.6  Data analysis 

 Study results were analyzed using general linearized mixed models to examine 

the fixed effects of treatment (Burn, New Burn, Control) over time (pre-burn 2015 and 

post-burn 2015 through 2017 at six-month intervals) and with depth (0-10 cm, 10-20 cm, 

20-30 cm). Blocks were treated as random effects. The UNIVARIATE procedure was 

first used to determine distribution. We used the GLIMMIX procedure (SAS version 9.3, 

SAS institute, Inc, Cary, NC) to conduct an analysis of variance (ANOVA) on balanced 

data. We tested the hypotheses that there was no main effect of treatment or time and no 

interaction effect between treatment and time on response variables. Residuals were 

further analyzed using PROC UNIVARIATE to check for normal distribution with the 

Pearson residual test and PROC MIX to test the hypothesis that variances were equally 

distributed with Levene’s Test.  

 Response variables include TOC, SOCPOX, and PyC measurements from the bulk 

soil. Result means were compared using the conservative Tukey-Kramer test for multiple 

comparisons at the pre-specified level (α = 0.05). The following SAS model was used in 

the GLIMMIX procedure for the different analyses: 
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Class treatment time block  

Model response = treatment | time 

Random intercept / subject = block group = treatment 

Random time / type = ARH(1) subject = treatment*block residual 

 

The ‘group=option’ was included in SAS coding so the model would calculate a separate 

covariance parameter for each treatment. In some cases, the standard errors for each 

covariate were almost as large at the estimated sum of squares and were largely different 

from one another. This is likely the case when there were small sample sizes (n=3) per 

treatment for each time interval. In these cases when only one mean is provided for each 

treatment unit, the SAS model was sometimes too complex for the data and the 

assumption of variance homogeneity was not met (p < 0.05) for treatment or time. In 

these instances the code was adjusted in one of two ways: 1) the ‘group=trt’ option in the 

random statement was removed, or 2) the ‘h’ was removed from the ‘arh(1)’ code, which 

indicated a heterogeneous variance in the repeated measures statement.  

3.3 Results 

3.3.1 Prescribed Fire Characteristics 

The prescribed fire treatments applied to each block were generally within 

prescription. The prescribed and observed parameters for each burn are presented in 

Table 3.2, which shows that relative humidity at each block was higher than the 

prescribed range at the start of each burn. Mean maximum fire temperatures (ᵒC) and the 

range of maximum temperatures measured within New Burn and Burn units are presented 

in Table 3.3. Additionally, Table A.1 of the appendix provides data on maximum fire 

temperatures recorded during each burn, including total duration that temperatures 

exceed 50, 100, 200, 400, and 600 ᵒC at each sampling site.  



147 

 

At 10 cm above the litter layer, maximum fire temperatures across all New Burn 

and Burn units on exposed aspects ranged between 27 and 839 °C with an overall average 

of 354 °C at 10 cm above the litter layer (n=24; Tables 3.3). Seventy-five percent of the 

sensors measured temperatures exceeding 200 °C from 2 to 66 seconds in duration and 

over half of those readings exceeded 400 °C from 1 to 29 seconds (Tables 3.3 and A.1). 

Maximum temperatures across New Burn units averaged (± standard deviation) 423 ± 

134 ᵒC and ranged from 261 to 680 ᵒC. Maximum temperatures across Burn units 

averaged 284 ± 283 ᵒC and ranged from 27 to 839 ᵒC.  

Maximum temperatures below the forest floor at the mineral soil surface, ranged 

between 28 and 242 °C with about half of the readings exceeding 50 °C for generally 3 to 

17 seconds (n=24; Table A.1). Maximum fire temperatures across all New Burn units 

ranged from 28 to 242 ᵒC and averaged 102 ± 77 ᵒC. Six of the twelve New Burn sensors 

recorded temperatures exceeding 50 ᵒC for durations of 3 to 14 seconds, with an 

exception for a seventh location where the soil surface experienced a slow cool-down and 

remained above 50 ᵒC for almost 5 minutes. In the Burn units, maximum temperatures at 

the mineral soil surface ranged from 29 to 185 ᵒC and averaged 60 ± 49 ᵒC. Only four out 

of twelve Burn sensors recorded surface temperatures exceeding 50 ᵒC, which lasted for 

durations between 6 and 17 seconds.  
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Table 3.2 Comparison of prescribed and observed parameters during JFSP burns at three 

blocks between March 23 -31, 2015. 

 

  

Parameter Prescription  Observed  

    Block 1 Block 2 Block 3 

  range (ideal) start finish start finish start finish 

Temp (ᵒC) 7-18 (13) 11 26 19 27 13 27 

Mid-Flame Wind (m/s) 0-3.1 (1.3) 0.9-2.2 3.1-7.2 1.3 2.2-4.5 0.4-3.1 1.8-4.0 

Rel. Humidity (%) 25-45 (30) 81 31 56 30 51 18 

Wind Direction Any  NW NW SW SW N-NW NE 

Soil (0-10 cm)*               

Soil sampling Dates   3/30 3/31 3/22 3/23 3/29 3/30 

Soil Moisture (%)** --- 33 35 35 31 29 26 

Soil Temperatures 

(ᵒC)*** 
--- 10.3 13.7 9.4 13.3 6.8 13.4 

Burn Dates 
3/24 - 

3/28/2015 
3/31/2015 3/23/2015 3/30/2015 

*Avg. data collected from Burn and New Burn units on exposed slopes only (n=6 from each 

block). 

**Gravimetric soil moisture content 

***Soil temperature at the 5-7 cm depth 

 

 

 

Table 3.3 Mean ± standard deviation (sd) of maximum temperatures (°C) and the 

range of maximum temperatures measured at New Burn (NB) and Burn (B) units 

during all three prescribed fires. 

      Max Temperature (°C) 

Position Trt n Mean (sd) Range 

10 cm 

Above 
NB 12 423 (134) 261 - 680 

B 12 284 (283) 27 - 839 

                

Soil 

surface 
NB 12 102 (77) 28 - 242 

B 12 60 (49) 29 - 185 

                 



149 

 

Mineral soil temperatures observed in the Burn and New Burn units at the 5 to 7 

cm depth ranged from 6.8 to 10.3 ᵒC the day before each burn event and ranged from 13.3 

to 13.7 ᵒC a few hours after each burn was completed (Table 3.2). Compared to pre-burn 

measurements, soil temperatures across all burn units increased by an average 4.6 °C. 

Pre-burn gravimetric soil moisture content at the 0 to 10 cm depth ranged from 29 to 

35%. Variability in sampling show an increase in post-burn soil moisture at Block 1, but 

overall soil moisture decreased by an average 1.4% (Table 3.2). 

3.3.2 Total mineral soil organic carbon 

Treatment, time, and the treatment x time interaction showed no significant effect 

on TOC concentrations and stocks during the duration of the study at the 0 to 10 cm 

depth (α=0.05; Table 3.4). Figure 3.3a displays mean TOC concentrations and Table G.1a 

to G.1c of the appendix provides mean TOC concentrations and stocks among treatments 

across all sampling events. Prior to fire, no significant or nominal differences were 

observed in TOC concentrations among the three treatments (Fig. 3.3a). At the end of the 

first post-burn growing season (0.5-yr Post), mean TOC concentrations for New Burn and 

Burn treatments at the 0 to 10 cm depth was nominally less than pre-burn values by 

twenty-five percent; however, based on a conservative Tukey-Kramer pairwise 

comparison, these reductions in TOC concentrations were not significant for either burn 

treatment (p=0.2585 and p=0.2074, respectfully). Two years following the prescribed fire 

treatment, mean TOC concentrations at the 0 to 10 cm depth were not significantly 

different among treatments or from their respective pre-burn values for all depth 

increments (Table G.1a-c). At the 0 to 10 cm depth, TOC concentrations slightly 

increased from 22.3 to 23.1 TOC kg-1 soil for Control treatments, increased from 19.7 g 
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to 23.1 g TOC kg-1 soil for the New Burn treatments, and decreased from 21.3 to 19.6 g 

TOC kg-1 soil for the Burn treatments.  

Treatment, time, and the treatment x time interaction also showed no significant 

effect on TOC concentrations and stocks during the duration of the study at the 10 to 20 

cm and 20 to 30 cm depths (α=0.05; Table 3.4). For both lower depth increments, TOC 

concentrations at 2-years post-burn were slightly less than pre-burn for Control and Burn 

treatments and slightly greater than pre-burn values for New Burn treatment (Figs. 3.3b-c 

and Table G.1a-c). While mean values between depths were not statistically analyzed, 

Figures 3.3a to 3.3c shows a substantial decrease in TOC concentrations with depth. 

3.3.3 Labile carbon pool 

Treatment and the treatment x time interaction had no significant effect on 

SOCPOX concentrations and stocks during the duration of the study at the 0 to 10 cm 

depth (α=0.05; Table 3.4). However, there was a significant main effect of time on mean 

SOCPOX concentrations and stocks (p=0.005 and p=0.010, respectively). Figure 3.4a 

displays mean SOCPOX concentrations and Table G.1a to G.1c of the appendix provides 

mean SOCPOX concentrations and stocks among treatments across all sampling events. 

Overall at the 0 to 10 cm depth, mean SOCPOX concentrations were not different among 

treatments or from each respective pre-burn values two-years following the prescribed 

fire treatment, where SOCPOX concentrations slightly decreased from 0.55 to 0.51 g TOC 

kg-1 soil for Control treatments, slightly increased from 0.41 to 0.46 g TOC kg-1 soil for 

the New Burn treatments, and decreased from 0.54 to 0.44 g TOC kg-1 soil for the Burn 

treatments (Figs. 3.4a and Table G.1a-c). 
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Treatment and the treatment x time interaction had no significant effect on 

SOCPOX concentrations and stocks during the duration of the study at the 10 to 20 cm and 

20 to 30 cm depths (α=0.05; Table 3.4). However, there was a marginal effect of time on 

SOCPOX stocks at the 10 to 20 cm depth (p=0.060) and SOCPOX concentrations at the 20 

to 30 cm depth (p=0.081). Overall, two years following the prescribed fire treatment, 

mean SOCPOX values were not different among treatments or from each respective pre-

burn values at both lower depth increments (Figs 3.4b-c and Table G.1a-c). At the 10 to 

20 cm and 20 to 30 cm depths, SOCPOX concentrations between Pre-burn and 2-yr Post 

samples either slightly increased or remained the same for all treatments (Figs. 3.4b-c and 

Table G.1a-c). While mean values between depths were not included in the statistical 

analyses, Figures 3.4a to 3.4c and Tables G.1a to G.1c of the appendix displays a 

substantial decrease in mean SOCPOX concentrations between the 0 to 10 cm and 10 to 20 

cm depths.  

There was no treatment or interaction effect on the proportion of SOCPOX to TOC 

for any of the sampled depth increments (α=0.05; Table 3.4). However, the percent 

SOCPOX was significantly affected by time at all three sampling depths (p=0.001, 

p=<0.001, and p=0.001). Figures 3.5a to 3.5c displays the percent SOCPOX over time and 

for all three sampling increments. While mean values between depths were not included 

in the statistical analyses, the portion of SOCPOX to TOC slightly increased with depth for 

all treatments (Figs. 3.5a-c and Table G.1a-c).  

3.3.4 Pyrogenic carbon pool 

Pyrogenic carbon concentrations and stocks were analyzed for main and 

interaction effects on pre-burn and 2-yr post-burn samples. Treatment and time did not 
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have an effect on PyC concentrations and stocks at the 0 to 10 cm depth (α=0.05; Table 

3.5). Figure 3.6a displays mean PyC concentrations and Table G.2 of the appendix 

provides mean PyC concentrations and stocks among treatments between Pre-burn and 2-

yr Post events. A conservative Tukey-Kramer pairwise comparison shows that two years 

following the prescribed fire treatment, mean PyC concentrations for the Control, New 

Burn, and Burn treatments were not significantly different from one another or from their 

respective pre-burn values at the 0 to 10 cm depth (Fig. 3.6a and Table G.2). Mean ± 

standard error PyC concentrations slightly increased from 5.1 ± 0.8 to 5.2 ± 0.4 g TOC 

kg-1 soil in Control treatments, increased from 4.6 ± 1.0 to 4.9 ± 0.6 g TOC kg-1 soil in 

the New Burn treatments, and decreased from 6.2 ± 1.0 Mg PyC to 4.9 ± 0.5 g TOC kg-1 

soil in the Burn treatments. 

Treatment and time did not have an effect on PyC concentrations and stocks at the 

10 to 20 cm and 20 to 30 cm depths (α=0.05; Table 3.5).  However, there was a 

significant interaction effect on mean PyC concentrations and stocks at the 10 to 20 cm 

depth (p=0.042 and p=0.021, respectively). Figures 3.6b to 3.6c displays mean PyC 

concentrations and Table G.2 of the appendix provides mean PyC concentrations and 

stocks among treatments between Pre-burn and 2-yr Post events for both lower depth 

increments. A conservative Tukey-Kramer pairwise comparison shows that two years 

following the prescribed fire treatment, mean PyC concentrations for the Control, New 

Burn, and Burn treatments were not significantly different from one another or from their 

respective pre-burn values at 10 to 20 cm and 20 to 30 cm depths (Figs. 3.6b-c and Table 

G.2). At the 10 to 20 cm, PyC concentrations between Pre-burn and 2-yr Post samples 

decreased for Control and Burn treatments and increased for New Burn treatment. At 20 
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to 30 cm depths, PyC concentrations decreased for all treatments. Mean values between 

depths were not included in the statistical analyses, but mean PyC concentrations 

generally decreased with depth across all treatments (Figs. 3.6a-c).  

There were no main or interaction effects on mean portion of PyC to TOC 

(α=0.05; Table 3.5). Figures 3.6d to 3.6f and Table G.2 of the appendix show PyC 

percentages for the 0 to 10 cm, 10 to 20 cm, and 20 to 30 cm depths. Values between 

depths were not included in the statistical analyses, but mean portion of PyC to TOC 

appears stable with depth across all treatments. Combining Pre-burn and 2-yr Post values 

for all treatments, mean percentages ranged from 21.7% to 25.3% at 0 to 10 cm, from 

20.9% to 24.7% at 10 to 20 cm, and 23.8% to 27.2% at 20 to 30 cm depths (Table G.2).  
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Table 3.4 Type 3 Tests of Fixed Effects, evaluating treatment (trt), time, and the 

interaction of treatment and time (trt*time) on the bulk soil. Dependent variables include 

total mineral soil organic carbon (TOC) concentrations and stocks, labile carbon 

(SOCPOX) concentrations and stocks, and the portion of SOCPOX to TOC at the 0-10 cm, 

10-20 cm, and 20-30 cm depths. Treatments include Control sites, sites burned for the 

first time in recent history (New Burn), and sites with recent periodic fire (Burn), and 

time represents samples collected four months before the late winter prescribed fire 

treatment (Pre-burn), immediately following prescribed fire (Post-burn), six-months post-

burn (0.5-yr Post), one-year post-burn (1-yr Post), one and a half years post-burn (1.5-yr 

Post), and two years post-burn (2-yr Post). Statistically significant main and interaction 

effects (p <0.05) are noted in bold. The symbol “†” indicates a normal distribution and 

“‡” indicates a lognormal distribution. 

 

    TOC  SOCPOX  SOCPOX 

Depth Source (g kg-1)   (Mg ha-1)   (g kg-1)   (Mg ha-1)   (% of TOC) 

    - - - - - - - - - - - - - - - - - - p-values - - - - - - - - - - - - - - - -  

0-10 cm 
trt 0.596 ‡ 0.119 ‡   0.635 † 0.772 ‡   0.781 ‡ 

time 0.068 ‡ 0.067 ‡   0.005 † 0.010 ‡   0.001 ‡ 

  trt*time 0.329 ‡ 0.176 ‡   0.385 † 0.476 ‡   0.291 ‡ 

10-20 cm 
trt 0.479 ‡ 0.360 ‡   0.291 † 0.518 †   0.898 ‡ 

time 0.270 ‡ 0.364 ‡   0.103 † 0.060 †   <0.001 ‡ 

  trt*time 0.272 ‡ 0.390 ‡   0.150 † 0.164 †   0.144 ‡ 

20-30 cm 
trt 0.516 ‡ 0.691 ‡   0.371 † 0.575 ‡   0.966 ‡ 

time 0.114 ‡ 0.055 ‡   0.081 † 0.111 ‡   0.001 ‡ 

  trt*time 0.175 ‡ 0.275 ‡   0.853 † 0.929 ‡   0.096 ‡ 
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Figure 3.3 Comparison of total mineral soil organic carbon (TOC) mean concentrations 

(g kg-1) for the (a) 0-10 cm, (b) 10-20 cm, and (c) 20-30 cm depths between Control (C), 

New Burn (NB), and Burn (B) treatments sampled before the prescribed fire (Pre-burn), 

immediately following the late winter fire treatment (Post-burn), six-months post-burn 

(0.5-yr Post), one year post-burn (1-yr Post), one and a half years post-burn (1.5-yr Post), 

and two-years post-burn (2-yr Post). For each separate depth, there were no significant 

differences between values across all time and treatment based on conservative Tukey-

Kramer adjusted p-values (α=0.05). Bars represent the mean, thick lines represent the 

median, and error bars represent a 5 to 95% confidence interval. 
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Figure 3.4 Comparison of permanganate-oxidizable carbon pool (SOCPOX) mean 

concentrations (g kg-1) for the (a) 0-10 cm, (b) 10-20 cm, and (c) 20-30 cm depths 

between Control (C), New Burn (NB), and Burn (B) treatments sampled before the 

prescribed fire (Pre-burn), immediately following the late winter fire treatment (Post-

burn), six-months post-burn (0.5-yr Post), one year post-burn (1-yr Post), one and a half 

years post-burn (1.5-yr Post), and two-years post-burn (2-yr Post). For each separate 

depth, there were no significant differences between values across all time and treatment 

based on conservative Tukey-Kramer adjusted p-values (α=0.05). Bars represent the 

mean, thick lines represent the median, and error bars represent a 5 to 95% confidence 

interval. 
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Figure 3.5 Comparison of labile carbon pool (SOCPOX) as a portion of total mineral soil 

organic carbon (TOC) for the (a) 0-10 cm, (b) 10-20 cm, and (c) 20-30 cm depths 

between Control (C), New Burn (NB), and Burn (B) treatments sampled before the 

prescribed fire (Pre-burn), immediately following the late winter fire treatment (Post-

burn), six-months post-burn (0.5-yr Post), one year post-burn (1-yr Post), one and a half 

years post-burn (1.5-yr Post), and two-years post-burn (2-yr Post). For each separate 

depth, there were no significant differences between values across all time and treatment 

based on conservative Tukey-Kramer adjusted p-values (α=0.05). Bars represent the 

mean, thick lines represent the median, and error bars represent a 5 to 95% confidence 

interval.
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Table 3.5 Type 3 Tests of Fixed Effects, evaluating treatment (trt), time, and the 

interaction of treatment and time (trt*time) on the bulk soil. Dependent variables 

pyrogenic carbon (PyC) concentrations and stocks and PyC as a portion of TOC (%) at 

the 0-10 cm, 10-20 cm, and 20-30 cm depths. Treatments include Control sites, sites 

burned for the first time in recent history (New Burn), and sites with recent periodic fire 

(Burn), and time represents samples collected four months before the late winter fire 

treatment (Pre-burn) and two years following prescribed fire (2-yr Post). Statistically 

significant main and interaction effects (p <0.05) are noted in bold. The symbol “†” 

indicates a normal distribution and “‡” indicates a lognormal distribution. 

  

     PyC   PyC 

Depth  Source (g kg-1) (Mg ha-1)   (% of TOC) 

        - - - - - - - - - - - - p-values - - - - - - - - - -  

0-10 

cm 

 trt 0.777 † 0.935 †   0.795 † 

 time 0.411 † 0.610 †   0.512 † 

   trt*time 0.233 † 0.198 †   0.625 † 

                
10-20 

cm 

 trt 0.875 † 0.440 †   0.681 ‡ 

 time 0.202 † 0.200 †   0.715 ‡ 

   trt*time 0.042 † 0.021 †   0.190 ‡ 

                
20-30 

cm 

 trt 0.362 † 0.316 †   0.842 † 

 time 0.396 † 0.373 †   0.650 † 

   trt*time 0.959 † 0.974 †   0.519 † 
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Figure 3.6 Comparison of pyrogenic carbon pool (PyC; a-c)) mean concentrations (g kg-

1) and PyC as a portion (%) of total mineral soil organic carbon (TOC; d-f) at the 0-10 

cm, 10-20 cm, and 20-30 cm depths between Control (C), New Burn (NB), and Burn (B) 

treatments sampled before the prescribed fire (Pre-burn) and two-years post-burn (2-yr 

Post). For each separate depth, there were no significant differences between values 

across all time and treatment based on conservative Tukey-Kramer adjusted p-values 

(α=0.05). Bars represent the mean, thick lines represent the median, and error bars 

represent a 5 to 95% confidence interval. 
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3.4 Discussion 

3.4.1 Prescribed Fire Characteristics 

Fire suppression in the Ozark Highlands region began in the mid-1900s and 

allowed open, second-growth stands to succeed into dense, mixed-hardwood forests 

containing high litter loads (Guyette et al., 2002; Stambaugh et al., 2006; Hanberry et al., 

2012). Since the 1990s, there has been a concerted effort between government agencies, 

private organizations, and private landowners to restore historic, fire-adapted ecosystems, 

such as woodlands and savannahs, in the Ozarks and to specifically preserve woody 

species once prevalent to the Ozarks, such as shortleaf pine and various oak species (Dey 

and Hartman, 2004; Dey and Kabrick, 2015). With current changes to climate conditions, 

an adaptive management approach to designing a fire management plan, rather than 

solely mimicking historic fire regimes, requires continuous monitoring of fire responses 

(Dey and Hartman, 2005; Craigg et al., 2015; Dey et al., 2017). Therefore, the JFSP study 

aimed to look at the reintroduction and continued application of fire on fuel loading, fire 

behavior, herbaceous diversity, woody species mortality and regeneration, and their 

interactions (Kolaks et al., 2004; Kolaks et al., 2007; Kinkead et al., 2013; Kinkead et al., 

2017). The first prescribed fires conducted at the JFSP study sites in early spring 2003 

were within prescribed parameters and resulted in a 50% fuel reduction across Burn units, 

which entailed mostly finer fuels (Kolaks et al., 2004). Data on fuel and vertical structure 

consumption are described in Kolaks et al. (2004) and fire behavior characteristics are 

further presented in Kolaks et al. (2007). Fireline intensity across the greater JFSP Burn 

plots (ridge tops, exposed and protected aspects) was about 35% less during the 2005 

burns (only 2 blocks analyzed) than the 2003 burns (Kinkead et al., 2013).  
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The late winter prescribed fires in 2015 were also within parameters designed to 

reduce fuel loading and kill woody seedlings with diameters less than 2.5 cm (Table 3.2). 

To help inform results in the soils study, which was initiated on exposed slopes just 

before the 2015 fire treatment, fire temperatures were measured at 10 cm above the litter 

layer and directly below at the mineral soil surface. Maximum fire temperatures at 10 cm 

above the litter layer across both burn treatments ranged between 27 and 839 °C and the 

averaged 354 °C (Tables 3.3). The average maximum fire temperature recorded at these 

sites is similar to other dormant season, low-severity fires conducted in neighboring 

counties of the Ozark Highlands (Dey and Hartman, 2004; O'donnell et al., 2015). For 

example, prescribed burns were conducted at the Sinken Experimental Forest (Dent 

County, Missouri, USA) in December 2012 report that maximum fire temperatures at the 

fuel surface on upper slope positions ranged from 232 to 371 °C and averaged 312 °C 

(O'donnell et al., 2015). Dey and Hartman (2004) also report maximum fire temperatures 

at the fuel surface between 121 and 316 °C for late dormant season burns conducted 

between 1998 and 2001 in the Chilton Creek Preserve watershed (Shannon and Carter 

Counties, Missouri, USA).  

Across all New Burn and Burn units, seventy-five percent of the thermocouples at 

10 cm above the litter layer measured temperatures exceeding 200 °C from 2 to 66 

seconds in duration and over half of those readings exceeded 400 °C from 1 to 29 

seconds, indicating combustion or charring was occurring (Giovannini and Lucchesi, 

1997; Baldock and Smernik, 2002; Gonzalez-Perez et al., 2004). As reported in Chapter 2 

of this thesis, the fire treatments consumed the entire Oi layer and a significant portion of 

the Oe horizon at all soil study sites. Fuel moisture contents, which are generally high 
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during the dormant season in this region, likely protected the forest floor from complete 

consumption. The RAWS recorded 4.1 cm of rainfall the week before the Block 2 burn 

on March 23rd and an additional 7.6 cm of rainfall the week before the Block 1 and Block 

3 burns (data not shown). While the litter layer, 1-hr, and 10-hr fuels may have dried to 

humidity levels, the duff layer (Oa+Oe) and coarse woody debris likely retained greater 

moisture contents.  

Maximum temperatures at the mineral soil surface, ranged between 28 and 242 °C 

with about half of the readings exceeding 50 °C for generally 3 to 17 seconds (Table 

A.1). The sensors recorded fire temperature exceeding 50 °C at all Blocks in New Burn 

units, but soil surface temperatures appear to have only exceeded lethal temperatures in 

Burn units during the Block 2 burn. Five sensors across all New Burn sites and two 

sensors across Burn sites measured heat fluxes exceeding 100 °C from 2 to 9 seconds, 

with an additional sensor recording an extended duration of 57 seconds. Three of the 

New Burn soil surface temperature readings exceeded 200 °C for 2 seconds. 

Temperatures reaching the soil surfaces in both burn treatments were hot enough to 

damage or kill plant roots and microbial tissue (Klopatek et al., 1990; Debano et al., 

1998; Busse et al., 2010; Kreye et al., 2013). The higher temperatures (>100 °C) recorded 

at the surface suggest fuel and soil moisture had been vaporized and there was potential 

for loss of OC (Giovannini and Lucchesi, 1997; Gonzalez-Perez et al., 2004).  

It is interesting to note that during the 2015 burns most of the temperatures at the 

high end of the maximum range were obtained from Block 2. Wind directions during the 

fire treatments on Block 1 and Block 3 were from north-northwesterly and north-

northeasterly directions, but wind directions during the Block 2 burns were from the 
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south-southwesterly direction (Table 3.1). Kolaks et al. (2007) mentioned the influence of 

wind direction on fire behavior at these sites, especially for the drier, exposed slopes. It 

was proposed that north-northwesterly winds during the 2003 fire treatments contributed 

to the lack of significant differences in post-burn fuel loading between exposed and 

protected sites and that south or southwesterly winds would have accentuated fire 

behavior parameters on exposed slopes (Kolaks et al., 2007). The southerly winds and the 

smaller amount of precipitation occurring before Block 2 burn than Blocks 3 and 1 help 

explain the higher fire temperatures recorded at Block 2.  

The fire treatments had a minimal effect on soil heating at the 5 to 7 cm depth. 

Average pre-burn temperatures for each block varied and ranged from 6.8 to 10.3°C 

(Table 3.1) Post-burn temperatures were very similar across all blocks, ranging from 13.3 

to 13.7 °C. These measurements are supported by the general idea that soil heating in 

forested ecosystems, especially when soils are wet, is minimal during prescribed burning 

and remains elevated for only a few minutes to an hour, unless the forest floor is entirely 

consumed (Neary et al., 1999; Busse et al., 2014). Gravimetric soil moisture contents 

across all burn units at the 0 to 10 cm depth averaged 32% pre-burn and slightly 

decreased to 30% immediately post-burn. However, given the number of sampling sites 

showing mineral surface temperatures exceeding 100 °C, it is possible that soil moisture 

contents decreased to a greater extent at the surface than what was captured in the 10 cm 

sampling increment (Badía et al., 2017). Badía et al. (2017) show that maximum 

temperatures and durations in moist soils are significantly less than dry soils and extend 

only a few centimeters into the mineral soil surface.  
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3.4.2 Total mineral soil organic carbon 

Soil OM is a key indicator of soil quality and a strong influence on site quality 

(Tiedemann et al., 2000; Burger et al., 2010). In contrast to wildfires, the low- or 

medium-intensity and low- to moderate-severity nature of prescribed burning applied 

during the dormant season is thought to minimally disturb TOC contents and stocks of 

the mineral soil (Giovannini and Lucchesi, 1997; Certini, 2005; Boerner et al., 2009). 

Statistical analysis between treatments and across time show that variations in TOC 

contents and stocks were not influenced by main or interaction effects at the 0 to 10 cm, 

10 to 20 cm, and 20 to 30 cm depths (Table 3.2). The Burn units received fire treatments 

in 2003 and 2005; however, we do not know if the subsequent burn in 2005 had any 

effect on soil properties. After 10 years since the previous fire, mean TOC contents ± 

standard error in Burn units were similar to Control (21.3 ± 2.4 g kg-1 and 22.3 ± 2.0 g 

kg-1, respectively) before the 2015 fire treatment (Table G.1a and c). Mean TOC content 

for New Burn treatment prior to fire was 19.7 ± 1.2 g kg-1 and also similar to the Control 

treatment, which supports the choice of those stands to represent sites burned for the first 

time after a period of fire suppression.  

Post-burn samples were collected within 3 to 11 days following fire. About 12 cm 

of precipitation fell on Block 2 and about 4 cm of precipitation fell on Blocks 1 and 3 

during the time between fire and sampling. Even though the entire Oi layer and a 

significant portion of the Oe horizon was consumed, TOC contents in the mineral soil 

surface were not immediately altered by fire. When compared to Pre-burn values, average 

post-burn TOC content at the 0 to 10 cm depth slightly increased to 20.7 ± 2.7 g kg-1 for 

New Burn treatment and decreased to 17.3 ± 2.8 g kg-1 for Burn treatment. However, the 
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average TOC content for Control treatment also decreased to 18.7 ±1.2 g kg-1 and was 

not different from the burn treatments. The lack of meaningful change to the mineral 

TOC is likely due to the minimal soil heating that occurred during the burns. The 

assumption of minimal soil heating is supported by the small increase in soil 

temperatures at the 5 to 7 cm depth, the negligible decrease in soil moisture contents at 0 

to 10 cm depth, and that mineral surface temperatures only approached combustion 

temperatures (>200 °C) for 2 seconds at a few sites. If SOM within the upper mineral 

surface was volatilized, combusted, or pyrolyzed OC during the fire treatment or if any 

burned or unburned OM became incorporated into the mineral surface during the post-

burn rainfall, it was not captured in the 0 to 10 cm sampling increment (Rau et al., 2009; 

Badía et al., 2017). Busse et al. (2010) found that, regardless of soil texture, a moisture 

content of 20% or greater protected the mineral soil from heat flux at the 2.5 cm depth 

and below, while temperatures in dry soils surpassed the lethal temperature of 60 °C at 

the 10 cm depth. Additionally, as observed, it was expected that prescribed burning 

would have no immediate effect on TOC contents at the 10 to 20 cm and 20 to 30 cm 

depths (Figure 3.3).  

Other prescribed fire studies measuring TOC immediately post-burn report 

similar and different results (Alexis et al., 2007; Nobles et al., 2009; Rau et al., 2009). 

For example, Alexis et al. (2007) monitored one week following prescribed fire that was 

conducted at the end of the dry season in a Florida scrub oak ecosystem at sites that were 

without fire treatment for 11 years. Fire temperatures at the litter surface ranged from 371 

to 760 °C but remained below 100 °C at the 2 to 3 cm mineral soil depth. The immediate 

increase in mean TOC contents from 62 mg g-1 to 70 mg g-1 was not significant. 
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However, C stocks at these sites decreased by 7% due to change in bulk density (Alexis 

et al., 2007). An immediate increase in the mineral surface TOC contents reported by 

others was significant. Nobles et al. (2009) observed an increase in A horizon (range in 5-

22 cm thick) TOC from 12 g kg-1 to 28 g kg-1 at 7 to 22 days following a low-intensity 

winter burn. Study sites were located within oak and oak-pine woodlands growing on 

sandy loam and loamy sand Ultisols in north-west Alabama. Due to winter conditions, 

maximum surface temperatures ranged between 149 and 204 °C and unburned areas were 

observed across all burn sites. The authors hypothesize the immediate increase in mineral 

TOC was from the physical addition of charred biomass because each burn site received 

4.5 to 5 cm of rain during the week following fire and before post-burn sampling (Nobles 

et al., 2009). Within the pinyon-juniper woodland of central Nevada, Rau et al. (2009) 

also observed a significant increase in mineral TOC concentrations at 0 to 3 cm depth due 

to post-burn incorporation of ash and partially combusted biomass. Average maximum 

surface temperatures across microsites ranged from 206 to 369 °C but only ranged from 

40 to 86 °C at the 2 cm depth (Rau et al., 2005). In this study, the increase in mineral 

TOC was not detectable when analyzed at the 0 to 8 cm increment (Rau et al., 2009). 

Krishnaraj et al. (2016) found an immediate increase in TOC at 0 to 2 cm where medium 

intensities were recorded, but no increase in soil C where fire intensity was low. At the 2 

to 4 cm depth, there was no change in TOC for either intensity (Krishnaraj et al., 2016).  

Sampling at six-month intervals at all sampling depths for two years post-burn 

allowed a look at TOC values between the growing and dormant seasons. Even though 

there were no main or interaction effect on TOC values, the effect of time on TOC 

contents and stocks was marginally significant (p=0.068 and p=0.067, respectively) at the 
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0 to 10 cm depth (Table 3.4). Mineral TOC contents in New Burn and Burn treatments at 

the end of the first post-burn growing season (0.5-yr Post) were 25% less than their 

respective Pre-burn values; however, the reductions were not significant (p=0.259 and 

p=0.207, respectively; Figure 3.3). Besides natural site variability, the marginal effect of 

time on TOC values is likely due to seasonality. It is possible that with continued 

burning, especially with more frequent fire return intervals, changes in TOC values 

across time will be different between burnt and unburnt sites (Boerner et al., 2005; 

Muqaddas et al., 2016). At the 20 to 30 cm depth, there is a marginally significant effect 

of time on only TOC stocks (p=0.055). Comparing Pre-burn and 2-yr Post samples, Burn 

treatment TOC stocks decreased in average ± standard error from 9.2 ± 1.2 Mg ha-1 to 6.8 

Mg ha-1 (Figure 3.3 and A.1c). However, a Tukey-Kremer pairwise comparison shows 

the decrease was not significant (p=0.973). At this depth, it was assumed that bulk 

density did not change within the scope of this study; therefore, it’s more likely that site 

variability had a greater influence on changes in TOC values than seasonality. The lack 

of significant differences between treatment in TOC values at lower depths of the soil 

profile are supported by other studies that sampled deeper than the surface mineral soil 

(Binkley et al., 1992; Phillips et al., 2000).  

Similar to our findings, other studies report no short-term changes to mineral 

TOC after a dormant season fire (Boerner and Brinkman, 2003; Fontúrbel et al., 2016). In 

two oak-dominated watersheds of southern Ohio, Boerner and Brinkman (2003) studied 

the effects of recent annual and periodic fire treatments on SOC contents within silt loam 

Alfisols. Fire was applied at the end of March /beginning of April and samples were 

collected annually in late August and early September from 1995 to 1999. Results show 
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that for each treatment fire did not influences changes in SOC contents over time 

(Boerner and Brinkman, 2003). Fontúrbel et al. (2016) sampled at six-month intervals for 

four years after prescribed fire in a shrubland community of northwest Spain. Mineral 

surface temperatures recorded during the burn averaged a maximum of 58 ± 7 °C 

(average ± standard error) and temperatures > 60 °C and >100 °C had a mean duration of 

102 ± 36 and 12 ± 10 seconds, respectively. They measured no significant changes in 

TOC contents at the 0 to 2 cm depth (Fontúrbel et al., 2016). Adkins et al. (2019) also 

reported no difference in TOC at 0 to 5 cm between unburned sites and sites that 

experienced low severity, medium severity, and high severity fire three years prior to 

sampling. On the contrary, a study conducted in an Australian eucalypt forest measured a 

significantly greater TOC content one-year post-burn at the 0 to 2.5 cm depth on periodic 

burn sites when compared to a long-unburned site as a result of dead root contribution 

(Hobley et al., 2017). Surface TOC contents on a site that was burned recently after a 

long fire-free period was not different from the periodic burn or long unburnt sites. Based 

on the lesser non-charred C portion of TOC content at the site that had not been burned 

for 14 years, the authors conclude the contribution of roots from fire mortality to surface 

TOC content was short-term on those sites where sandy soil textures limit SOC storage 

(Hobley et al., 2017). 

It is assumed that the fire responses in the JFSP New Burn units after the most 

recent prescribed fire represent site responses the first time Burn units were burned in 

2003. Several long-term studies comparing annual or frequent fire return intervals with 

periodic fire intervals (≥ 4 years) found no differences in mean surface TOC values 

between unburnt sites and periodic burning (Vance and Henderson, 1984; Phillips et al., 
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2000; Williams et al., 2012; Muqaddas et al., 2015). Across various forest and soil types, 

long-term annual and 2-year fire intervals significantly decreased TOC contents below 

unburnt values (Williams et al., 2012; Muqaddas et al., 2015). Others, however, report no 

change or increases in TOC after frequent fire (Vance and Henderson, 1984; Eivazi and 

Bayan, 1996; Scharenbroch et al., 2012). It is likely that dormant season fire in these 

stands did not produce great enough fire temperatures at the soil surface to oxidize SOM 

due to either high moisture contents or low fuel loading. These findings support the lack 

of significant difference between Burn and Control treatments in the JFSP study after 12 

years of periodic burning.  

3.4.3 Soil Labile Carbon 

The soil labile carbon pool is a valuable soil quality indicator that reflects the 

impact of management on TOC, nutrient cycling potentials, and soil properties, such as 

soil aggregation (Tisdall and Oades, 1982; Weil et al., 2003; Culman et al., 2012). As an 

actively cycling carbon pool, labile carbon compounds make up only a small portion of 

TOC but are more sensitive to management activities than the greater TOC measurement 

(Weil et al., 2003; Culman et al., 2012; Lucas and Weil, 2012; Hurisso et al., 2016). 

Labile carbon is commonly measured in agricultural studies, including the range of labile 

C compounds captured by the KMnO4 method. However, soil labile carbon values are 

rarely reported for forested ecosystems that are managed with fire (Muqaddas et al., 

2015). Besides being significantly related to TOC, microbial biomass-C, and particulate 

OC, Culman et al. (2012)found the SOCPOX pool to be more significantly related to the 

heavier and smaller (53 to 250 µm) particulate OM, which is a more degraded and 

processed stable pool of labile C, than the lighter and larger (>250 µm) fractions. 
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Mineralizable C, which is the labile C pool determined by laboratory incubation, is 

strongly related to SOCPOX (Culman et al., 2012); however, mineralizable C better 

indicates short-term nutrient availability (Hurisso et al., 2016). The SOCPOX pool may 

include the mineralizable C compounds utilized during microbial respiration but it also 

captures the accumulated or stabilized labile C that is easily affected by management 

practices (Hurisso et al., 2016). 

At the JFSP sites, SOCPOX was measured pre-burn, immediately post-burn, and at 

six-month intervals for two years following fire treatment. Neither treatment nor the 

treatment x time interaction effected SOCPOX contents or stocks or SOCPOX percentages 

(Table 3.4). Similar findings were reported by Muqaddas et al. (2015) in a study 

comparing long-term annual and periodic burning in an Australian eucalypt forest. Using 

the KMnO4 method from Blair et al. (1995) to determine the labile C pool, the 

researchers found no difference in SOCPOX contents at the 0 to 10 cm depth between 

unburnt sites and sites that burned at 4-year intervals for almost 40 years. However, mean 

SOCPOX content on sites that were burned at 2-year intervals was significantly less than 

unburnt sites by 81% (Muqaddas et al., 2015). Across all treatments in the JFSP study, 

SOCPOX contents averaged 0.44 g kg-1 at the 0 to 10 cm depth, 0.23 g kg-1 at the 10 to 20 

cm depth, and 0.16 g kg-1 at the 20 to 30 cm depth (Table G.1a-c). The portion of 

SOCPOX to TOC averaged 2.3% at 0 to 10 cm, 2.5% at 10 to 20 cm, and 3.3% at the 20 to 

30 cm depth (Table G.1a-c). The decrease in mean SOCPOX concentrations and stocks 

with depth at the JFSP sites is logical and reported elsewhere (Hatch, 2014; Singh et al., 

2018); however, the slight increase in the percent SOCPOX with depth is surprising. 
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Overall, if there were differences between treatment in labile carbon concentrations 

entering the mineral soil profile, it was not captured at the 10 cm sampling increment.  

The lack of significant difference in mean SOCPOX concentrations and stocks 

between treatments at the JFSP sites follows the insignificant differences in mean TOC 

values during the same sampling period. While labile carbon flux at these sites is 

unknown, the lack of difference in SOCPOX content between treatments and especially at 

the mineral surface, suggests that fire did not immediately alter bulk SOCPOX or have a 

short-term effect on the quantity of labile carbon entering the soil profile as particulate or 

dissolved OM. Data presented in Chapter 2 of this thesis show the preservation of the Oa 

horizon (humified OM) and most of the Oe horizons (partially decomposed fine and 

coarse debris) during the prescribed burns and that the Oe and Oi (litter layer) values had 

returned to pre-burn levels by two-years post-burn. The partially degraded and highly 

processed surface OM continued to protect the mineral soil from erosion and extreme 

microsite fluxes and remained available as an energy and nutrient source to forest floor 

invertebrates and microorganisms (Six et al., 2004; Certini, 2005). 

There was a significant effect of time on SOCPOX contents and stocks at the 0 to 

10 cm depth, but only marginally affected SOCPOX stocks at 10 to 20 cm and SOCPOX 

concentrations at 20 to 30 cm (Table 3.4). The effect of time on SOCPOX as a portion of 

TOC was significant at all depths. Between the 1-yr Post and 1.5-yr Post sampling 

events, which brackets the second post-burn growing season, there was a significant 

decrease in percent SOCPOX values at all depths (Fig. 3.5 and Table G.1a-c). Seasonal 

changes in forest floor and soil moisture and temperature in this region were expected to 

influence temporal variability in SOCPOX values. While bulk SOCPOX values measured at 
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the transition between growing and dormant seasons are snapshots in time and may not 

account for differences in production, adsorption, and microbial degradation of the 

actively cycled C pool throughout the season (Van Hees et al., 2005), wetter periods 

support greater microbial activity and decomposition dynamics (Cisneros‐Dozal et al., 

2007; Muqaddas et al., 2016). Total precipitation during the 2016 growing season was 

95.3 cm, which was much greater than the 2014 and 2015 growing seasons at 52.3 cm 

and 79.9 cm, respectively, and likely contributed to increased microbial activity and 

subsequent decrease in SOCPOX values across all treatment sites during the second 

growing season (Table 3.1).  

The SOCPOX concentrations reported here are lower than values reported for 

similar soils at the nearby Missouri Ozark Forest Ecosystem Project (MOFEP) sites 

(Gaddie, 2012; Hatch, 2014). Gaddie (2012) analyzed soils from the Clarksville and 

Alred soil series, which were not chemically different at the 0 to 10 cm depth, and 

reported mean ± 95% confidence intervals for SOCPOX contents from unmanaged forest 

sites of 1.0 ± 0.3 g kg-1 soil and 1.7 ± 0.2 g kg-1 soil, respectively. Hatch (2014) reported 

SOCPOX values from the 0 to 10 cm and 10 to 20 cm depths between 1 and 9 g kg-1 soil. 

Mean ± standard error SOCPOX contents from JFSP Control units were 0.55 ± 0.1 g kg-1 

soil Pre-burn and ranged from 0.41 ± 0.1 g kg-1 to 0.58 ± 0.2 g kg-1 soil during the two-

years of post-burn sampling (Table G.1a). The values reported for this study were 

obtained by following the same reaction times and using the same laboratory equipment 

as Gaddie (2012) and Hatch (2014). However, Gaddie (2012) and Hatch (2014) adjusted 

the KMnO4 method of Weil et al. (2003) to account for higher SOC contents of forest 

soils by increasing the permanganate solution concentration to 0.06 M KMnO4. In this 
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study, we used the recommended 0.02 M KMnO4 solution and accounted for potentially 

high SOC contents by decreasing the mass of soil analyzed from 5.0 g to 2.5 g (Lucas 

and Weil, 2012). The calculation used to estimate labile C from the concentration of 

reduced manganese (Eq.7) easily adjusts for differences in sample mass. However, the 

amount of OC oxidized by permanganate is greatly influenced by solution concentration 

and total reaction time (Weil et al., 2003). Therefore, it’s possible the differences in 

SOCPOX values on similar soils between JFSP and MOFEP unmanaged sites are due to 

more SOC being oxidized in the MOFEP samples by the 0.06 M KMnO4 solution. 

3.4.4 Soil Pyrogenic Carbon 

The range in chemical and structural characteristics of PyOM essentially 

represents a degradation continuum and, thus, imparts a variety of functional properties in 

soils (Knicker, 2011; Bird et al., 2015; Pingree and Deluca, 2017). There are a variety of 

methods used to quantify PyC in mineral soils and each method captures a different 

portion of the PyOM continuum by selecting for specific chemical or structural properties 

(Hammes et al., 2007; Butnor et al., 2017). The peroxide/dilute nitric acid (H2O2 / HNO3) 

digestion used in this study as a pretreatment to remove non-pyrolyzed OM from a 

sample was chosen because it was inexpensive, reproducible, and noted as being capable 

to quantify small concentrations of the PyC pool in soils (Kurth et al., 2006). Pyrogenic C 

concentrations measured with the H2O2 / HNO3 method represents the more refractory 

portions of PyOM that are formed at higher temperatures (>400°C) and resistant to 

chemical oxidation (Soucémarianadin et al., 2014). Unless otherwise noted, study results 

are compared to others using the same H2O2 / HNO3 pretreatment method. Further, we 

tested our application of the Kurth et al. (2006) method on PyC recovery of the 
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Chernozem standard reference soil (Hammes et al., 2006). We measured an average of 

7.3% PyC to TOC (n=3) in the Chernozem standard. Pingree et al. (2012) reported 9.1% 

PyC to TOC using the same H2O2 / HNO3 method. From a multi-lab comparison of PyC 

methods, four different laboratories tested the Chernozem soil with an acid dichromate 

oxidation (Cr2O7) digestion under a variety of acid concentrations, durations, and 

digestion temperatures and reported a range of 3.8 to 11.7% PyC to TOC (Hammes et al., 

2007). Meredith et al. (2012) reported 7.0% PyC to TOC after a 7-day dichromate 

oxidation. We have confidence in this method because our values are similar to those 

observed by others.  

It is necessary to point out the potential for over- or underestimating PyC contents 

in soils when chemical digestion is used as a pretreatment. Laird et al. (2008) used 

concentrated nitric acid and found an overestimation error in their standards that 

increased with increasing charcoal contents. They hypothesized the ‘non-charcoal noise’ 

was due to the PyOM acting as an activated charcoal filter and adsorbing dissolved C 

during the digestion process. Also, there is a chance that hydrophobic and chemically-

recalcitrant materials, such as waxes and melanoidins, which may form from fire-

promoted Maillard reactions when temperatures exceed >100 °C, could be quantified as 

part of the PyC portion (Gonzalez-Perez et al., 2004; Hammes et al., 2007; Knicker et al., 

2007). While studying potassium dichromate and sulfuric acid as a chemical 

pretreatment, Knicker et al. (2007) showed that PyC content may be overestimated when 

hydrophobic waxes from pine needles resist chemical digestion. In Ozark Highland oak-

pine woodlands, we cannot rule out potential interference in PyC contents from pine 

needle waxes released during forest floor decomposition. However, Knicker et al. (2007) 
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also showed the potential for underestimating PyC contents when surfaces of highly 

aromatic PyOM were oxidized with acid. And finally, Soucémarianadin et al. (2014) 

demonstrated the inability of the H2O2 /HNO3 digestion to recover PyC from chars 

formed at low temperatures (<425 ºC). In their study, the chemical digestion showed a 

20%, 70%, and almost 100% recovery for lab-produced PyOM formed at 250 ºC, 425 ºC, 

and 600 ºC, respectively.  

Mineral soil PyC contents of samples collected pre-burn were compared with 2-yr 

post-burn samples in order to allow time for any PyC formed during the prescribed fire 

treatments to become incorporated into the mineral soil profile. The presence of PyC at 0 

to 30 cm within Control units was expected because of the long history of anthropogenic 

burning in this region (Guyette et al., 2006). Easily identifiable pieces of PyOM on the 

surface, often referred to as char, were not measured as part of the forest floor analysis at 

the JFSP sites. However, char fragments were observed on the surface at several sites 

during pre-burn sampling. Char fragments were also observed within the soil profile 

during bulk soil sampling. Since windthrow is a common soil disturbance in forests of the 

Ozark region, char fragments on the surface can easily become buried (Rebertus and 

Meier, 2001; Gavin, 2003). Bioturbation from soil dwelling mammals, herpetofauna, and 

invertebrates also play a role in incorporating surface material into the mineral soil 

(Mackenzie et al., 2008; Hobley et al., 2017). Similar to our findings of Control 

treatment, Kurth et al. (2006) reported a range of PyC contents from 2.93 ± 0.09 g kg-1 

soil to 9.17 ± 0.47 g kg-1 soil at 0 to 10 cm from sites that have not experienced fire since 

between 1870 and 1919. And while a small portion of the PyOM continuum (~10%) is 

readily degradable within weeks or months, a major fraction of the continuum (~50%) 
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consists of condensed, polycyclic aromatic C compounds and exhibits residence times in 

the mineral soil profile estimated at centuries to millennia (Bird et al., 2015; Abney et al., 

2019). Butnor et al. (2017) measured mean residence times ± standard error of the PyC 

fraction in the upper 10 cm of Atlantic Coast Flatwoods (ACF), the Southern Piedmont 

(SP), and Western Coastal Plain (WCP) MLRAs at 1345 ± 338 years, 4344 ± 581 years, 

and 1223 ± 243 years, respectively. Mean residence times of the PyC fraction increased 

with depth and averaged 7691 ± 2228 years, 22,626 ± 3973 years, and 8345 ± 1420 years 

at 50 to 100 cm for the ACF, SP, and WCP MLRAs, respectively (Butnor et al., 2017). 

Field observations on the day of each prescribed burn noted mosaics of white ash 

and darkened materials throughout all burn sites where fine and coarse woody debris 

were completely consumed (Fig 3.7). The lack difference in PyC contents between burn 

treatments at the JFSP sites a few years following fire have been observed in other forest 

Figure 3.7 Pictures taken immediately following the prescribed burns show a mosaic 

of ash and darkened materials remaining on forest floor surface. 
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sites after low- and medium-severity burns (Mackenzie et al., 2008; Adkins et al., 2019). 

Three years after a wildfire in mixed-conifer forest of Sierra Nevada, Adkins et al. (2019) 

found no difference in mean PyC contents at the 0 to 5 cm depth between unburned, low 

severity, and medium severity sites, which measured 10.6 ± 1.9 mg g-1, 8.4 ± 2.6 mg g-1, 

and 10.5 ± 2.0 mg g-1, respectively. Mackenzie et al. (2008) sampled within an oak 

woodland ecosystem of Sierra Nevada that was dominated by low severity fires and short 

fire intervals (<10 years). They reported PyC contents at 0 to 10 cm averaging between 

1,000 and 2,000 kg ha-1, which was about 15% of TOC.  

The lack of change in PyC contents at the JFSP sites, especially in the upper 

mineral soil, could also be due to other site factors. Charred materials remaining on the 

forest floor, on the outer surfaces of coarse woody debris, and stored vertically on snags 

and living tree bark are all potential sources of mineral soil PyC over time; however, 

these sources are vulnerable to combustion during recurring fires (Buma et al., 2014; 

Foereid et al., 2015). This idea is supported by long-term prescribed fire studies that 

found PyC contents in soils were influenced by fire return interval. For example, 

Muqaddas et al. (2015) measured the portion of PyC to TOC at 0 to 10 cm under 2-yr and 

4-yr burn intervals at 19%, which was significantly higher than percent PyC from 

unburned sites, indicating PyC was moving into the mineral soil profile at all burn sites. 

However, they measured significantly less PyC in the mineral soil under 2-yr fire 

intervals than 4-yr fire intervals, suggesting the loss of PyOM from the surface during 

subsequent burning before it was able to move into the mineral soil. Therefore, it’s also 

possible that newly formed, above-ground PyOM was not incorporated into the mineral 

soil profile during the duration of this study. Since soils were sampled from mid- and 
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upper-backslope positions, post-burn precipitation could have also moved ash and PyOM 

further down slope (Rumpel et al., 2006; Abney et al., 2019).  

If significant portions of newly formed PyC were added to the mineral soil 

surface, it was not captured in the 0 to 10 cm sampling increment (Krishnaraj et al., 

2016). Within acidic Australian sandy loam to sandy clay loam soils, Krishnaraj et al. 

(2016) measured an immediate increase in PyC at 0 to 2 cm but found no change at the 2 

to 4 cm depth. Two weeks post-burn, PyC contents at the 0 to 2 cm depth under low- and 

medium-intensity areas were 8.7 ± 0.6 g kg-1 and 10 ± 0.8 g kg-1, respectively. If PyOM 

did become incorporated into the surface soil at the JFSP sites, it’s possible that the low- 

to medium- intensity burns formed low-temperature PyC materials, which are more easily 

degraded than high-temperature PyC, were oxidized during the H2O2 / HNO3 

pretreatment (Ascough et al., 2011; Soucémarianadin et al., 2014). 

The decrease in mean PyC contents with depth followed the same trend as TOC 

for all treatments at the JFSP sites; however, it was surprising that the portion of PyC to 

TOC was fairly consistent across all sampling depths, which ranged between 20% and 

27% (Fig. 3.6). Similarly, Hobley et al. (2017) reported no significant differences or no 

clear trend in the average portion of PyC to TOC with depth across recently burned site, 

intermediate burn site, and long unburnt site, which ranged from about 55% to almost 

90%. They used an infrared spectroscopic method to measure PyC in sandy Australian 

soils and assessed the 0 to 20 cm depth at 5 cm increments from sites that were 3-months, 

1-year, and 14-years post-burn (Hobley et al., 2017). However, other studies reported 

increasing PyC portions with depth (Mackenzie et al., 2008; Hobley et al., 2014; 

Velasco-Molina et al., 2016; Butnor et al., 2017). Mackenzie et al. (2008) measured an 
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increase from 15% PyC at the upper 6 cm of mineral soil to an average 25% PyC at 

around the 40 cm depth within a Sierra Nevada oak woodland. Additionally, Butnor et al. 

(2017) captured measurable PyC at 0 to 10 cm, 10 to 20 cm, 20 to 50 cm, and 50 to 100 

cm in the soil profile. In this study, they compared PyC contents between three Major 

Land Resource Areas (MLRAs) containing predominately sandy soils from periodically 

burned longleaf pine forests. Soils from the Atlantic Coast Flatwoods (ACF) MLRA were 

deep sands and soils in the Southern Piedmont (SP) and Western Coastal Plain (WCP) 

MLRAs had greater clay and silt fractions. Across the three MLRAs, while TOC declined 

with depth there was not much change in PyC resulting in an increase percent PyC to 

TOC with depth. In this study, they found the PyC pool to be well correlated with clay 

content and extractable iron (Butnor et al., 2017). 

3.5 Conclusion 

Prescribed fire was applied to forested stands at the end of March 2015 as part of 

a greater JFSP study on woodland restoration. Environmental parameters designed for a 

low-intensity fire were generally within prescription during each burn event and soil 

temperatures measured in the late afternoon on the day of each burn indicated minimal 

fire-induced soil warming when compared with Control temperatures. However, soil 

samples collected at the 0 to 10 cm depth the day before and immediately after each burn 

show no change in gravimetric soil moisture on burned sites. Mineral soil TOC and 

SOCPOX contents and stocks at the 0 to 10 cm, 10 to 20 cm, and 20 to 30 cm depths were 

not different between treatments before the prescribed burn and during two years of post-

burn sampling. Therefore, there were no significant changes in the percent SOCPOX to 

TOC, which slightly increased with depth. Surface soil moisture contents at the time of 
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fire most likely buffered the soil from severe heat fluxes, and preservation of the organic 

soil horizon protected the soil surface from erosion or degradation in the post-burn 

environment. The lack of change in TOC and the SOCPOX pool suggest there were no 

adverse changes to litter deposition or decomposition dynamics. Pyrogenic C contents 

and stocks measured at 2-yrs post-burn were not different from pre-burn values for all 

depths. There were also no significant changes in the portion of PyC to TOC, and PyC 

percentages were relatively consistent with depth. It is unknown the amount of surface 

PyOM formed from fine and coarse woody fuels from previous fires or from the most 

recent prescribed burn. However, the lack of change in PyC at the surface soil suggest the 

incorporation of surface PyOM into the mineral soil may take longer than the duration of 

the study.  

Dormant-season prescribed fire did not have a significant impact on mineral TOC, 

SOCPOX, and PyC contents and stocks when burning for the first time after a period of 

fire suppression or on sites burned three times in 12 years. If there were any treatment 

effects on TOC, SOCPOX, or PyC measurement, there was insufficient evidence to show 

significant differences among treatments. It is also possible that treatment effects were 

not realized at a 10 cm sampling increment. To better assess the effects of dormant 

season, prescribed fire on mineral soils, soil monitoring should include sampling at the 0 

to 5 cm surface depth and, perhaps, additional sampling increments that correspond with 

designated genetic horizons. Overall, low-severity, prescribed fire did not alter SOC 

contents or pools indicative of soil quality and soil productivity on exposed slopes of the 

Ozark Highlands. 
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This is the first study in the Ozark region, that we know of, to quantify the PyC 

pool in the mineral soil. The functional contribution of PyOM in the mineral soil 

highlights the importance of including this predominately stable C pool when analyzing 

soils in fire effected areas. In these weathered soils with low clay content, it is unclear 

how much PyC may be contributing to soil physical and chemical properties, such as 

water holding capacity and nutrient exchange. Quantifying PyC contents remaining on 

the forest floor will also help inform C cycling dynamics. Concomitantly, gathering data 

on PyC stocks with respects to fire severity and fire return intervals in this region will 

inform future studies looking to calculate above- and below-ground C pools and guide 

planning if prescribed fire objectives include sequestering C.  
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CHAPTER 4: PRESCRIBED FIRE USE IN FORESTS OF THE OZARK 

HIGHLANDS: EFFECTS ON MINERAL SOIL CHEMICAL PROPERTIES 

AND NUTRIENT AVAILABILTIY 

Abstract –  

 Prescribed fire is increasingly used and studied in the Ozark Highlands to restore 

and maintain oak (Quercus spp.) and pine-oak (Pinus-Quercus) woodland ecosystems; 

however, few studies have focused solely on measuring fire impacts on soil properties. 

We utilized an established Joint Fire Science Program study site located in the Missouri 

Ozark Highlands to measure over time prescribed fire effects on organic and mineral soil 

horizons of Alfisols and Ultisols located on exposed slopes. The fire treatments applied to 

units with periodic burning (Burn) and units burned for the first time in recent history 

(New Burn) were generally within prescription and did not change soil moisture contents 

at the surface. Further, there were no significant differences among treatments in 

gravimetric soil moisture contents at the 0 to 10 cm depth during the duration of the 

study. Bulk soil chemical properties were also not different over time at the 0 to 10 cm, 

10 to 20 cm, and 20 to 30 cm depths. Continuous, in situ monitoring of soil solution 

nutrient availability using ion-exchange resins show greater overall NH4
+-N availability 

at 10 cm during the growing season for Burn treatment than New Burn and unburned 

treatments. Phosphate-phosphorous (PO4
3--P) availability during the growing season was 

significantly less at the 30 cm depth for Burn when compared to New Burn. In 

conclusion, prescribed fire did not adversely affect soil chemical properties of both burn 

treatments. Relative to unburned sites, a spike in nutrient availability following forest 

floor combustion and mineralization was not apparent across burned sites. It is likely that 
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fuel and soil moisture contents at the time of fire to protected from complete combustion 

of the forest floor and extreme heat flux into the mineral soil profile. However, the data 

suggest that periodic burning may be beginning to alter some chemical properties. It is 

possible changes to forest structure from continued, periodic burning may be promoting 

accelerated N cycling by altering stand microclimate. 

4.1 Introduction 

Woodland ecosystems are natural communities with canopies at 30 to 100 percent 

closure, an open understory at 10 to 50 percent coverage, and a dense, rich layer of 

herbaceous groundcover that is present throughout the growing season (Nelson et al., 

2010). They are managed by frequent but low-intensity fires that open up understories 

and allow a diverse floral groundcover to grow (Taft, 1997; Kinkead et al., 2013). It is 

estimated that 65% of the Ozark ecoregion was once covered with a range of woodland 

types prior to European settlement (Hanberry et al., 2014a). While woodlands no longer 

exist at the landscape scale, over 2.5 million ha have the potential to support restored 

woodland ecosystems (Nelson et al., 2010; Hanberry et al., 2014b). As such, government 

agencies, conservation organizations, and private land managers in the Ozark Highlands 

are increasingly using prescribed burning to meet a variety of objectives, including 

restoring woodland ecosystems (Nelson et al., 2010).  

Prescribed fire may influence forest productivity through short- and long-term 

changes to soil chemical properties or nutrient supply rates (Vose and Swank, 1993; 

Grigal, 2000; Johnson and Curtis, 2001; Certini, 2005). While many studies in the Ozarks 

have monitored how prescribed burning alters stand density, regenerates targeted woody 

species, diversifies ground flora, and influences the accumulation and decay of the forest 
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floor (Dey and Hartman, 2004; Kolaks et al., 2004; Stambaugh et al., 2006; Kinkead et 

al., 2013; Stevenson, 2016), very few have focused solely on measuring the effects of fire 

on soil chemical properties (Vance and Henderson, 1984; Eivazi and Bayan, 1996; 

Rhoades et al., 2004; Ponder et al., 2009). Therefore, it is uncertain how fire-promoted 

disturbance to the organic and mineral soil affects soil chemical properties and nutrient 

availability in this ecoregion.  

Unlike wildfires or slash burning, prescribed fires generally have a low impact on 

forest soils (Johnson and Curtis, 2001; Wang et al., 2012); however, fire intensity and 

severity during a burn event and the fire return interval ultimately controls the degree of 

alteration on soil properties indicative of soil quality (Certini, 2005; Hamman et al., 2008; 

Nave et al., 2011; Wang et al., 2012; Williams et al., 2012). While soil organic matter 

(SOM) combustion or pyrolysis starts at ca. 200 °C, some organic compounds or 

nutrients, such as nitrogen (N) and sulfur (S) begin to volatilize or vaporize as low as 100 

°C (Giovannini and Lucchesi, 1997; Baldock and Smernik, 2002; Gonzalez-Perez et al., 

2004; Knicker, 2007). Therefore, greater fuel and soil moisture contents at the time fire 

can protect surface and mineral SOM by decreasing the volume of forest floor consumed 

and buffering the amount of heat transferred into the mineral soil surface (Boerner et al., 

2000; Kreye et al., 2013; Badía et al., 2017). In contrast, the cumulative effect of 

continuous burning may impact nutrient cycling if the fire return interval maintains 

reduced aboveground biomass, decreases SOM, and alters soil moisture and temperature 

regimes (Phillips et al., 2000; Boerner and Brinkman, 2003; Hatten et al., 2008; Williams 

et al., 2012; Muqaddas et al., 2015). 
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The influence of a dormant-season burn on post-burn soil moisture and 

temperature regimes depends on the magnitude and duration of surface and soil 

temperatures experienced during the burn event (Neary et al., 1999). Following a burn 

event, decreased vegetative cover, loss of forest floor, changes to SOM, the formation of 

a water repellent layer in the soil can contribute to decreased soil moisture contents 

(Raison et al., 1986; Hubbert et al., 2006; Granged et al., 2011; Miesel et al., 2012; 

Cawson et al., 2016). The darkening of the surface from charred materials and reduced 

vegetative and forest floor coverage allows the forest floor to absorbs greater amounts of 

solar energy, which potentially increases soil temperatures and subsequently reduces soil 

moisture contents (Hobbs and Schimel, 1984; Raison et al., 1986; Iverson and 

Hutchinson, 2002; Hamman et al., 2008; Wait and Aubrey, 2014). Decreased SOM 

content or a change in SOM quality may also decrease water moisture holding capacity of 

the soil (Hubbert et al., 2006; Cawson et al., 2016). On the contrary, post-burn soil 

moisture contents may increase due to decreases in water demand and transpiration or 

increased SOM (Swift et al., 1993; Kennard and Gholz, 2001; Scharenbroch et al., 2012). 

While the effects of prescribed fire on soil moisture fluctuations are further exacerbated 

on xeric sites, long-term burning leads to more stabilized changes when decreased litter 

depths and SOM concentrations are maintained (Iverson and Hutchinson, 2002; 

Muqaddas et al., 2015).  

The potential for a soil to store nutrients on exchange sites is contingent upon clay 

content and SOM concentrations and the portion of exchange sites saturated by 

exchangeable bases (nonacid cations), called base saturation (BS), is controlled by 

exchangeable H+ activities (pHsalt; measured with 0.01 M CaCl2) (Johnson, 2002; Ross et 
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al., 2008). Changes to soil organic carbon (SOC) at the surface or for the whole profile 

are generally small from prescribed burning and a meta-analysis of fire studies suggest a 

possible increase in SOC after 10 years post-burn (Meinert et al., 1997; Johnson and 

Curtis, 2001). However, in the highly weathered, acidic soils of the Ozark Highlands, 

soils on backslopes are characterized as having low cation exchange capacities (CEC) 

with low to moderate BS (Meinert et al., 1997). Therefore, there is a concern for nutrient 

storage if greater fire temperatures or continuous burning reduces SOM stocks. 

Contrarily, post-fire increases in SOM from root mortality and the incorporation of 

surface OM, base cations, and other plant available nutrients from the ash layer could 

change soil chemical properties in a way that supports forest productivity (Boerner, 1982; 

Certini, 2005). 

Prescribed fire studies have captured changes in soil chemical properties and 

nutrient supply rates immediately post-burn, within one to two years following a burn 

event (short-term), and over time on sites with consistent burn regimes (long-term) 

(Vance and Henderson, 1984; Chorover et al., 1994; Guinto et al., 2001). Studies 

reporting post-burn increases in exchangeable nutrients found measured increases were 

mostly short-term (Nobles et al., 2009; Lavoie et al., 2010; Fontúrbel et al., 2016). 

Nutrients, such as N and S, that volatilize at lower temperatures are generally lost at 

concentrations proportional to the amount of organic materials combusted during the fire 

(Kauffman et al., 1994; Giovannini and Lucchesi, 1997; Certini, 2005). A meta-analysis 

of 76 studies comparing fire type in forest ecosystems led to the conclusions that there 

was no significant influence on soil N, a negative effect on microbial biomass N, and 

decreased N mineralization by prescribed fire with forest type as an influencing factor 
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(Wang et al., 2012). However, in other studies researchers reported an increase in 

available N immediately post-burn once organic N thermally mineralizes to ammonia 

(NH4
+) and then when the readily available NH4

+ pool is biologically transformed to NO3
- 

(Deluca and Zouhar, 2000; Wan et al., 2001; Trammell et al., 2004; Boerner et al., 2009; 

Nobles et al., 2009; Rau et al., 2009). Other nutrients, such as Ca, Mg, K, and P, require 

temperatures greater than those experienced during prescribed burns to vaporize; 

however, these nutrients may be lost from the site by convection during the fire event or 

post-burn wind or water erosion while remaining as ionic forms in the ash layer (Boerner, 

1982; Pereira et al., 2011).  

The cumulative supply rates of anions and cations in the soil solution, measured 

in situ by ion-exchange resins, are a function of bulk soil properties that control ion 

exchange, ion diffusion, dissolution/precipitation reactions, and the activities of 

competing ions (Qian and Schoenau, 2002; Essington, 2004). Measured supply rates also 

reflect nutrient availabilities in the presence of vegetative and microbial competition and 

changing soil conditions, such as soil moisture and temperature (Qian and Schoenau, 

2002). The number of ions released during prescribed burning depends on fuel quality 

and the mass and degree of forest floor consumption (Chorover et al., 1994; Michalzik 

and Martin, 2013; Bodí et al., 2014). Post-burn increases in soil solution nutrient 

concentrations may be immediate or observed over time and can be quickly reduced by 

vegetation and microbial uptake, especially during the growing season (Chorover et al., 

1994; Johnson et al., 1997; Deluca and Zouhar, 2000). In established forest stands, the 

intra-cycling of nutrients may be closely linked between the O horizon and forest 

vegetation where the majority of nutrients absorbed by tree roots are directly available in 
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the soil solution through microbial mineralization of the forest floor (Gessel et al., 1973; 

Dyck and Skinner, 1990; Chorover et al., 1994; Liechty et al., 2005; Neary and Leonard, 

2015). Perala and Alban (1982) found this relationship to be tighter on nutrient-poor 

soils. While forest productivity may benefit from a post-burn flush of nutrient ions, there 

is a concern for leaching losses, especially if increased nutrient flux is uncoupled from 

biological demand and nutrients are not stored on exchange site (Chorover et al., 1994; 

Johnson et al., 1997; Turner et al., 2011; Binkley and Fisher, 2012; Näthe et al., 2018).  

The long-term effects of prescribed burning suggest decreased nutrient 

availability due to changes to O horizon quality and quantity (Vance and Henderson, 

1984; Monleon et al., 1997), such stabilization of N in pyrogenic organic matter (OM) 

(De La Rosa and Knicker, 2011). The feedback loop between nutrient availability and 

surface OM may be exacerbated if repeated burning unfavorably alters soil and 

environmental conditions, such as soil moisture, soil temperature, and soil pH, and if 

changes in soil properties adversely affects microbial communities and enzymatic 

activities (Binkley et al., 1992; Eivazi and Bayan, 1996; Boerner and Brinkman, 2003; 

Hamman et al., 2008; Wait and Aubrey, 2014; Muqaddas et al., 2016). Nutrient supply 

rates may also be altered by decreases or increases in herbaceous plants, especially N-

fixing species (Johnson and Curtis, 2001; Hart et al., 2005; Mackenzie and Deluca, 

2006).   

 While fire effects on soil chemical properties are greatly influenced by fire 

severity, various literature reviews and meta-analyses interpret the short- and long-term 

effects of fire on soil properties to vary widely and be more closely determined by 

regional variables, such as ecosystem type, soil order, and local management (Grigal, 
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2000; Johnson and Curtis, 2001; Certini, 2005; Neary et al., 2005; Boerner et al., 2009; 

Nave et al., 2011). Understanding the short- and long-term responses of fire on soil 

biogeochemistry is essential for thoughtfully prescribing the conditions at the time of 

burning and the fire return interval in order to protect forest productivity (Vose and 

Swank, 1993; Neary et al., 1999; Grigal, 2000; Tiedemann et al., 2000; Craigg et al., 

2015). Therefore, the aim of this study was to monitor the impacts of low-severity, 

dormant-season fire on soil chemical properties and nutrient supply rates in the Ozark 

Highlands. Given the recently renewed application of prescribed fire for ecosystem 

management and the minimal knowledge about fire effects on forest soils in this region, 

the objectives of this study included measuring over time how prescribed fire applied to 

sites with differing burn history effects (1) chemical properties and exchangeable 

nutrients of the bulk mineral soil and (2) nutrient supply rates of the soil solution.  

4.2 Methods 

4.2.1 Site Description  

This study was conducted as part of a Joint Fire Science Program (JFSP) 

established in 2001 and located in the Ozark Highlands ecoregion near the town of 

Ellington, Missouri in Reynolds County (Fig. 4.1). The JFSP sites are on the steeply 

sloping landforms of the Oak-Pine Woodland/Forest Hills and Current River Pine-Oak 

Woodland Dissected Plain Land Type Associations. Historical climate averages (1981-

2010) calculated using data from a weather station at Clearwater Dam (201 m., Lat: 

37.1319ᵒ N, Lon: -90.7755ᵒ W) show an average annual precipitation at 120.9 cm, an 

average minimum winter temperature of -4.1ᵒ C, and an average maximum summer 

temperature of 25.1ᵒC (Arguez et al., 2012). Daily climate data was obtained from a 
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remote automatic weather station (RAWS; 427 m., Lat: 37ᵒ 10’ 50” N; Long: 91ᵒ 07’ 05” 

W) located about 16 km west of Ellington, Missouri in the Current River Conservation 

Area (Western Regional Climate Center, Accessed 01/28/2018).  

Soils found across all blocks were formed in hillslope sediments and residuum 

from interbedded sandstone and dolomite from the Roubidoux formation and cherty 

dolomite from the Gasconade formation. They contained large quantities of rock 

fragments and have reduced nutrient contents (Meinert et al., 1997; Nigh and Schroeder, 

2002). Soils on upper slope positions include the highly weathered Ultisols of the Poynor 

(loamy-skeletal over clayey, siliceous, semiactive, mesic Typic Paleudults), Clarksville 

(loamy-skeletal, siliceous, semiactive, mesic Typic Paleudults), and Scholton (loamy-

skeletal, siliceous, active, mesic, Typic Fragiudults) series. Alfisols occur on the lower 

Figure 4.1 Joint Fire Science Project sites within the Ozark Highlands at Logan 

Creek (Block 2) and Clearwater (Blocks 1 and 3) Conservation Areas (CA). 
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slope positions and include the Alred (loamy-skeletal over clayey, siliceous, semiactive, 

mesic Typic Paleudalfs) and Rueter (loamy-skeletal, siliceous, active, mesic Typic 

Paleudalfs) series (Soil Survey Staff, 2017). Appendix B provides more information 

about the characteristics of soils found at the JFSP sites.  

4.2.2 Experimental Design  

Treatment sites had no documented fire or management for 30 years prior to the 

onset of the study in 2001 and all stands were under second-growth, closed-canopied oak-

pine and oak-hickory forests (Kolaks et al., 2004). While broader study objectives 

include investigating the effects of prescribed fire on vegetation and fuel loading when 

managing for a woodland structure (Kolaks et al., 2004), we utilized the JFSP study sites 

to initiate a study of short- and long-terms effects of prescribed fire on forest floor and 

soil physical properties on exposed slopes (135° - 315°). 

The study included three 23-hectare sites managed by the Missouri Department of 

Conservation (MDC). Each site was designated as a complete statistical block; Block 1 

and Block 3 are located on Clearwater Conservation Area and Block 2 is located within 

the Logan Creek Conservation Area (Fig. 4.1). Elevations at treatment plots range from 

207 to 256 meters at Block 1 and Block 3 and from 250 to 317 meters at Block 2 (U.S. 

Geological Survey, 2016). 

4.2.3 Treatments 

Within blocks, treatment units approximately 2 hectares each were established 

and treatments included units burned periodically since 2002 (Burn) and units that had no 

recent fire or management (Control). The Burn units were included in dormant season, 
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prescribed burns in 2003 and 2005/2006 (Kolaks et al., 2004; Kinkead et al., 2013). 

During the winter of 2014, new treatment units (New Burn; < 2 ha) were selected to be 

burned for the first time in recent history and established on exposed aspects within each 

block (Fig. 4.2). The inclusion of New Burn units permitted a comparison of changes to 

the forest floor and in soil physical properties between sites that have a recent history of 

fire with those that do not. The New Burn treatment was intended to reveal short-term 

changes in organic horizons and soil physical properties following the first-time fire was 

applied to the forest after at least 40 years of fire suppression. Because of the time that 

had elapsed since the previous burn treatments (9 to 10 years), the JFSP study sites also 

permitted comparison of the historic Burn units with the Control units to infer the degree 

of recovery of the forest floor and soils during the fire-free interval. Additionally, 

Figure 4.2 Layout of unmanaged units (Control), units with recent history of fire 

(Burn), and units burned for the first time in recent history (New Burn) within each 

JFSP block. 
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comparison of New Burn and Burn treatments elucidated differences in responses due to 

differing burn histories.  

4.2.4 Fire Characteristics 

Prescribed fire treatments were applied to all three blocks the week of March 23-

31, 2015 by MDC personnel. The prescribed burn plans outlined environmental 

parameters that would facilitate low- to moderate-intensity fires for each block with the 

objective of consuming most of the leaf litter and fine woody fuels and killing 

approximately 50 percent of woody seedlings up to 2.5 cm in diameter. Observed 

parameters during each burn obtained for this report were documented on-site by MDC 

staff.   

Fire temperatures were recorded during each burn at one-second intervals using 

HOBO data loggers (HOBO UX-120-014M 4 Channel Thermocouple, Onset Computer 

Corp., Bourne, MA) and the method is described in detail in Chapters 2 of this thesis. 

Mineral soil temperatures at the 5 to 7 cm depth were measured and a small soil sample 

from the 0 to 10 cm depth was collected for soil moisture analysis the day before each 

burn and immediately following fire, once each site was safe to enter. Mineral soil 

moisture and temperature measurements were obtained from all three sampling sites 

within each treatment unit, including Control units. 

The prescribed fire treatments applied to each block were generally within 

prescription. The prescribed and observed parameters for each burn are presented in 

Table 4.2, which shows that relative humidity at the start of each burn at each block was 

higher than the prescribed range at the start of each burn. Mean maximum fire 
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temperatures (ᵒC) and the range of maximum temperatures measured within New Burn 

and Burn units are presented in Table 4.2. Additionally, Table A.1 of the appendix 

provides data on maximum fire temperatures recorded during each burn, including total 

duration that temperatures exceed 50, 100, 200, 400, and 600 ᵒC at each sampling site.  

 

 

 

Table 4.1 Comparison of prescribed and observed parameters during JFSP burns at three 

blocks between March 23 -31, 2015. 

Parameter Prescription  Observed  

    Block 1 Block 2 Block 3 

  range (ideal) start finish start finish start finish 

Temp (ᵒC) 7-18 (13) 11 26 19 27 13 27 

Mid-Flame Wind (m/s) 0-3.1 (1.3) 0.9-2.2 3.1-7.2 1.3 2.2-4.5 0.4-3.1 1.8-4.0 

Rel. Humidity (%) 25-45 (30) 81 31 56 30 51 18 

Wind Direction Any  NW NW SW SW N-NW NE 

Soil (0-10 cm)*               

Soil sampling Dates   3/30 3/31 3/22 3/23 3/29 3/30 

Soil Moisture (%)** --- 33 35 35 31 29 26 

Soil Temperatures 

(ᵒC)*** 
--- 10.3 13.7 9.4 13.3 6.8 13.4 

Burn Dates 
3/24 - 

3/28/2015 
3/31/2015 3/23/2015 3/30/2015 

*Avg. data collected from Burn and New Burn units on exposed slopes only (n=6 from each 

block). 

**Gravimetric soil moisture content 

***Soil temperature at the 5-7 cm depth  
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Table 4.2 Mean ± standard deviation (sd) of maximum temperatures (°C) and the range 

of maximum temperatures measured at New Burn (NB) and Burn (B) units during all 

three prescribed fires. 

      Max Temperature (°C) 

Position Trt n Mean (sd) Range 

10 cm 

Above 
NB 12 423 (134) 261 - 680 

B 12 284 (283) 27 - 839 

                

Soil surface NB 12 102 (77) 28 - 242 

B 12 60 (49) 29 - 185 

                

 

 

4.2.5 Sampling Protocol and Laboratory Analyses 

Each treatment unit contains three sampling sites. Sampling locations in the 

Control and Burn units coincided with the JFSP vegetative overstory plots (Kolaks, 

2004). There were no vegetative overstory plots in the newly established study units; 

therefore, the three sampling sites within each New Burn unit were randomly assigned. 

Bulk soil samples were collected from the 0 to10 cm, 10 to 20 cm, and 20 to 30 cm 

depths from each site. Sampling events are outlined in Appendix C and include: before 

prescribed fire in January 2015 (Pre-burn), immediately following fire in April 2015 

(Post-burn), six months post-burn at the end of the first growing season in October 2015 

(0.5-yr Post), one-year post-burn in April 2016 (1-yr Post), at the end of the second 

growing season in October 2016 (1.5-yr Post), and two-years post-burn in April 2017 (2-

yr Post). Upon return to the laboratory, samples from each sampling site were air-dried, 

sieved to ≤ 2 mm, and combined as equal portions into a composite sample representing 

each treatment unit. 
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The aqueous phase of the soil was continuously monitored in situ at four-week 

intervals for one year pre-burn and two years post-burn using cation- and anion-exchange 

resins directly buried at the 10 cm and 30 cm depths. See Table C.1b and c of the 

appendix for a complete list of in situ sampling intervals. 

4.2.5a Bulk Soil Chemistry 

Soil chemical properties were analyzed by the Soil Health Assessment Center 

(3600 New Haven Rd., University of Missouri, Columbia, MO) using standard methods 

outlined in the Kellogg Soil Survey Laboratory Methods Manual (Burt, 2014). Base 

cations (Ca2+, Mg2+, Na+, and K+) were extracted and effective CEC (CECe; cmolc kg-1) 

was determined with an unbuffered, neutral salt solution (1 N NH4Cl). The concentration 

(cmolc kg-1) of each extracted base was determined by atomic adsorption 

spectrophotometry (AA240FS; Varian; Mulgrave, Australia). Base saturation (BS) was 

calculated by dividing the sum of extractable bases (Base Sum) by CECe (Skinner et al., 

2001; Johnson, 2002; Burt, 2014). Exchangeable aluminum (EAl; cmolc kg-1 soil was 

determined using 1 N KCl solution at soil pH. Aluminum saturation (%Al) was calculated 

by dividing EAl by CECe. Neutralizable acidity (NA), or residual acidity, was measured 

using a barium chloride-triethanolamine (BaCl2 – TEA) solution buffered at pH 8.2, 

which approximates the pH that completely neutralizes soil hydroxyl-Al compounds, and 

includes all hydrogen (H+) and aluminum (Al3+) ions on pH-dependent sites and 

permanent exchange sites. The active (pH) and the extractable (pHsalt) H
+ activities were 

measured by pH-reference electrode using 1:1 soil-water solution and 1:2 soil-salt 

solution (with 0.01 M CaCl2), respectively. Total nitrogen (TN; g kg-1 soil) was 

determined by loss-on-ignition (LECO FP-528; LECO corp.; St. Joseph, MI).  
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4.2.5b Soil solution analyses 

Bioavailable nutrient flux in the soil profile was monitored in situ using cation- 

and anion-exchange probes that capture free ions through electrostatic attraction (Plant 

Root Simulator probes, PRS™; Western Ag. Innovations Inc., Saskatoon, SK, Canada). 

The PRSTM probes are designed with an ion-exchange resin sheet that simulates the 

exchange reactions of plant roots. The resin sheets are framed by a plastic support; are 15 

cm in length, 3 cm wide, and 0.5 cm thick; are made of a cross weaving of polystyrene 

and divinlybenzene; and are fixed with ions considered to be non-specific ion exchangers 

(Fig. 4.3). The charged membrane surfaces are saturated with counter ions that have a 

small valence and a large hydrated diameter so they are easily displaced. Cation probes 

(purple) are fixed with resin-sulfonic acid (R-SO3
-) and saturated with Na+ ions; Anion 

probes (orange) are fixed with resin-quaternary ammonium (R-NH4
+) and saturated with 

Figure 4.3 Plant root simulator (PRS) probes designed with ion-exchange resins were 

used for in situ monitoring of anions (orange) and cations (purple) in the soil solution 

(Western Ag, Accessed 12/17/2013). 
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bicarbonate (HCO3
-) and ethylenediaminetetraacetate (EDTA) ions. The displacement of 

the counter-ions depends on the activities and diffusion rates of ions in the soil solution 

(Western Ag, Accessed 12/17/2013). 

 During the winter of 2014, three pits per treatment unit were each 

excavated to a depth of 40 cm. A pair of PRSTM probes (1 cation and 1 anion) was coated 

with a soil paste, which was created by saturating soil from the corresponding depth with 

deionized water, and horizontally inserted into the upper slope wall of the soil pit at 10 

cm and 30 cm depths. Soil pits were covered with a linoleum material. Nutrient probes 

were initially installed on April 17, 2014 for continuous, pre-burn monitoring at four-

week intervals. Probe monitoring was halted on January 25, 2015, in preparation of the 

prescribed fire treatments and were re-installed on April 3, 2015 after the fire treatments 

were completed. Post-burn monitoring of soil solution nutrients using ion exchange 

membranes continued at four-week intervals for two years. Each time probes were 

removed from the soil pit wall, new probes were immediately installed in the same slot. 

To help explain the activities of ions in solution, a small soil sample was collected from 

the 0 to 10 cm depth at each pit site at every probe-exchange for gravimetric 

determination of soil moisture. 

Upon returning to the laboratory, the used PRS probes were washed with ultra-

purified water and the three pairs of probes from each treatment unit were combined to 

generate a single sample for each corresponding depth. All used and unused probes were 

stored in a refrigerator at 4 ᵒC. Probe samples were shipped overnight with icepacks to 

Western Ag. Innovations for analysis (Hangs et al., 2004). Complete analysis of each 

sample included: total inorganic N (TIN), ammonium-nitrogen (NH4
+-N ), nitrate-
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nitrogen (NO3
--N), phosphate-phosphorus (PO4

3--P), sulfate-sulfur (SO4
2--S), aluminum 

(Al3+), calcium ( Ca2+), magnesium (Mg2+), potassium (K+), zinc (Zn2+), copper (Cu2+), 

manganese (Mn2+), iron (Fe3+), and lead (Pb2+). Nutrient concentrations for each ion are 

reported by Western Ag. Innovations as μg/10cm2/28 days. Before leaving the laboratory 

for each probe exchange, 3 anion and 3 cation probes were removed from the bulk supply 

and stored separately until being submitted with each set of samples as blanks. Results 

from each set of samples were adjusted for ion concentrations measured from the unused 

blanks before statistical analysis. Because probes are initially coated with a wet soil paste 

in order to ensure direct soil contact when inserted into the soil profile, some readily 

available ions are immediately captured. Therefore, the final supply rates for each burial 

period represent the initially adsorbed ions and the additional ions adsorbed over the 

four-week period, which will reflect site and treatment differences. 

The soils studied are medium- to low-nutrient soils; therefore, four-week burial 

periods were assumed to be sufficient time for exchange resins to act as a sink and 

measure nutrient flux before becoming dynamic exchangers. Ion concentrations were 

summed by season and presented as total nutrient availability (μg/10cm2/season) during 

the growing season (April – October) and dormant season (October – April), which 

coincide with annual leaf-out and senescence events in the Ozark Highlands. Results 

from burial periods are often presented as nutrient supply rates; however, in the presence 

of biological and chemical competition, results are more appropriately interpreted as 

differences in nutrient availability between treatments at a given time interval (Qian and 

Schoenau, 2005). 
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 Climate data was obtained from RAWS were also used to help interpret changes 

in nutrient supply rates. Daily maximum, minimum, and average air temperatures within 

each PRSTM probe burial period were used to generate four-week averages. Precipitation 

during each burial period was summed as total precipitation during each four-week 

interval and total precipitation for each growing and dormant season.  

4.2.6 Data analysis 

Study results were analyzed using general linearized mixed models to examine 

the fixed effects of treatment (Burn, New Burn, Control) over time (bulk soil: pre-burn 

2015 and post-burn 2015 through 2017 at six-month intervals; soil solution: growing and 

dormant seasons from one year pre-burn and two years post-burn) and with depth (bulk 

soil: 0-10 cm, 10-20 cm, 20-30 cm; soil solution: 10 cm and 30 cm). Blocks were treated 

as random effects. The UNIVARIATE procedure was first used to determine distribution. 

We used the GLIMMIX procedure (SAS version 9.3, SAS institute, Inc, Cary, NC) to 

conduct an analysis of variance (ANOVA) on balanced data. We tested the hypotheses 

that there was no main effect of treatment or time and no interaction effect between 

treatment and time on response variables. Residuals were further analyzed using PROC 

UNIVARIATE to check for normal distribution with the Pearson residual test and PROC 

MIX to test the hypothesis that variances were equally distributed with Levene’s Test.  

Response variables include a suite of soil chemical properties and nutrient 

concentrations from the bulk soil and the soil solution. Result means were compared 

using the Tukey-Kramer test for multiple comparisons at the pre-specified level (α = 

0.05). Some response variables were analyzed from a composite sample and others were 
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analyzed with sub-samples from each treatment unit. The following SAS models were 

used in the GLIMMIX procedure for the different sampling scenarios: 

With time and sub-samples -  

Class treatment time block replicate 

Model response = treatment | time 

Random intercept / subject=block group=treatment 

Random replicate / subject = block 

Random time / type=ARH (1) subject=replicate*treatment (block) residual 

With time and no sub-samples - 

Class treatment time block  

Model response = treatment | time 

Random intercept / subject=block group=treatment 

Random time / type=ARH (1) subject=treatment*block residual 

With no sub-samples and no time -  

Class treatment block  

Model response=treatment 

Random intercept / subject=block group=treatment 

The ‘group=option’ was included in SAS coding so the model would calculate a separate 

covariance parameter for each treatment. In some cases, the standard errors for each 

covariate were almost as large at the estimated sum of squares and were largely different 

from one another. This is likely the case when there were small sample sizes (n=3) per 

treatment for each time interval. In cases when only one mean is provided for each 

treatment unit, the SAS model was too complex for the data and the assumption of 

variance homogeneity was not met (p < 0.05) for treatment or time. In these instances, the 

code was adjusted in one of two ways: 1) the ‘group=trt’ option in the random statement 
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was removed, or 2) the ‘h’ was removed from the ‘arh(1)’ code, which indicated a 

heterogeneous variance in the repeated measures statement.  

4.3 Results 

4.3.1 Precipitation and Air Temperatures 

Average daily air temperature, maximum daily air temperature, minimum daily 

air temperature, and total precipitation values were retrieved from the nearby RAWS. Air 

temperatures were averaged and precipitation amounts were summed for each four-week 

sampling interval and are graphed in Figure 4.4. Precipitation totals during the growing 

and dormant season for one year prior to fire treatment and for two post-burn years are 

presented in Table 4.3 and Figure 4.5. Average air temperatures during the growing 

season were similar across all three years. However, the average air temperature during 

the dormant season was 2 to 3.2 degrees (°C) colder during the pre-burn year than the 

two post-burn years.  

Total annual precipitation during the Pre-burn year (108.7 cm) was below the 

long-term average for the area of 120.9 cm that was measured by the weather station at 

Clearwater Dam. Total annual precipitation for the two post-burn years were above 

normal. Total precipitation during the 1st-yr Post growing season (79.9 cm) was less than 

the 2nd-yr Post growing season (95.3 cm); total precipitation during the 1st-yr Post 

dormant season (61.4 cm) was greater than the 2nd-yr Post (36.2).   

4.3.2 Soil Moisture Content 

There was no treatment effect on gravimetric soil moisture contents at the 0 to 10 

cm depth when analyzed between all sampling events (n=360) or when compared within 
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growing (n=207) or dormant (n=144) seasons (α=0.05; Table 4.4). The main effect of 

time was significant for all comparisons. The interaction effect was only significant 

during the dormant season (p=≤0.001) and marginally significant across all sampling 

events (p=0.082). However, according to Tukey Kramer pairwise comparisons, there 

were no significant differences among treatment at a given time interval. Significant 

differences during the dormant season were overtime within each treatment. Figure 4.6 

compares mean moisture contents between treatments at each four-week sampling 

interval.  
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Figure 4.4 Total precipitation (cm) and average, average maximum, and average 

minimum air temperatures (ᵒC) measured over 4-week durations by a nearby remote 

automatic weather station (RAWS). Climate date is a) for one year before the prescribed 

fire and during the b) first and c) second post-burn years. Each 4-week period coincides 

with an ion exchange probe burial/removal event. Growing and dormant season sampling 

is indicated on each graph. 
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Table 4.3 Average air temperature (°C), average maximum air temperature, average 

minimum air temperature, and total precipitation collected from the nearby remote 

automatic weather station (RAWS) during pre-burn and post-burn growing and dormant 

seasons. 

Year Season Date Range 

Avg. 

Air 

Temp 

Avg. 

Max Air 

Temp 

Avg. 

Min Air 

Temp Precip 

      (°C) (°C) (°C) (cm) 

2014 Growing 04/17/2014 - 10/05/14 21.4 28.6 15.3 52.3 

2014/2015 Dormant 10/06/2014 - 04/02/2015 5.4 11.4 0.2 56.4 

2015 Growing 04/03/2015 - 10/14/2015 20.7 27.6 15.1 79.9 

2015/2016 Dormant 10/15/2015 - 03/31/216 7.4 14.3 1.6 61.4 

2016 Growing 04/01/2016 - 10/12/2016 21.1 28.1 15.5 95.3 

2016/2017 Dormant 10/13/216 - 04/12/2017 8.6 15.2 2.7 39.2 
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Figure 4.5 Total precipitation (cm) total precipitation collected from the remote 

automatic weather station (RAWS) near JFSP sites during each growing and dormant 

season one year before prescribed fire (Pre-burn) and two years post-burn (1st yr. Post; 

2nd yr. Post). 
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Table 4.4 Type 3 Fixed Effect, evaluating treatment (trt), time, and the interaction of 

treatments with time (trt*time) on gravimetric soil moisture content (%) at the 0 to 10 cm 

depth for one year before the prescribed fire treatments and two years following fire. 

Values were analyzed by growing and dormant seasons and all together (All). Treatments 

include Control units, units burned for the first time in recent history (New Burn), and 

units with recent periodic fire (Burn). All values were normally distributed. 

 

    Time 

Depth Source Growing  Dormant All 

0-10 

cm 

  - - - - - - -p-values- - - - - - -  

trt 0.988 0.5247 0.9137 

time <.0001 <.0001 <.0001 

  trt*time 0.8777 0.0002 0.0821 
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Figure 4.6 Mean gravimetric soil moisture (SM) content of 0 to 10 cm depth from 

control (C), new burn (NB), and burn (B) treatment units. Samples were collected at four-

week intervals a) before the prescribed fire treatment, b) immediately before and after the 

prescribed burn, during the first post-burn year, and c) during the second post-burn year. 

Growing and dormant season sampling is indicated on each graph. There were no 

significant differences in mean gravimetric SM content among treatments at a given 

sampling event (α=0.05). Error bars represent a 5 to 95% confidence interval. 
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4.3.3 Bulk Soil Chemical Properties 

Overall, there was no effect of treatment or treatment x time interaction with the 

response variables pH, pHsalt, NA, CECe, BS, Al3+, Ca2+, Mg2+, K+, Base Sum, and TN at 

the 0 to 10 cm, 10 to 20 cm, and 20 to 30 cm depths (α=0.05; Tables 4.5a-b). The main 

effect of time was significant for a variety of variables at each depth. At 0 to 10 cm, time 

was significant for pH and K+ (p=0.024 and p=0.018, respectively). At 10 to 20 cm, time 

was significant for pH and TN (p=≤0.001 and p=≤0.001, respectively). And, at 20 to 30 

cm, time was significant for pHsalt, NA, CECe, Mg2+, K+, and TN (p=0.024, p=0.011, 

p=0.038, p=0.035, p=0.001, and p=≤0.001, respectively). Tables I.1a to I.1f of the 

appendix and Figures 4.7 to 4.15 compare all dependent variables between treatments and 

across all sampling events for each sampled depth.  

 Among all treatments and sampling events, the range of mean values of 

dependent variables at the respective 0 to 10 cm, 10 to 20 cm, and 20 to 30 cm depths 

include: pH 4.9 to 5.4, 5.0 to 5.4, and 5.0 to 5.3; pHsalt 4.3 to 4.8, 4.2 to 4.7, and 4.2 to 

4.6; NA at concentrations of 6.3 to 9.2 cmolc kg-1, 4.9 to 6.1 cmolc kg-1, and 3.7 to 5.8 

cmolc kg-1; CECe values of 4.3 to 7.4 cmolc kg-1, 3.1 to 5.8 cmolc kg-1, and 2.9 to 6.1 

cmolc kg-1; percent BS at 29 to 60%; 14 to 38%, and 13 to 31%; exchangeable Al+3 

concentrations of 0.2 to 1.8 cmolc kg-1, 0.5 to 1.2 cmolc kg-1, and 0.7 to 1.5 cmolc kg-1; 

exchangeable Ca+2 concentrations of 0.9 to 2.8 cmolc kg-1, 0.2 to 1.3 cmolc kg-1, and 0.1 

to 0.8 cmolc kg-1; exchangeable Mg2+ concentrations of 0.3 to 0.7 cmolc kg-1, 0.2 to 0.4 

cmolc kg-1, and 0.2 to 0.5 cmolc kg-1; exchangeable K+ concentrations of 0.1 to 0.3 cmolc 

kg-1, Sum Bases concentrations of 1.6 to 3.5 cmolc kg-1, 0.5 to 1.8 cmolc kg-1, and 0.5 to 
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1.3 cmolc kg-1; and TN concentrations of 0.9 to 1.4 g kg-1, 0.1 to 0.8 g kg-1, and 0.3 to 0.5 

g kg-1 (Table I.1a – f). 

 

 

 

 

Table 4.5 Type 3 Tests of Fixed Effects, evaluating treatment (trt), time, and the 

interaction of treatment and time (trt*time) on dependent variables at 0 to 10 cm, 10 to 20 

cm, and 20 to 30 cm depths. Dependent variables include a) the activity of exchangeable 

acidity (pHsalt and H+
salt), the activity of hydrogen ions in solution (pH and H+), 

neutralizable acidity (NA), effective cation exchange capacity (CECe), base saturation 

(BS); and b) aluminum saturation (%Al), exchangeable aluminum (Al3+), exchangeable 

calcium (Ca2+), exchangeable magnesium (Mg2+), exchangeable potassium (K+), the sum 

of bases (Base Sum), and total nitrogen (TN) sampled before the prescribed fire (Pre-

burn), immediately following the fire treatment (Post-burn), 0.5-year post-burn (0.5-yr 

Post), one-year post-burn (1-yr Post), 1.5-years post-burn (1.5-yr Post), and two-years 

post-burn (2-yr Post) in Control, New Burn, and Burn treatments. Statistically significant 

main or interaction effects (p <0.05) are noted in bold. 

a) 

Depth Source pHsalt (H+)salt pH (H+) NA CECe BS 

     - - - - - - - - - - - - - - - - - - - p-values - - - - - - - - - - - - - - - - - - - -  

0-10 cm trt 0.2162 0.3398 0.5346 0.5346 0.5488 0.6078 0.3664 

  time 0.9674 0.3581 0.0243 0.0243 0.1376 0.1631 0.5746 

  trt*time 0.1511 0.1022 0.1534 0.1534 0.101 0.7472 0.5451 

10-20 cm trt 0.6803 0.8372 0.7296 0.749 0.6436 0.8806 0.5194 

  time 0.2808 0.0978 0.0071 0.032 0.3027 0.1134 0.8865 

  trt*time 0.3184 0.3075 0.5283 0.5015 0.5839 0.268 0.3697 

20-30 cm trt 0.5788 0.6487 0.755 0.9044 0.9815 0.6354 0.3951 

  time 0.0244 0.0577 0.2896 0.1904 0.0111 0.0384 0.4251 

  trt*time 0.1536 0.1066 0.6117 0.2402 0.7877 0.4271 0.4455 
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(Table 4.5 continued) 

b) 

Depth Source %Al Al3+ Ca2+ Mg2+ K+ 
Base 

Sum 
TN 

      - - - - - - - - - - - - - - - - - - - p-values - - - - - - - - - - - - - - - - - - - - -  

0-10 

cm trt 
0.1014 0.1521 0.1894 0.5597 0.1512 0.2586 0.6771 

  time 0.1926 0.1226 0.3805 0.3023 0.0180 0.5109 0.1208 

  trt*time 0.8171 0.1565 0.8614 0.9414 0.4961 0.8551 0.3559 

10-20 

cm trt 
0.6388 0.7750 0.4163 0.9998 0.3409 0.5987 0.7106 

  time 0.2716 0.1184 0.8258 0.1049 0.3681 0.4754 0.0007 

  trt*time 0.3434 0.6975 0.3078 0.4484 0.6432 0.2062 0.1785 

20-30 

cm trt 
0.5236 0.5811 0.7517 0.8592 0.9858 0.6490 0.8913 

  time 0.4673 0.2859 0.2346 0.0347 0.0010 0.4272 0.0004 

  trt*time 0.5851 0.7438 0.3295 0.8063 0.9363 0.5944 0.8486 
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Figure 4.7 Comparison of mean active acidity as the activity of hydrogen ions (H+) and 

the corresponding pH measured at the a) 0 to 10 cm, b) 10 to 20 cm, and c) 20 to 30 cm 

depths. Samples were collected before the prescribed fire treatment (Pre-burn), 

immediately following the fire (Post-burn), 0.5 years following fire (0.5-yr Post), one 

year following the fire (1-yr Post), 1.5 years following fire (1.5-yr Post), and two years 

following the fire (2-yr Post) from Control (C), New Burn (NB), and Burn (B) 

treatments. Thick bars represent median values and error bars represent the 5 to 95% 

confidence interval. There were no significant differences among treatments at a given 

time interval or within a treatment across time for each depth increment (p<0.05). 
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Figure 4.8 Comparison of mean exchangeable acidity as the activity of hydrogen ions 

(H+
salt) and the corresponding pHsalt measured at the a) 0 to 10 cm, b) 10 to 20 cm, and c) 

20 to 30 cm depths. Samples were collected before the prescribed fire treatment (Pre-

burn), immediately following the fire (Post-burn), 0.5 years following fire (0.5-yr Post), 

one year following the fire (1-yr Post), 1.5 years following fire (1.5-yr Post), and two 

years following the fire (2-yr Post) from Control (C), New Burn (NB), and Burn (B) 

treatments. Thick bars represent median values and error bars represent the 5 to 95% 

confidence interval. There were no significant differences among treatments at a given 

time interval or within a treatment across time for each depth increment (p < 0.05). 
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Figure 4.9 Comparison of mean effective cation exchange capacity (CECe) measured at 

the a) 0 to 10 cm, b) 10 to 20 cm, and c) 20 to 30 cm depths. Samples were collected 

before the prescribed fire treatment (Pre-burn), immediately following the fire (Post-

burn), 0.5 years following fire (0.5-yr Post), one year following the fire (1-yr Post), 1.5 

years following fire (1.5-yr Post), and two years following the fire (2-yr Post) from 

Control (C), New Burn (NB), and Burn (B) treatments. Thick bars represent median 

values and error bars represent the 5 to 95% confidence interval. There were no 

significant differences among treatments at a given time interval or within a treatment 

across time for each depth increment (p < 0.05). 
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Figure 4.10 Comparison of mean base saturation (%) at the a) 0 to 10 cm, b) 10 to 20 cm, 

and c) 20 to 30 cm depths. Samples were collected before the prescribed fire treatment 

(Pre-burn), immediately following the fire (Post-burn), 0.5 years following fire (0.5-yr 

Post), one year following the fire (1-yr Post), 1.5 years following fire (1.5-yr Post), and 

two years following the fire (2-yr Post) from Control (C), New Burn (NB), and Burn (B) 

treatments. Thick bars represent median values and error bars represent the 5 to 95% 

confidence interval. There were no significant differences among treatments at a given 

time interval or within a treatment across time for each depth increment (p < 0.05). 
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Figure 4.11 Comparison of mean exchangeable aluminum (Al3+) concentrations (cmolc 

kg-1) at the a) 0 to 10 cm, b) 10 to 20 cm, and c) 20 to 30 cm depths. Samples were 

collected before the prescribed fire treatment (Pre-burn), immediately following the fire 

(Post-burn), 0.5 years following fire (0.5-yr Post), one year following the fire (1-yr Post), 

1.5 years following fire (1.5-yr Post), and two years following the fire (2-yr Post) from 

Control (C), New Burn (NB), and Burn (B) treatments. Thick bars represent median 

values and error bars represent the 5 to 95% confidence interval. There were no 

significant differences among treatments at a given time interval or within a treatment 

across time for each depth increment (p < 0.05). 
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Figure 4.12 Comparison of mean exchangeable calcium (Ca2+) concentrations (cmolc    

kg-1) at the a) 0 to 10 cm, b) 10 to 20 cm, and c) 20 to 30 cm depths. Samples were 

collected before the prescribed fire treatment (Pre-burn), immediately following the fire 

(Post-burn), 0.5 years following fire (0.5-yr Post), one year following the fire (1-yr Post), 

1.5 years following fire (1.5-yr Post), and two years following the fire (2-yr Post) from 

Control (C), New Burn (NB), and Burn (B) treatments. Due to a wider range in values, 

the scale for the 0 – 10 cm depth differs from the scales shown for the 10 -20 cm and 20-

30 cm depths. Thick bars represent median values and error bars represent the 5 to 95% 

confidence interval. There were no significant differences among treatments at a given 

time interval or within a treatment across time for each depth increment (p < 0.05). 
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Figure 4.13 Comparison of mean exchangeable magnesium (Mg2+) concentrations (cmolc 

kg-1) at the a) 0 to 10 cm, b) 10 to 20 cm, and c) 20 to 30 cm depths. Samples were 

collected before the prescribed fire treatment (Pre-burn), immediately following the fire 

(Post-burn), 0.5 years following fire (0.5-yr Post), one year following the fire (1-yr Post), 

1.5 years following fire (1.5-yr Post), and two years following the fire (2-yr Post) from 

Control (C), New Burn (NB), and Burn (B) treatments. Thick bars represent median 

values and error bars represent the 5 to 95% confidence interval. There were no 

significant differences among treatments at a given time interval or within a treatment 

across time for each depth increment (p < 0.05). 
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Figure 4.14 Comparison of mean exchangeable potassium (K+) concentrations (cmolc   

kg-1) at the a) 0 to 10 cm, b) 10 to 20 cm, and c) 20 to 30 cm depths. Samples were 

collected before the prescribed fire treatment (Pre-burn), immediately following the fire 

(Post-burn), 0.5 years following fire (0.5-yr Post), one year following the fire (1-yr Post), 

1.5 years following fire (1.5-yr Post), and two years following the fire (2-yr Post) from 

Control (C), New Burn (NB), and Burn (B) treatments. Thick bars represent median 

values and error bars represent the 5 to 95% confidence interval. There were no 

significant differences among treatments at a given time interval or within a treatment 

across time for each depth increment (p < 0.05). 
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Figure 4.15 Comparison of mean total nitrogen (TN) concentrations (g kg-1) at the a) 0 to 

10 cm, b) 10 to 20 cm, and c) 20 to 30 cm depths. Samples were collected before the 

prescribed fire treatment (Pre-burn), immediately following the fire (Post-burn), 0.5 years 

following fire (0.5-yr Post), one year following the fire (1-yr Post), 1.5 years following 

fire (1.5-yr Post), and two years following the fire (2-yr Post) from Control (C), New 

Burn (NB), and Burn (B) treatments. Thick bars represent median values and error bars 

represent the 5 to 95% confidence interval. There were no significant differences among 

treatments at a given time interval or within a treatment across time for each depth 

increment (p < 0.05).  
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4.3.4 Soil Solution 

During one year prior to the prescribed fire treatments, there were no significant 

treatment effects on the cumulative supply rate of anions and cations over the growing 

season, dormant season, and for annual totals at the 10 cm and 30 cm depths (α=0.05; 

Table 4.6a-b). A marginal effect of treatment on Pb2+ occurred at 10 cm during the 

dormant season (p=0.052). Seasonal and annual mean values of each analyte for each 

treatment are presented in Table I.2a and I.2b of the appendix. Mean values between 

depths were not evaluated. Since seasonal supply rates are summed from each four-week 

interval, pre-burn dormant season values cannot be compared with post-burn due because 

soil solution monitoring did not occur during February or March while sites were being 

prepared for fire treatments.  

While there is insufficient evidence to show significant differences, there are 

some remarkable differences between treatments during the pre-burn growing season. 

Mean cumulative supply rate of TIN at the 10 cm depth ranged from 28 to 36 μg TIN 

/10cm2/ growing season (Table I.2a). The portion of TIN as NH4
+-N was 42% for Control 

and New Burn and 50% for Burn. At the 30 cm depth, TIN availability increased for 

Control and New Burn due to greater NH4
+-N supply (and greater standard errors), which 

more than doubled for Control and tripled for New Burn. Inorganic nitrogen availability 

for Burn slightly decreased at 30 cm and NH4
+-N remined 50% of the TIN supply. 

However, the mean supply rate ± standard error of Ca2+ for Burn at 10 cm was 3470 ± 

984 μg Ca2+/10cm2/ growing season. Supply rates for Control and New Burn were about 

half the amount of Burn and were 1897 ± 483 μg Ca2+/10cm2/ growing season and 1389 
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± 445 μg Ca2+/10cm2/ growing season, respectively. Calcium availability for each 

treatment decreased with depth, but the relative portions were about the same.  

 Supply rates monitored for two years post-burn (1st-yr Post, 2nd-yr Post) were 

analyzed for treatment, time, and interaction effects on cumulative growing season, 

dormant season, and total annual values (α=0.05; Table 4.7a-b). There were no 

interaction effects on ion availability during the growing season at the 10 cm depth; but, 

there was a treatment effect on TIN and NH4
+-N (p=0.023 and p=0.017, respectively). 

The average Burn TIN and NH4
+-N supply rates of 41.4 and 21.6 μg N /10cm2/ growing 

season, respectively, were significantly greater than New Burn and Control treatments 

(New Burn: p=0.042 and p=0.021; Control: p=0.026 and p=0.015; Fig.4.16, Fig.4.17 and 

Table I.3a). Additionally, the main effect of time was significant for Al3+, Mn2+, and Zn2+ 

(p=≤0.001, p=0.026, and p=0.015, respectively). Growing season mean supply rates for 

Al3+, Mn2+, and Zn2+ were greater the 2nd-yr Post than the 1st-yr Post (p=≤0.001, p=0.026, 

and p=0.015, respectively). 

During the growing season at the 30 cm depth, there was a treatment effect on 

Zn+2 (p=0.040) and an interaction effect on PO4
3- -P (p=0.013). Average cumulative 

supply rates of Zn+2 between both growing seasons were significantly greater for Burn 

than New Burn treatments (p=0.042). The significant difference in PO4
3- -P availability 

occurred between New Burn and Burn treatments during the 2nd-yr Post growing season 

(Fig. 4.19a and Table I.3c). Mean cumulative supply rate ± standard error for New Burn 

was 7 ± 1 μg PO4
3--P /10cm2/ growing season and for Burn was 2 ± 0.3 μg PO4

3--P 

/10cm2/ growing season. While neither were different from Control, the greater value for 

New Burn than Burn was significant at p=0.001. Additionally, the 2nd-yr Post New Burn 
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rates were nominally greater than 1st-yr Post New Burn values, which were 4 ± 1μg PO4
3-

-P /10cm2/ growing season (p=0.0586). The main effect of time was significant for Ca2+, 

Cu2+, and Zn2+ (p=0.033, p=≤0.001, and p=≤0.001, respectively). Mean supply rate for 

Cu2+ was greater 1st-yr Post (p=≤0.001), and mean supply rates for Ca2+ and Zn2+ were 

greater the 2nd-yr Post (p=0.033 and p=≤0.001, respectively).  

During the two post-burn dormant seasons, there were no interaction effects on 

ion availability at the 10 cm and 30 cm depths. However, at the 10 cm depth, there was a 

main treatment effect on K+ (p=0.045), and time was a significant factor for Al3+, Pb2+, 

and Cu2+ (p=≤0.001, p=0.002, and p=0.007, respectively). Mean cumulative supply rates 

of K+ between the two years were significantly greater for New Burn than Control 

treatments (p=0.044). Mean supply rates for Pb2+ and Cu2+ were greater the 1st-yr Post 

(p=0.002 and p=0.023, respectively), and mean cumulative supply rate for Al3+ was 

greater during the 2nd-yr Post dormant season (p=0.0001). 

At the 30 cm depth during the dormant seasons, the effect of treatment was 

significant for Fe3+ (p=0.004), and time was significant for Al3+, K+, Pb2+, Cu2+, PO4
3--P, 

and SO4
2--S (p=0.007, p=0.027, p=0.005, p=0.014, p=0.023, and p=0.032, respectively). 

Overall, the mean cumulative supply rate for Fe3+ was significantly greater for Control 

and Burn treatments than New Burn treatment (p=0.006 and 0.008, respectively). The 

mean supply rates between the dormant seasons was significantly greater for K+, Pb2+, 

Cu2+, and SO4
2- -S during the 1st-yr Post (p=0.027, p=0.005, p=0.014, and 0.032, 

respectively), and mean supply rates were greater for Al3+ and PO4
3--P during the 2nd-year 

Post (p=0.007 and p=0.023, respectively). 
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The availability of each ion in solution was also analyzed as a total cumulative 

annual supply rate between the two post-burn years and are presented in Table 4.7a and 

4.7b and Figures I.1 to I.7 of the appendix. At the 10 cm depth, there was a treatment 

effect on K+ (p=0.042). Mean annual supply rate for K+ was greater for New Burn than 

Control treatments (p=0.038; Fig.H.3b). A time effects was significant for Al3+, Pb2+, 

Cu2+, and Zn2+ availability (p ≤0.001, p = 0.014, p ≤0.0001, and 0.017, respectively). 

Mean annual cumulative supply rates for Pb2+ and Cu2+ were greater the 1st-yr Post (p= 

0.014 and p=≤0.0001, respectively), and mean annual cumulative supply rates for Al3+ 

and Zn2+ were greater the 2nd-yr Post (p <0.001 and p=0.017, respectively). An interaction 

effect was also significant for Cu2+ (p=0.038). When comparing the difference between 

treatment means between the two post-burn years, a mean cumulative supply rate of 6.2 

μg Cu2+ /10cm2/ year for Control during the 1st-yr Post was significantly greater than the 

2nd-yr Control supply rates (p=0.002), which was 1.6 μg Cu2+ /10cm2/ year (Table I.3d 

and Figure I.5b).  

At the 30 cm depth, there was no treatment effect on cumulative annual ion 

supply rates. However, time was significant for Al3+, Cu2+, and Zn2+ (p=0.031, 

p=≤0.0001, and p=0.0001, respectively). Similar to the 10 cm depth, mean annual supply 

rates for Cu2+ was greater the 1st-yr Post (p≤0.0001), and mean annual supply rates for 

Al3+ and Zn2+ were greater the 2nd-yr Post (p=0.031 and p=0.0001, respectively). 
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Table 4.6 Type 3 of Fixed Effects, evaluating treatment (trt) on seasonal (growing, dormant) and annual totals of nutrient flux at the 

10 cm and 30 cm depths for one year before prescribed fire (Pre-burn). Treatments include Control units, units burned for the first 

time in recent history (New Burn), and units with recent periodic fire (Burn), and dependent variables include a) total inorganic 

nitrogen (TIN), ammonium-nitrogen (NH4
+-N), nitrate-nitrogen (NO3

--N), calcium (Ca2+), magnesium (Mg2+), potassium (K+), 

aluminum (Al3+), and b) phosphate (PO4
3--P) , sulfate (SO4

2--S), iron (Fe3+), lead (Pb2+), manganese (Mn2+), copper (Cu2+), and zinc 

(Zn2+). Values for each dependent variable were lognormally distributed, except where a ' †' indicates a normal distribution. 

 

a) 

Time Depth Source TIN NH4
+-N NO3

--N Ca2+ Mg2+ K+ Al3+ 

   - - - - - - - - - - - - - - - - - - - - -p-values - - - - - - - - - - - - - - - - - - - - - 

Growing 

Season 

10 cm trt 0.6593 0.6993 0.8644 0.2581 0.3536 0.3069 0.3357† 

30 cm trt 0.5617 0.5259 0.7018 0.2555 0.3749 0.5572 0.9700 

Dormant 

Season 

10 cm trt 0.5675† 0.8554 0.3024 0.5411 0.7540 0.7077 0.4035† 

30 cm trt 0.6862 0.7430 0.1900† 0.0886 0.2071† 0.5616 0.7505† 

Total 

Annual 

10 cm trt 0.6028 0.5457 0.7864 0.3152 0.5058 0.3378 0.2138 

30 cm trt 0.5602 0.6168 0.5805 0.1707 0.3131 0.2711 0.7613 

b)          

Time Depth Source PO4
3--P SO4

2--S Fe3+ Pb2+ Mn2+ Cu2+ Zn2+ 

   - - - - - - - - - - - - - - - - - -p-values - - - - - - - - - - - - - - - - - - 

Growing 

Season 
10 cm trt 0.7430 0.7458 0.6315 0.3852 0.2417 0.8061† 0.2116† 

30 cm trt 0.1320 0.2344 0.2098 0.8164† 0.1080 0.8930† 0.8291† 

Dormant 

Season 
10 cm trt 0.9557 0.8495 0.4575† 0.0519† 0.3658 0.8554† 0.4933† 

30 cm trt 0.3217 0.5008 0.5493† 0.1880† 0.3875 0.6791† 0.1551 

Total 

Annual 
10 cm trt 0.1581 0.8945 0.6909 0.0755† 0.1155 0.9588† 0.4989 

30 cm trt 0.8698 0.3207 0.1410 0.5265† 0.1633 0.8017† 0.3077 
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Table 4.7 Type 3 of Fixed Effects, evaluating treatment (trt), time, and the interaction (trt*time) effects on seasonal (growing, 

dormant) and annual totals of nutrient flux at the 10 cm and 30 cm depths during the first and second post-burn years. Treatments 

include Control units, units burned for the first time in recent history (New Burn), and units with recent periodic fire (Burn), and 

dependent variables include a) total inorganic nitrogen (TIN), ammonium-nitrogen (NH4
+-N), nitrate-nitrogen (NO3

--N), calcium 

(Ca2+), magnesium (Mg2+), potassium (K+), aluminum (Al3+), and b) phosphate (PO4
3--P) , sulfate (SO4

2--S), iron (Fe3+), lead (Pb2+), 

manganese (Mn2+), copper (Cu2+), and zinc (Zn2+). Values for each dependent variable were lognormally distributed, except where a    

' †' indicates a normal distribution and ' ‡' indicates a gamma distribution. Statistically significant main or interaction effects (p <0.05) 

are noted in bold. 

a) 

Time Depth Source TIN NH4
+-N NO3

--N Ca2+ Mg2+ K+ Al3+ 
   - - - - - - - - - - - - - - - - - -p-values - - - - - - - - - - - - - - - - - - 

Growing 

Season 

10 cm trt 0.0226† 0.0174† 0.8433 0.2112† 0.9195 0.6404 0.3499† 
 time 0.5008† 0.5655† 0.1162 0.0809† 0.1003 0.1486 0.0003†   

trt*time 0.8656† 0.1845† 0.4056 0.8164† 0.6559 0.7111 0.6061† 

 30 cm trt 0.9081 0.977† 0.8388† 0.1653 0.6673 0.4425† 0.8263† 
 time 0.8493 0.2087† 0.3837† 0.0327 0.1898 0.9352† 0.2669†   

trt*time 0.3050 0.3733† 0.5495† 0.6767 0.2116 0.1495† 0.708† 

Dormant 

Season 

10 cm trt 0.8617 0.8593 0.3271 0.3813† 0.8534 0.0448 0.4826 
 time 0.1488 0.1051 0.9752 0.7055† 0.5622 0.1963 0.0001   

trt*time 0.8318 0.6617 0.2688 0.4950† 0.0768 0.5105 0.5673 

 30 cm trt 0.5633 0.4291 0.9242 0.2864 0.8995 0.6546† 0.4092 
 time 0.1687 0.0849 0.9898 0.5539 0.7814 0.0265† 0.0071   

trt*time 0.4743 0.4174 0.3867 0.6560 0.7388 0.6852† 0.7671 

Total 

Annual 

10 cm trt 0.8991 0.4630 0.7060 0.3180 0.8603 0.0419 0.6507 
 time 0.4599 0.1996 0.4211 0.1569 0.2916 0.5636 0.0002   

trt*time 0.7089 0.3018 0.7571 0.6765 0.2693 0.6306 0.7049 

 30 cm trt 0.7282 0.5950 0.9335 0.1613 0.7299 0.5443 0.5958 
 time 0.2052 0.1345 0.6693 0.1293 0.2832 0.1110 0.0313   

trt*time 0.9241 0.8246 0.4743 0.9781 0.3431 0.1356 0.7145 
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(Table 4.7 continued) 

b) 

Time Depth Source PO4
3--P SO4

2--S Fe3+ Pb2+ Mn2+ Cu2+ Zn2+ 

   - - - - - - - - - - - - - - - - - -p-values - - - - - - - - - - - - - - - - - - 

Growing 

Season 

10 cm trt 0.7040 0.5081 0.1313 0.0823 0.6386 0.8040 0.4233 
 time 0.3576 0.1193 0.0637 0.5075 0.0260 0.0938 0.0153   

trt*time 0.6140 0.6952 0.6212 0.8843 0.2523 0.6276 0.8191 

 30 cm trt 0.0639 0.1913† 0.7064 0.2539† 0.2401 0.9487 0.0402 
 time 0.6662 0.3903† 0.3802 0.2092† 0.1828 0.0002 0.0006   

trt*time 0.0130 0.8573† 0.6434 0.9538† 0.7126 0.8306 0.7285 

Dormant 

Season 

10 cm trt 0.9442† 0.3099 0.1755 0.8812 0.2402 0.8445† 0.1474 
 time 0.1053† 0.9081 0.0840 0.0018 0.2282 0.0225† 0.5509   

trt*time 0.5633† 0.6496 0.1894 0.4340 0.8757 0.4191† 0.1045 

 30 cm trt 0.1987 0.5457 0.0043 0.6411† 0.3555 0.5763 0.8063† 
 time 0.0233 0.0320 0.6493 0.0049† 0.1239 0.0139 0.5366†   

trt*time 0.6182 0.6489 0.7107 0.6424† 0.4778 0.6483 0.3112† 

Total 

Annual 

10 cm trt 0.8173 0.1681 0.0751 0.0976 0.4503 0.8945 0.4827 

 time 0.6569 0.1561 0.0638 0.0135 0.0315 <.0001 0.0173   
trt*time 0.7397 0.5343 0.4845 0.7513 0.3865 0.0382 0.4345 

 30 cm trt 0.2888‡ 0.5024 0.4153 0.4635 0.1421 0.6494‡ 0.1139 
 time 0.0733‡ 0.0568 0.3495 0.3100 0.1506 <.0001‡ 0.0001   

trt*time 0.3527‡ 0.7378 0.4889 0.4705 0.7253 0.3301‡ 0.4276 
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Figure 4.16 Mean nutrient flux (µg/ 10 cm2/ season) of total inorganic nitrogen (TIN) 

during the first and second post-burn years (1st-yr Post-burn, 2nd-yr Post-burn) at the 10 

cm and 30 cm depths in Control (C), New Burn (NB), and Burn (B) units. Concentrations 

were measured at four-week intervals with PRSTM probes and summed as a total value for 

each a) growing and b) dormant season. Based on Tukey-Kramer adjusted p-values for 

pairwise comparisons, there were no significant differences between values across 

treatments for each separate depth (α=0.05). Thick bars represent the median, and error 

bars represent a 5 to 95% confidence interval.  
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Figure 4.17 Mean nutrient flux (µg/ 10 cm2/ season) of ammonium-nitrogen (NH4
+-N) 

during the first and second post-burn years (1st-yr Post-burn, 2nd-yr Post-burn) at the 10 

cm and 30 cm depths in Control (C), New Burn (NB), and Burn (B) units. Concentrations 

were measured at four-week intervals with PRSTM probes and summed as a total value for 

each a) growing and b) dormant season. Based on Tukey-Kramer adjusted p-values for 

pairwise comparisons, there were no significant differences between values across 

treatments for each separate depth (α=0.05). Thick bars represent the median, and error 

bars represent a 5 to 95% confidence interval. 
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Figure 4.18 Mean nutrient flux (µg/ 10 cm2/ season) of nitrate-nitrogen (NO3
+-N) during 

the first and second post-burn years (1st-yr Post-burn, 2nd-yr Post-burn) at the 10 cm and 

30 cm depths in Control (C), New Burn (NB), and Burn (B) units. Concentrations were 

measured at four-week intervals with PRSTM probes and summed as a total value for each 

a) growing and b) dormant season. Based on Tukey-Kramer adjusted p-values for 

pairwise comparisons, there were no significant differences between values across 

treatments for each separate depth (α=0.05).  Thick bars represent the median, and error 

bars represent a 5 to 95% confidence interval.  
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Figure 4.19 Mean nutrient flux (µg/ 10 cm2/ season) of phosphate-phospourus (PO4
3--P) 

during the first and second post-burn years (1st-yr Post-burn, 2nd-yr Post-burn) at the 10 

cm and 30 cm depths in Control (C), New Burn (NB), and Burn (B) units. Concentrations 

were measured at four-week intervals with PRSTM probes and summed as a total value for 

each a) growing and b) dormant season. For each separate depth, significant differences 

between means are based on Tukey-Kramer adjusted p-values and are represented across 

treatments by different capital letters and across time and treatment by different lower-

case letters (α=0.05). Thick bars represent the median, and error bars represent a 5 to 

95% confidence interval. 
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Figure 4.20 Mean nutrient flux (µg/ 10 cm2/ season) of sulfate-sulfur (SO4
2--S) during 

the first and second post-burn years (1st-yr Post-burn, 2nd-yr Post-burn) at the 10 cm and 

30 cm depths in Control (C), New Burn (NB), and Burn (B) units. Concentrations were 

measured at four-week intervals with PRSTM probes and summed as a total value for each 

a) growing and b) dormant season. Based on Tukey-Kramer adjusted p-values for 

pairwise comparisons, there were no significant differences between values across 

treatments for each separate depth (α=0.05).  Thick bars represent the median, and error 

bars represent a 5 to 95% confidence interval. 
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Figure 4.21 Mean nutrient flux (µg/ 10 cm2/ season) of aluminum (Al3+) during the first 

and second post-burn years (1st-yr Post-burn, 2nd-yr Post-burn) at the 10 cm and 30 cm 

depths in Control (C), New Burn (NB), and Burn (B) units. Concentrations were 

measured at four-week intervals with PRSTM probes and summed as a total value for each 

a) growing and b) dormant season. Based on Tukey-Kramer adjusted p-values for 

pairwise comparisons, there were no significant differences between values across 

treatments for each separate depth (α=0.05).  Thick bars represent the median, and error 

bars represent a 5 to 95% confidence interval. 
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Figure 4.22 Mean nutrient flux (µg/ 10 cm2/ season) of calcium (Ca2+) during the first 

and second post-burn years (1st-yr Post-burn, 2nd-yr Post-burn) at the 10 cm and 30 cm 

depths in Control (C), New Burn (NB), and Burn (B) units. Concentrations were 

measured at four-week intervals with PRSTM probes and summed as a total value for each 

a) growing and b) dormant season. Based on Tukey-Kramer adjusted p-values for 

pairwise comparisons, there were no significant differences between values across 

treatments for each separate depth (α=0.05).  Thick bars represent the median, and error 

bars represent a 5 to 95% confidence interval. 
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Figure 4.23 Mean nutrient flux (µg/ 10 cm2/ season) of magnesium (Mg2+) during the 

first and second post-burn years (1st-yr Post-burn, 2nd-yr Post-burn) at the 10 cm and 30 

cm depths in Control (C), New Burn (NB), and Burn (B) units. Concentrations were 

measured at four-week intervals with PRSTM probes and summed as a total value for each 

a) growing and b) dormant season. Based on Tukey-Kramer adjusted p-values for 

pairwise comparisons, there were no significant differences between values across 

treatments for each separate depth (α=0.05).  Thick bars represent the median, and error 

bars represent a 5 to 95% confidence interval.  
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Figure 4.24 Mean nutrient flux (µg/ 10 cm2/ season) of potassium (K+) during the first 

and second post-burn years (1st-yr Post-burn, 2nd-yr Post-burn) at the 10 cm and 30 cm 

depths in Control (C), New Burn (NB), and Burn (B) units. Concentrations were 

measured at four-week intervals with PRSTM probes and summed as a total value for each 

a) growing and b) dormant season. Based on Tukey-Kramer adjusted p-values for 

pairwise comparisons, there were no significant differences between values across 

treatments for each separate depth (α=0.05).  Thick bars represent the median, and error 

bars represent a 5 to 95% confidence interval. 
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Figure 4.25 Mean nutrient flux (µg/ 10 cm2/ season) of zinc (Zn2+) during the first and 

second post-burn years (1st-yr Post-burn, 2nd-yr Post-burn) at the 10 cm and 30 cm 

depths in Control (C), New Burn (NB), and Burn (B) units. Concentrations were 

measured at four-week intervals with PRSTM probes and summed as a total value for each 

a) growing and b) dormant season. For each separate depth, significant differences 

between means are based on Tukey-Kramer adjusted p-values and are represented across 

treatments by different capital letters and across time and treatment by different lower-

case letters (α=0.05). Thick bars represent the median, and error bars represent a 5 to 

95% confidence interval.  
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Figure 4.26 Mean nutrient flux (µg/ 10 cm2/ season) of copper (Cu2+) during the first and 

second post-burn years (1st-yr Post-burn, 2nd-yr Post-burn) at the 10 cm and 30 cm 

depths in Control (C), New Burn (NB), and Burn (B) units. Concentrations were 

measured at four-week intervals with PRSTM probes and summed as a total value for each 

a) growing and b) dormant season. Based on Tukey-Kramer adjusted p-values for 

pairwise comparisons, there were no significant differences between values across 

treatments for each separate depth (α=0.05). Thick bars represent the median, and error 

bars represent a 5 to 95% confidence interval.  
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Figure 4.27 Mean nutrient flux (µg/ 10 cm2/ season) of manganese (Mn2+) during the 

first and second post-burn years (1st-yr Post-burn, 2nd-yr Post-burn) at the 10 cm and 30 

cm depths in Control (C), New Burn (NB), and Burn (B) units. Concentrations were 

measured at four-week intervals with PRSTM probes and summed as a total value for each 

a) growing and b) dormant season. Based on Tukey-Kramer adjusted p-values for 

pairwise comparisons, there were no significant differences between values across 

treatments for each separate depth (α=0.05). Thick bars represent the median, and error 

bars represent a 5 to 95% confidence interval. 
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Figure 4.28 Mean nutrient flux (µg/ 10 cm2/ season) of iron (Fe3+) during the first and 

second post-burn years (1st-yr Post-burn, 2nd-yr Post-burn) at the 10 cm and 30 cm 

depths in Control (C), New Burn (NB), and Burn (B) units. Concentrations were 

measured at four-week intervals with PRSTM probes and summed as a total value for each 

a) growing and b) dormant season. Based on Tukey-Kramer adjusted p-values for 

pairwise comparisons, there were no significant differences between values across 

treatments for each separate depth (α=0.05). Thick bars represent the median, and error 

bars represent a 5 to 95% confidence interval.  
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Figure 4.29 Mean nutrient flux (µg/ 10 cm2/ season) of lead (Pb2+) during the first and 

second post-burn years (1st-yr Post-burn, 2nd-yr Post-burn) at the 10 cm and 30 cm 

depths in Control (C), New Burn (NB), and Burn (B) units. Concentrations were 

measured at four-week intervals with PRSTM probes and summed as a total value for each 

a) growing and b) dormant season. Based on Tukey-Kramer adjusted p-values for 

pairwise comparisons, there were no significant differences between values across 

treatments for each separate depth (α=0.05). Thick bars represent the median, and error 

bars represent a 5 to 95% confidence interval.  
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4.4 Discussion 

4.4.1 Soil Moisture Content 

Pre-burn gravimetric moisture contents at the 0 to 10 cm depth of the mineral soil 

mostly followed precipitation patterns (Fig. 4.3a and Fig. 4.14a). The lack of significant 

difference in moisture contents at filed capacity among treatments before the recent 

prescribed fire is supported by the similar soil textures, soil bulk density, and water stable 

aggregate fractions reported in Chapter 2 and the similar total organic carbon (TOC) 

contents reported in Chapter 3 of this thesis.  

During the two post-burn years of monitoring, soil moisture contents remained 

similar among treatments and reflective of rainfall incidents and amounts (Table 4.5, Fig. 

4.3b-c, and Fig. 4.14b-c). Soil bulk density, soil aggregates, and TOC contents were also 

not different among treatments during the two years post-burn. At times, rainfall occurred 

on the second or third day of some sampling events; but overall, soils were assumed to be 

at field capacity when sampled for soil moisture. During the duration of the study, the 

greatest average gravimetric soil moisture content for Control, New Burn, and Burn were 

36.8% (12/27/2014), 35.2% (11/30/2014), and 34.5% (11/30/2014), respectively (Fig. 

4.14a). The least gravimetric soil moisture contents measured for Control, New Burn, and 

Burn were 4.9%, 6.2%, and 5.1%, respectively, occurred at the end of the 1st-yr Post 

growing season on October 15, 2015 (Fig 4.14b) and reflects a rainfall amount of 0.6 cm 

and an average maximum air temperature of 24.8 °C that occurred during the previous 

four weeks (Fig. 4.3b).  

Following fire treatment, there was a potential for soil moisture contents for burn 

treatments to be less than unburned treatment if the blackened surfaces of burned sites 
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absorbed more heat energy and increased soil temperatures (Iverson and Hutchinson, 

2002). However, a rainfall event (4.0 cm) occurred few days after the final burn and 

likely incorporated the ash layer into the O horizons. Even with less O horizon cover and 

thickness during the first post-burn growing season, water holding capacities of the 

surface mineral soil for New Burn and Burn similar to Control were maintained likely 

due to the preservation of the O horizon during prescribed burning and the lack of fire 

effect on soil physical properties and TOC contents. Differences in evaporation-

transpiration rates between treatments at the JFSP sites are unknown but appear to not 

significantly influence soil moisture contents at the 0 to 10 cm depth.    

4.4.2 Bulk Soil Chemical Properties 

Decomposition of coarse woody debris and the forest floor sustains a nutrient 

supply to plants and soil organisms (Chorover et al., 1994; Debano et al., 1998). The 

extent of the forest floor consumed by fire and the post-burn environment influences the 

quantity of plant available nutrients in the ash layer lost from site during erosional 

processes or incorporated into the mineral soil profile (Boerner, 1982; Bodí et al., 2014). 

Results from O horizon measurements reported in Chapter 2 of this thesis show that the 

fire treatments consumed the entire Oi horizon and a significant portion of the Oe horizon 

thickness in New Burn and Burn (relative to Control; p=0.002 and p=0.006, 

respectively). However, the quantity of nutrients remaining in the ash layer it is unknown. 

Even though study sites ranged from 8% to 45% slope, the surface roughness from 

landform characteristics and abundant surface fragments within the remaining Oa+Oe 

horizon likely prevented ash erosion from any burned unit. Unless the surface ash was 
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redistributed by wind, plant available nutrients within the ash layer either quickly or 

slowly became incorporated into the mineral soil profile.  

There were no significant differences among treatments in bulk soil chemical 

properties, exchangeable nutrients, and TN contents before the 2015 prescribed fires. 

Within the short time period between the prescribed fire treatments and the immediate 

Post-burn sampling event (7-14 days), about 8 cm of rain fell at Block 2 and about 4 cm 

of rain fell at Blocks 1 and 3. Seasonal precipitation totals reported in Table 4.3 show 

substantial rainfall amounts between each post-burn sampling event. However, there were 

also no significant differences among treatments in bulk soil chemical properties, 

exchangeable nutrients, and TN immediately following fire or during the two years of 

post-burn monitoring. Similar to the preservation of TOC contents, moist soils at the time 

of fire likely prevented extreme soil heating from immediately altering bulk soil pH, TN, 

or exchangeable cations (Badía et al., 2017). 

 Post-burn monitoring at six-month intervals provided a snapshot of soil chemical 

properties at the transitions between growing and dormant seasons. The significant effect 

of time on pH and K+ at 0 to 10 cm, on pH and TN at 10 to 20 cm, and on pHsalt, NA, 

CEC, Mg, K, and TN at the 20 to 30 cm depth suggests a temporal variability at these 

sites has more of an impact on biogeochemical cycling than fire disturbance (Vose and 

Swank, 1993). Assuming there was sufficient rainfall for dissolved nutrients to infiltrate 

into the mineral soil surface during the duration of this study, it is possible the quantity of 

nutrient ions remaining in the ash layer was not great enough to alter mineral soil 

chemical properties over time. While low-severity fire effects have been reported to be 

mostly short-term (Certini, 2005; Fontúrbel et al., 2016), it is also possible bulk soil 
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chemical changes only occurred within the upper few centimeters and was not captured 

within the 10 cm sampling increment (Wan et al., 2001; Ponder et al., 2009; Badía et al., 

2017).  

The lack of significant changes in soil chemical properties following first-time 

burning at JFSP has been reported by others (Boerner et al., 2009; Nobles et al., 2009). 

For example, immediately following the first burn treatment in oak and pine-oak 

woodlands of northern Alabama, Nobles et al. (2009) found no significant changes in 

exchangeable Ca2+, Mg2+, and K+ and soil pH within the A horizon of two sites (5 cm and 

22 cm thick) of sandy loam and loamy sand soils located on moderate slopes. They 

reported a significant post-burn increase in Na+ for all horizons and a significant increase 

in pH within E, BE, and Bt1 horizons (Nobles et al., 2009). In another example, a study 

comparing the impacts of a single prescribed fire treatments across 12 sites in the western 

and eastern United States that were dominated by conifer species, Boerner et al. (2009) 

reported an increase in extractable Ca2+ and K+ that was significant at α = 0.07 from the 

A horizon during the first post-burn growing season. However, two sites in California 

experienced a significant increase in pH at 0 to 10 cm during the first post-burn year 

(Boerner et al., 2009). 

The lack of significant changes in soil chemical properties from periodic burning 

at JFSP is similar to findings reported by several long-term studies (Binkley et al., 1992; 

Williams et al., 2012). After 20 years of burning at 2-yr and 4-yr intervals within an oak-

dominated upland forest in east-central Oklahoma, Williams et al. (2012) observed no 

significant affect from either burn interval on soil pH, TN, and exchangeable K+. Binkley 

et al. (1992) reported no difference for exchangeable Mg2+and K+ concentrations after 30 
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years of 1-, 2-, 3-, and 4-yr intervals of burning loblolly pine (Pinus taeda L.) and 

longleaf pine (Pinus palustris Mill) stands. They did, however, report a significant 

decrease in pH from 4-yr fire intervals when compared to Control and 2-yr intervals and 

a significant increase in exchangeable acidity when compared to Control, 1-yr, and 2-yr 

intervals (Binkley et al., 1992). On the contrary, across several Illinois oak-hickory 

forests that were growing on moderately-well drained and poorly drained silt loam soils, 

Scharenbroch et al. (2012) reported a significant increase in soil pH and exchangeable 

Ca2+, Mg2+, K+, and Na+ following 23 years of periodic burning at 1- to 3-yr intervals. 

Even though there was not enough evidence to show significant changes as a 

result of fire in measured variables at the JFSP study sites, results from the long-term 

studies mentioned above suggest a potential for periodic burning to influence soil 

chemical properties at the JFSP sites. Further, trends at the 0 to 10 cm depth suggest a 

potential impact of periodic burning on the bulk soil chemistry may be present; however, 

Control values often exhibited greater site variability than New Burn and Burn and likely 

blurred any significant fire effects. For example, pre-burn measurements of mean ± 

standard error Al saturation for Control, New Burn, and Burn were 34.3 ± 23.4%, 40.7 ± 

7.3%, and 6.3 ± 2.0%, respectively (Table H.1a-c). Two years following fire, Al 

saturation for Control, New Burn, and Burn were 38.7 ± 20.0%, 23.7 ± 4.7%, and 16.3 ± 

6.6%, respectively, and not significantly different from one another. It is possible that 

different soil series across study sites are contributing to the greater variabilities. At a 

nearby Ozark forest soil study site, Gaddie (2012) reported a respective mean Al 

saturation of 28% and 0% from unmanaged sites on Clarksville and Alred soil series. 

Both soil series are found at JFSP study sites and indicate the influence of different soils 



 

258 

  

types on soil chemical measurements may be masking fire effects. Further, an extensive 

study on exchangeable Ca2+ and Mg2+ distributions across Ozark forest soils by Kabrick 

et al. (2011) revealed that depth to bedrock (less than or greater than 1 meter) and 

bedrock lithology (Lower Gasconade/Eminence or Roubidoux/Upper Gasconade 

formations) have the greatest control over the magnitude of exchangeable Ca2+ 

concentrations a soil may store. These influencing factors reported by Kabrick et al. 

(2011) may be responsible for why mean exchangeable Ca2+ and Mg2+ concentrations 

varied more widely for Control than New and Burn (Fig. 4.8a-c and Fig. 4.9a-c). 

In addition to site variability, the acidic soils found at the JFSP sites are likely 

buffered from long-term or extreme changes in soil chemistry. In another study of Ozark 

Highland forest soils, Guyette et al. (1992) reconstructed historic soil pHsalt based on soil 

type, Mn2+ concentrations in the heartwood of red cedar (Juniperus virginiana), and 

disturbance (the potential for a site to receive high atmospheric sulfur inputs). The 

researchers proposed that soils formed from dolomite and chert may be more sensitive to 

disturbances when pHsalt is between 4.55 and 5.85. This ‘sensitive’ range represents the 

transition between cation depletion and Al3+ mobilization, where the soils studied 

appeared to be buffered by exchangeable Al3+ or exchangeable Ca2+ when soil pHsalt was 

below or above the range (Guyette et al., 1992). Across all JFSP study sampling events, 

mean (range of means) pHsalt values at the 0 to 10 cm depth for Control, New Burn, and 

Burn treatments were pHsalt 4.5 (4.3 - 4.6), pHsalt 4.4 (4.3 - 4.6), and pHsalt 4.7 (4.6 - 4.8), 

respectively (Figure 4.6a-c and Table I.1a). While pHsalt was not significantly different 

among treatments, it is possible that Burn units are more susceptible chemical changes. 

However, it is unclear if the higher pHsalt values of Burn units are a relic from recent fire 
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treatments or from site variability. Mean pHsalt among treatments and across all time at 

the lower depths of the mineral soil are less than the sensitive range proposed by Guyette 

et al. (1992), with few exceptions (Figure 4.6a-c and Table I.1b-c). 

Several reviews of fire effects on soils conclude the effects of prescribed fire on 

mineral soil TN contents are overall insignificant (Johnson and Curtis, 2001; Wan et al., 

2001). At the JFSP study sites, TN concentrations at the 0 to 10 cm depth varied more 

across time than at the lower depths; however, it is possible that a shallower soil sampling 

depth at the surface would have revealed more significant treatment effects (Wan et al., 

2001). The non-significant differences among treatments for TN content at all depths 

follow the non-significant effect of prescribed fire on total mineral organic carbon (TOC) 

contents reported in Chapter 3 and result in no significant fire effect on C/N ratios (data 

not shown). Similarly, within a scrub oak ecosystem of Florida, Alexis et al. (2007) found 

no difference in TN stocks within the upper 5 cm of mineral soil immediately following 

prescribed fire. Adkins et al. (2019) also found no difference in TN contents and C/N 

ratios of the upper 5 cm of mineral soil from low-, medium-, and high-severity fire at 

three years post-burn within a California mix conifer forest. However, a long-term burn 

study in southeastern Missouri oak-hickory forest shows that periodic burning can 

decrease TN contents by decreasing microbial biomass and concomitant enzymes 

responsible for N cycling (Eivazi and Bayan, 1996). Since about 25% of TOC across all 

treatments and depths at the JFSP sites consists of the refractory PyC pool and/or 

unoxidizable-biogenic carbon compounds, it is likely that a portion of the TN 

concentration across all sites are also stabilized as melanoidins, after fire-promoted 

Maillard reactions, or in PyOM (Knicker, 2007). The pyrolysis of surface OM may form 
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PyOM with low C/N ratios and enriched N contents (Knicker, 2011). For example, 

Knicker (2011) measured an increase from 51.1 to 70.9 mg N g-1 of grass char and an 

increase from 1.0 to 3.0 mg N g-1 of wood char after both were pyrolyzed at 450 °C for 4 

min. Similarly, Vance and Henderson (1984) suggested that long-time burning in forest 

stands of southeastern Missouri decreased N mineralization by altering N-containing 

compounds to a less available form. Sine time was a significant factor on changes in TN 

contents at 10 to 20 cm and 20 to 30 cm increments, bulk soil TN concentrations across 

JFSP study sites appear to be more influenced by seasonal precipitation and temperature 

effects on microbial activities and downward translocation of TN than potential fire 

effects on turnover rates of surface and soil OM.  

Overall, the lack of significant change in bulk soil chemical properties, 

exchangeable nutrients, and TN between treatments before the recent burns suggests the 

2003 burn likely did not affect bulks soil properties within Burn units. However, it is 

unknown if there was a cumulative effect in Burn units after the second fire treatment in 

2005. It is assumed that that the 2003 and 2005 fire treatments did not greatly alter bulk 

soil properties in the Burn units or soil properties have recovered during the nine years 

between the 2005 burn and the pre-burn sampling.  

4.4.3 Soil Solution 

Cumulative supply rates of inorganic N species and other cations and anions in 

the soil solution were overall not different among treatments over time at the 10 cm and 

30 cm depths, although site variability within Control potentially masked treatment 

effects. While there were significant differences in overall treatment means for some 

ions, the significant effect of time for many ions suggest environmental factors, such as 
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seasonal soil moistures, soil temperatures, and rainfall, may have a stronger effect on 

nutrient cycling and availability at these sites than low-severity fire. Immediately 

following the fire treatments and prior to canopy closure, burned units potentially 

absorbed greater radiant heat energy than unburned sites due to the decreased O horizon 

and the newly darkened surfaces (Xu et al., 1997; Iverson and Hutchinson, 2002; Wait 

and Aubrey, 2014). In addition to the contribution of surface ash, warmer surfaces at the 

beginning of the growing season when fuels and soils are moist could accelerate OM 

degradation and subsequently may promote greater nutrient fluxes in burned units 

relative to unburned units. Following leaf-out, differences in canopy cover among 

treatments allows varying amounts of sunlight to reach the forest floor. After the first fire 

treatments at the JFSP study sites in 2003, basal area across all Burn units (exposed, 

protected, and ridge aspects) decreased from 105 to 100 ft2 acre-1 and stocking decreased 

from 94% to 86% (Kinkead et al., 2013). Since the recent prescribed fires were low 

severity, we assume there was a similar effect on forest structure in New Burn as 

observed in Burn in 2003. Following the 2005 burn treatments, average basal area and 

stocking in Burn treatment further reduced to 96 ft2 acre-1 and 82% stocking, relative to 

112 ft2/acre basal area and 96% stocking for Control. Kinkead et al. (2013) also reported 

a nominal 3.7% increase in legumes, a significant 2.4% increase in forbs, and a less than 

1% increase in graminoids across all Burn treatments within the 2005 post-burn growing 

and dormant seasons. Forest structure data immediately before the 2015 burns and for the 

duration of this study for exposed Burn treatment was not available at the time of this 

thesis; but, it is assumed that canopy light penetration throughout the growing season is 

greater in Burn than Control units (Wait and Aubrey, 2014), although it is uncertain the 
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difference between New Burn and Burn treatments. In southwest Missouri woodlands, 

Wait and Aubrey (2014) measured the environmental conditions of an unburned 

woodland, a recently burned woodland, and a continuously burned woodland. Their 

results indicate that some environmental conditions in the post-burn microclimate within 

New Burn units, such as soil moisture and solar radiation, may be similar to Control units 

while other conditions, such as air temperature, relative humidity, and soil temperatures, 

may be changing towards the direction of Burn unit values (Wait and Aubrey, 2014).  

Before the prescribed fire treatments, seasonal availability of NH4
+-N and NO3

--N 

among treatment, depth, and season were not significant but potentially reveal seasonal 

trends at the JFSP sites (Table I.2a). During the growing season, seasonal availability of 

NH4
+-N and NO3

--N was equally available at 10 cm for all treatments, but there was 

almost twice as much NH4
+-N available (with greater variability) at 30 cm for only 

Control and New burn. During the dormant season, NH4
+-N availability at 10 cm and 30 

cm was the generally the same among treatments and comparable to growing season 

rates; however, NO3
--N availability for all treatments at both depths was a small fraction 

of what was available during the growing season. This is expected due to decreased 

microbial activity when temperatures are cool. Overall, the seasonal supply rate of NH4
+-

N was less for Burn at the 30 cm depth than Control and New Burn. 

Following the prescribed fire treatments, the significant main treatment effect on 

growing season cumulative NH4
+-N supply rates at 10 cm was responsible for the main 

treatment effect on TIN and suggests periodic burning has an influence on NH4
+-N 

availability relative to unburned sites or sites burned for the first time (Fig 4.15a and Fig. 

4.16a). However, it is unclear how long past the duration of the study this effect 
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continued. During 1st-yr Post growing season, TIN supply rates for Control decreased by 

half from Pre-burn values (Table I.3a). The relative portion of NH4
+-N and NO3

--N to 

TIN also changed so that 75% of N was NH4
+ and 25% was NO3

--N. Mean TIN 

availability for New Burn only slightly decreased from the Pre-burn mean and the 

relative portions of NH4
+-N and NO3

--N followed the same trend as Control. On the 

contrary, the mean ± standard error TIN supply rates during the 1st-yr Post growing 

season for Burn remained similar to Pre-burn values and were 38 ± 15 μg N /10cm2/ 

growing season. The relative portions of NH4
+-N and NO3

--N to TIN were also similar to 

Pre-burn values at about 50% for each. During 2nd-yr Post growing season, the 

cumulative supply rate of NH4
+-N for Burn was even greater than 1st-yr Post and was 

58% of TIN. There was more total rainfall during 1st- and 2nd-yrs Post than Pre-burn 

growing season, and soil moisture contents throughout the 1st-yr Post growing season 

followed the same trend at Pre-burn. However, during the 2nd-yr Post, rainfall events 

were spread throughout the growing season and resulted in greater soil moisture contents 

during the summer than the previous year, which likely supported greater N 

mineralization rates.  

A closer examination of Pre-burn data from each four-week burial period show no 

clear trend with time among treatments for NH4
+-N and NO3

--N availabilities for either 

depth. However, Post-burn data from the four-week burial periods suggest 

ammonification and nitrification dynamics were different for Burn than for Control and 

New Burn (data not shown). For example, during the first post-burn ion-exchange probe 

burial (4/3/2015 - 4/30/2015) there was a total of 8.3 cm of rainfall and mean NH4
+-N 

availabilities at the 10 cm depth for Control, New Burn, and Burn were 2.15 μg NH4
+-N 
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/10cm2/ 28 days, 3.94 μg NH4
+-N /10cm2/ 28 days, and 5.35 μg NH4

+-N /10cm2/ 28 days, 

respectively. Mean NO3
--N availabilities for Control, New Burn, and Burn were 0.87 μg 

NO3
--N /10cm2/ 28 days, 0.35 μg NO3

--N /10cm2/ 28 days, and 1.41 μg NO3
--N /10cm2/ 

28 days, respectively. Throughout most of the 1st-yr Post growing season, NH4
+-N and 

NO3
--N supply rates were greater for Burn than Control, with exception for when soil 

moisture contents were small. Burn values were also mostly greater than New Burn, but 

there were burial periods when they exhibited similar supply rates. During the driest 

burial period (9/18/2015 -10/14/2015) when only 0.6 cm of rain fell, mean ± standard 

error NH4
+-N availabilities at 10 cm for Control, New Burn, and Burn were 0.25 ± 0.12 

μg NH4
+-N /10cm2/ 28 days, 0.38 ± 0.23 μg NH4

+-N /10cm2/ 28 days, and 0.22 ± 0.22 μg 

NH4
+-N /10cm2/ 28 days, respectively. These values are below detection limits and likely 

captured extractable NH4
+ during the process of applying a moist soil paste to the ion-

exchange probes before inserting them into the soil profile. Although the trend of greater 

NH4
+-N availability for Burn than Control and New Burn continued throughout the 2nd-yr 

Post growing season, it was less clear during the dormant seasons and at the 30 cm 

depths.  

An immediate post-burn increase in NH4
+ is commonly observed following 

prescribed fire (Chorover et al., 1994; Deluca and Zouhar, 2000; Wan et al., 2001). 

Chorover et al. (1994) monitored the soil solution using porous cup collectors for three 

years pre-burn and three years post-burn in Sierra Nevada mixed conifer forests growing 

on loamy coarse sand to coarse sandy loam soils. They captured a dramatic post-burn 

increase in solution NH4
+ concentration that quickly decreased to below pre-burn levels 

within the first post-burn year. They also reported increased NO3
- concentrations 
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occurring during the second and third post-burn years. A meta-analysis of fire effects on 

N pools and dynamics by Wan et al. (2001) report a common 7 to 12 months lag in 

increased NO3
- concentrations following a fire event. At the JFSP sites, NH4

+-N 

availabilities at 10 cm were greater during the dormant season relative to the growing 

season for all treatments and not significantly different. The cumulative NO3
--N supply 

rate was greater for Burn at 10 cm during both seasons. From monitoring the soil solution 

with PRSTM probes, Johnson et al. (2013) found no difference in NH4
+-N availability 

between burned and unburned sites during the first and second post-burn dormant seasons 

following a late spring burns of mixed conifer forests in the Lake Tahoe Basin.  

In addition to the immediate fire-promoted N availability and reduced litter cover, 

the differences in 1-yr Post NH4
+-N and NO3

--N supply rates among treatments could 

also be from reduced canopy cover in Burn units (Mackenzie and Deluca, 2006; Turner et 

al., 2011). Greater canopy light penetration in Burn didn’t affect soil moisture contents 

relative to New Burn and Control because the O horizon remained intact. It is unclear if 

there are any differences in evapotranspiration rates between treatments. However, more 

radiant heat reaching the forest floor on these exposed sites possibly maintained warmer 

organic and mineral soil temperatures, promoting accelerated decomposition rates in 

Burn units after leaf-out. Above-ground vegetation data following the most recent fire 

treatments were not available at the time of this thesis, but it is assumed the greater 

amount of legumes in Burn are still present (Kinkead et al., 2013). Although, it is not 

clear to what extent N-fixing vegetation contribute to the immediate and short-term post-

burn increases in NH4
+-N and NO3

--N supply rates for both burn treatments (Johnson et 

al., 1998; Mackenzie and Deluca, 2006); however, it is possible that the overall 
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vegetative demand for N differs between the two burn treatments (Turner et al., 2011). 

While a significant post-burn increase in NO3
- availability that is commonly reported for 

other forest types was not observed at the JFSP sites, seasonal changes in NO3
--N supply 

rates at both depths were different for each treatment and likely reflect a multitude of 

factors, including cool periods when nitrification or plant uptake are decreased versus N 

mineralization rates. 

Increases in available cations and anions that are required for plant productivity 

are also common following prescribed fire treatments. Bioavailable P is generally limited 

in most ecosystems. Fire-promoted P mineralization during OM combustion provides 

benefit, though it is generally short-term (Certini, 2005). While growing season PO4
3-- P 

supply rates were highly variable for Control and New Burn at 10 cm, there was no 

significant or marginal increase in PO4
3-- P availability as a result of fire. On the contrary, 

during the 2nd-yr Post growing season, cumulative PO4
3-- P supply rate in Burn was 

significantly less than New Burn at the 30 cm depth. Phosphorus availability is highly 

correlated to labile C forms (Merino et al., 2019), and in acid soils, orthophosphate is also 

strongly bound to Al, Fe, and Mn oxides (Certini, 2005). However, at the 30 cm depth, 

mean TOC contents across all treatments ranged from 3.7 to 6.7 g kg-1 and the portion of 

labile C to TOC ranged from 1.9 to 4.6% during the duration of this study. Even though 

total P concentrations at these low TOC concentrations are highly influenced by soil pH, 

Singh et al. (2015) reported that total P concentrations of Ozark forest soils are more 

strongly explained by soil manganese. Available Mn2+ during the 2nd-yr Post growing 

season was highly variable for both depths, and the mean supply rate across all treatments 

at the 10 cm depth was significantly greater for 2nd-yr Post than 1st-yr Post (p=0.026). 
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Because of the variability, the differences in Mn2+ availability among treatments at 30 cm 

were not significant, however, the average ± standard error supply rate for Burn was 540 

± 260 μg Mn2+ /10cm2/ growing season, compared with Control and New Burn at 144 ± 

104 μg Mn2+ /10cm2/ growing season and 229 ± 110 μg Mn2+ /10cm2/ growing season, 

respectively (Table I.3d). While we did not measure total P of the mineral soil, this 

greater Mn2+ flux for Burn could partially explain the significant decrease in PO4
3-- P 

availability.  

Consistent with other low-severity fires, the abrupt mineralization of nutrients 

following the recent low-severity burn at the JFSP sites did not significantly change the 

overall ion supply rates in the soil solution (Elliott and Vose, 2005; Knoepp et al., 2009; 

Johnson et al., 2013). There are significant differences in seasonal fluxes between post-

burn sampling years across all treatments for many cations, such as Al3+, Pb2+, and Cu2+. 

However, the treatment effects on availability of Zn2+ at 30 cm during growing seasons 

and the availability of K+ at 10 cm and Fe2+ at 30 cm during the dormant seasons do not 

follow any trend regarding burn status. The Oa horizon across all treatments at the JFSP 

study contained a large number of roots, and rooting extended below the 30 cm depth. 

Surface fire temperatures recorded during the fire treatment indicate some surface heating 

beyond 50 °C, but heightened temperatures were short in duration and did not occur at all 

sampling sites. Therefore, root damage within the Oa horizon and mineral soil surface 

was probably variable across sites and may or may not help explain treatment effects 

observed in the mineral soil. Since the ash layer or forest floor solution was not 

measured, it’s difficult to relate nutrient flux in mineral soil solution to a quantity of ash 

formation or rates of biotic uptake within the forest floor. However, in using the 
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treatment effect on NH4
+ availability, it is likely that increases in nutrient availability may 

be more greatly affected by differences in the post-burn environments and the subsequent 

influence on mineralization and immobilization rates.  

The loss of nutrients from leaching following a fire event is a concern, especially 

during the dormant season when biotic uptake is greatly decreased. Throughout the two 

post-burn years of soil solution monitoring, there are many instances when the seasonal 

supply rate of an ion was greater at 30 cm than 10 cm for one or more treatment. 

However, it is unclear if increased availability lower in the soil profile is an indicator of 

leaching. Chorover et al. (1994) conducted an extensive monitoring of nutrient in- and 

out-fluxes within two sub-catchments under mixed conifer forests. They measured the 

solution chemistry profile from canopy to stream by sampling the wet/dry deposition, 

canopy throughfall, forest floor, mineral soil, and stream water. An increase in solution 

Ca2+ and Mg2+ concentrations after passing through the forest floor was not represented 

in stream water chemistry, leading Chorover et al. (1994) to highlight the importance of 

intrasystem cycling of cationic nutrients. Even so, leaching losses following fire were 

reported to be more prevalent in coarse textured soils or after high-severity fires 

(Boerner, 1982; Binkley and Fisher, 2012).  

4.5 Conclusion 

Prescribed fire was applied to forested stands at the end of March 2015 as part of 

a greater JFSP study on woodland restoration in the Ozark Highlands. Focusing on 

exposed backslope, we monitored stands that were burned for the first time in 2015, 

stands periodically burned since the onset of the JFSP study in 2001, and unmanaged 

forested stands. Environmental parameters designed for a low-severity, low-intensity fire 



 

269 

  

across all treatment blocks were mostly within prescription, and gravimetric soil moisture 

contents measured at the 0 to 10 cm depth the day before and immediately following each 

burn showed no change. Soil chemical properties, including TN concentration, pH, CECe, 

BS, Al saturation, and exchangeable base cations concentrations were not significantly 

different among treatments before or immediately following the prescribed fires at the 0 

to 10 cm, 10 to 20 cm, and 20 to 30 cm depths. Bulk soil sampling at six-month intervals 

following the burn treatment coincided with the transition between the growing and 

dormant seasons at these sites and gave insight into significant seasonal changes over 

time and with depth for some variables, such as soil pH, exchangeable K+, exchangeable 

Mg2+, and TN concentration. There was not enough evidence to show significant 

differences in soil chemical properties among treatments during the duration of the study; 

however, it is possible that a shallower sampling increment at the mineral surface would 

reveal more significant differences. There were instances when chemical properties 

measured in the Burn treatment were largely different from those in Control and New 

Burn, which suggest a potential fire effect trend after 14 years of periodic burning. 

Further, the large standard errors for Control treatment suggest site variability may also 

be masking any potential fire effects.  

Nutrients availability in the mineral soil solution was consistently monitored in 

situ for one year prior to burning and two years post-burn. Cation and anion exchange 

resins (PRSTM probes) were horizontally inserted into the soil profile at 10 cm and 30 cm 

depths and functioned as an ion-sink to measure nutrient availability. Nutrient supply 

rates from 4-week burial periods reflect monthly changes in soil conditions and biological 

demand and were summed by season. Pre-burn results showed no significant differences 
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among treatments for any measured ion. However, the mean cumulative supply rate of 

NH4
+-N at 10 cm over the two post-burn growing seasons was significantly greater in 

Burn than New Burn and Control. An immediate post-burn spike in NH4
+ availability is 

commonly reported for other forest types (Chorover et al., 1994; Wan et al., 2001). 

However, the fact that there was a net NH4
+-N flux in Burn and not New Burn suggests 

different post-burn microclimates between the two treatments. Forest structure data 

collected after the 2005 burns show Burn units with 10% less canopy cover than Control 

(Kinkead et al., 2013). We assume a similar or lesser canopy cover in Burn units after the 

2015 burns and a forest structure more similar to Control in New Burn units. Therefore, it 

is possible that greater canopy light penetration within Burn units promoted accelerated 

decomposition of the forest floor after leaf-out. Additionally, cumulative PO4
3--P supply 

rate at 30 cm was significantly less during the 2nd-yr growing season for Burn than New 

Burn. It’s unclear if less PO4
3--P availability indicates greater biological uptake between 

the 10 and 30 cm depths; however, total and available P concentrations in Ozark soils are 

strongly regulated by Mn2+ (Singh et al., 2015). Although not significantly different, the 

cumulative supply rate for Mn2+ at 10 cm was much greater in both burned units than 

unburned during the 2nd-yr Post growing season and remained elevated in Burn at the 30 

cm depth. The interaction between PO4
3- (or other phosphate species) and Mn2+ could 

also explain a reduction in PO4
3--P availability. Given the abrupt release of nutrient ions 

following combustion and fire-promoted mineralization of the forest floor, it’s possible 

there is a short-term benefit of greater nutrient availability in burned sites that was not 

captured in this study due to interference from site variability. 
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 Since few forest soils studies in the Ozark Highlands measured fire effects on 

bulk soil chemical properties and none monitored nutrient availability in the soil solution, 

this study contributes to the broader knowledge of forest and woodland management 

impacts on forest soils in this region. If mineralization and biotic uptake of nutrients are 

tightly cycled in low nutrient status soils, measuring ion fluxes in the soil solution may 

better reveal if there is a ‘fertilization’ benefit following burning. Given the abundant 

number of roots observed in the Oa horizon, measuring nutrient flux through the forest 

floor would also inform about treatment effects on soil solution chemistry. Additionally, 

forest structure, ground flora data, and the amount of fire-produced ash would be useful 

data when interpreting changes in bulk soil and soil solution measurements. Overall, 

study results suggest periodic burning may be altering biogeochemical cycles, but it is 

unclear if alterations are nudging the systems for the benefits or detriment. 
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CHAPTER 5: CONCLUSION 

5.1 Summary 

The Joint Fire Science Program (JFSP) study in Reynolds County of the Ozark 

Highlands was initiated in 2001 to monitor the use of prescribed fire for woodland 

restoration and management. Data on fire effects on forest soils in the Ozark Highlands is 

minimal; therefore, we utilized the JFSP study sites to research the effects low-severity 

burning on organic and mineral soils of exposed hillslopes of the Ozark Highlands. 

Measurements of the forest floor, mineral soil physical properties, mineral soil chemical 

properties, and soil solution chemistry compared changes over time on sites burned for 

the first time in recent history (New Burn) and sites that have burned multiple times in 

recent history (Burn) with unmanaged sites (Control) and evaluated the time required for 

measurements to return to pre-burn levels. Because fuel and soil moisture contents 

greatly impact fire behavior, our broad hypothesis was that low moisture contents at the 

time of fire there would result in more observable immediate and short-term fire effects.  

Organic soil horizons (O horizon) and mineral soil physical properties were 

measured pre-burn and over time for two years post-burn. The percent cover, thickness, 

and dry weight was measured separately for the Oi, Oe, and Oa horizons. There were no 

differences among treatments for any measured variable for any O horizon before the 

prescribed fire treatments. Immediately following fire, average cover, thickness, and dry 

weight was significantly decreased for Burn treatment. For New Burn treatment, fire 

significantly decreased Oe thickness but only nominally decreased Oe cover and dry 

weight. However, at 2-yrs post-burn, O horizon variables for both burn treatments 

recovered to pre-burn levels and were not different from Control. Macroaggregate 



 

282 

  

(WSA250) and microaggregate (WSA53) water-stable size fractions were measured at the 

0 to 10 cm, 10 to 20 cm, and 20 to 30 cm depths. At the 0 to 10 cm depth, there were no 

differences among treatments for either aggregate size fraction before the prescribed fire, 

immediately following fire, and at 2-yrs post-burn. However, at the 0 to 10 cm depth, the 

portion of WSA250 for New Burn at 2-yrs post-burn was significantly greater than pre-

burn values by 15%. At the 10 to 20 cm and 20 to 30 cm depths, there were significant 

changes in the portions of WSA250 and WSA53 over time within each treatment, but it is 

assumed these changes are due to spatial variability and not an effect of fire. With depth, 

the portion of WSA250 decreased and the portion of WSA53 increased. Mineral soil bulk 

density was measured at the 0 to 10 cm, 10 to 20 cm, and 20 to 30 cm depths before fire, 

and bulk density at the 0 to 10 cm depth was re-sampled two years post-burn. The fine 

soil and coarse fragment fractions were calculated from the bulk density samples. There 

were no differences in whole soil or fine fraction bulk densities among treatments at any 

depth increment before fire and no differences among treatments at 0 to 10 cm at 2-years 

post-burn.  

 Mineral soil organic carbon contents and pools were measured before the 

prescribed fires, immediately following fire, and at six-month intervals for two years 

post-burn. Total mineral soil organic carbon (TOC), labile carbon (SOCPOX), and 

pyrogenic carbon (PyC) concentrations were measured at the 0 to 10 cm, 10 to 20 cm, 

and 20 to 30 cm depths. There were no pre-burn differences among treatments for TOC, 

SOCPOX, PyC concentrations or the portion of either C pool to TOC at any sampled depth 

and no immediate or short-term significant change following fire treatment. Across all 

sampling events, TOC, SOCPOX, and PyC concentrations decreased with depth. The 
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portion of SOCPOX to TOC slightly increased with depth, and the portion of PyC to TOC 

remained relatively the same with depth.  

 Mineral soil chemical properties were measured before the prescribed fires, 

immediately following fire, and at six-month intervals for two years post-burn. Bulk soil 

chemical properties were measured at the 0 to 10 cm, 10 to 20 cm, and 20 to 30 cm 

depths. Dependent variables included total nitrogen concentrations, soil pH, soil pHsalt, 

effective cation exchange capacity, base saturation, neutralizable acidity, exchangeable 

aluminum concentrations, and concentrations of exchangeable base cations. There were 

no differences among treatments for any dependent variable before the prescribed fires 

and during the two post-burn years of sampling. Gravimetric soil moisture contents were 

measured at 4-week intervals for one year pre-burn and two years post-burn at the 10 cm 

depth. There was no significant difference in soil moisture contents among treatments 

during the duration of the study. Nutrient availabilities were continuously monitored in 

situ at 4-week intervals for one year pre-burn and two years post-burn at the 10 cm and 

30 cm depths. Supply rates were then summed and compared by season as a cumulative 

supply rate for each growing and dormant season. Before prescribed fire treatment, there 

were no differences in nutrient availabilities among treatments during the growing season 

or dormant season at either depth. At the 10 cm depth, the mean cumulative ammonium-

nitrogen (NH4
+-N) supply rate of both post-burn growing seasons was significantly 

greater for Burn treatment than New Burn and Control treatments. Additionally, at the 30 

cm depth, the cumulative supply rate for phosphate-phosphorus (PO4
3--P) was 

significantly less during the 2nd-yr Post growing season for Burn than New Burn.  
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Overall, dormant-season prescribed fire on exposed hillslopes in the Ozark 

Highlands did not significantly alter physical measurements of the organic horizons, 

physical and chemical properties of the bulk mineral soil, and nutrient supply rates of the 

soil solution during the duration of this study. The lack of differences among treatments 

prior to fire treatment suggests that the periodically burned sites were given sufficient 

time between burn events to recovery. The significant increase in NH4
+-N availability 

observed over two post-burn growing seasons for periodically burned sites was not 

surprising as greater NH4
+-N supply rates were reported by others (Chorover et al., 1994; 

Wan et al., 2001). However, the fact that post-burn NH4
+-N availability was not similarly 

significantly greater for newly burned sites than unmanaged sites suggest periodic 

burning may have altered the stand microclimate to facilitate accelerated decomposition 

rates. Bulk mineral soil and soil solution sampling at seasonal intervals provided an 

opportunity to observe seasonal changes in labile carbon concentrations at the mineral 

surface and nutrient flux of several ionic species at multiple depths in the soil profile; 

however, the relationship among treatments with time was likely not significant due to 

site variability or thick sampling-depth increment. 

5.2 Future Research 

This study has provided valuable information about fire effects on organic and 

mineral soil properties that could affect forest productivity. However, because exposed 

hillslopes experience more extreme temperature and moisture regimes than protected 

slopes, it is possible that a change in forest structure (stocking and basal area) and ground 

flora (N-fixing species) from continuous burning could influence more significant fire 

effects in soil properties with time. Soil monitoring at these sites should continue. To 
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better inform about observed changes, especially in nutrient flux and bulk chemical 

properties, fire temperatures at the mineral soil surface and heat flux into the mineral soil 

should be measured more thoroughly. Immediately following a fire event, ash-layer 

depths and contents should also be measured, ideally before the first post-burn rainfall. 

The organic carbon and total nitrogen contents of each O horizon should be measured to 

monitor if periodic burning is altering litter quality.  

Additionally, future studies of fire effects on soil properties across the Ozarks 

could account for inter- and intra-site variability when selecting treatment units 

(Hammer, 1997; Kabrick et al., 2011). For better comparison among treatments, it would 

also be better to sample the upper 0 to 5 cm and then incrementally sample by diagnostic 

horizon. Finally, there is a need to compare nutrient fluxes between autumn burning 

when biotic demand is low and late winter burning as biotic demand is increasing.  

5.3 Management Implications 

The results presented here highlights a few important factors to consider when 

planning for a prescribed fire event or designing a burn regime. First, ample fuel and soil 

moisture at the time of fire will highly likely protect from complete combustion of the 

forest floor and severe heat flux into the mineral soil, both of which could negatively alter 

soil properties responsible for water and nutrient availability. To support this assumption, 

we suggest the Missouri Department of Conservation begin to build a data base on fuel 

and soil moisture contents at the time of prescribed fires in order to identify the lower 

end-point of moisture contents before adverse effects are observed in forest soil 

properties. 
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Secondly, the O horizons should be given time to recover between recurring fires. 

As we saw at the JFSP exposed sites, recovery of Oi and Oe horizon cover and thickness 

occurred by the second post-burn year. However, while there was not enough evidence to 

show significant differences, average litter cover for New Burn recovered to 91% of the 

pre-burn value by two-years post-burn while Burn cover was only 63% of the pre-burn 

value. As periodic fire alters stand structure, litter deposition may be reduced and forest 

floor decomposition accelerated. Therefore, we also recommend that MDC and land 

managers monitor O horizon thickness and cover to help inform management decisions. 

It is possible that in order to protect mineral soil properties and preserve nutrient cycling, 

fire regimes for maintaining a woodland ecosystem may need to be longer than when first 

reintroducing fire for woodland restoration. 
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APPENDIX 

A. Prescribed Fire Temperatures 

Table A.0.1 Fire Temperatures (°C) were measured at one second intervals with HOBO 

data loggers (HOBO UX-120-014M 4 Channel Thermocouple, Onset Computer Corp., 

Bourne, MA) in units with periodic burn history (B) and units burned for the first time in 

recent history (NB). Maximum (Max) fire temperatures and total durations (seconds) 

above a range of temperatures are reported for each treatment replicated at three different 

locations (Blocks). At each monitoring site, pairs of thermocouples were placed about 1 

meter apart in upslope and downslope locations. Each pair was split and positioned a) 10 

cm above the litter layer and b) directly below the organic horizon on the mineral soil 

surface. 

a) 

Location Trt Position Block Site 
Total duration (seconds) 

Max 
(ᵒC) 

Block 
Avg > 

50°C 
> 100 

°C 
> 200 

°C 
> 400 

°C 
> 600 

°C 

10 cm 
above 
litter 

NB Upslope 1 A 139 45 14 1  500 536 
    C 243 71 40 22 5 680   
    2 A 258 67 18 1   439 418 
      C 199 54 5     261   

      3 A 279 51 10     357 316 
        C 152 44 3     261   

    Downslope 1 A 195 73 33 14   562   

      C 194 55 14 1   403   

      2 A 312 98 45 10   568   

        C 178 52 18 1   406   

      3 A 358 98 30     383   

        C 141 40 11     262   

  B Upslope 1 A           34 154 

        C           27   

      2 A 740 139 66 29 14 839 570 

        C 685 117 40 28 19 782   
      3 A           43 129 
        C 10 5 4     274   

    Downslope 1 A 3 1       159   

        C 20 13 8     397   

      2 A 37 22 16 6   453   

        C 12 8 2     208   

      3 A           38   
        C 8 3       160   
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(Table A.1 continued) 

b) 

Location Trt Position Block Site 
Total duration (seconds) 

Max 
(ᵒC) 

Block 
Avg > 50°C 

> 100 
°C 

> 200 
°C 

> 400 
°C 

> 600 
°C 

Soil 
surface 

NB Upslope 1 A           32 48 

      C 3         80   

    2 A 5 2       106 162 

        C 5 3       129   

      3 A           28 95 

        C 10 5 2     242   

    Downslope 1 A           43   

        C           36   

      2 A 296 57 2     207   

        C 14 9 2     205   

      3 A           38   

        C 4         73   

  B Upslope 1 A           30 31 

        C           33   

      2 A 6         97 116 

        C 10         71   

      3 A           32 33 

        C           32   

    Downslope 1 A           32   

        C           29   

      2 A 17 6       185   

        C 6 2       110   

      3 A           33   
        C           34   

 

 

 



 

 

 

2
8
9
 

B. Soil Series and Particle Size Distribution 

Table B.1 Descriptions of Soil Series found across Joint Fire Science Program sites in the Ozark Highlands. 

 

USDA Taxanomic

Classification

CLARKSVILLE
steep slopes  

narrow ridges

  sandstone 

colluvium             

dolomite 

residuum

ochric
2.5 -      

10.2
8 - 45

very 

deep

somewhat 

excessive
moderate medium

Loamy-skeletal, 

siliceous, semiactive, 

mesic Typic Paleudults

SCHOLTEN
slopes  narrow 

ridges

colluvium 

pedisediment 

dolomite 

residuum

ochric
7.6 -      

20.3
8 - 45

very 

deep

moderately 

well drained
moderate high

Loamy-skeletal, 

siliceous, active, mesic 

Typic Fragiudults

POYNOR
steep slopes  

narrow ridges

   colluvium   

dolomite/lime-

stone, cherty 

residuum

ochric
2.5 -     

17.8
8 - 15

very 

deep
well drained moderate low

Loamy-skeletal over 

clayey, siliceous, 

semiactive, mesic 

Typic Paleudults

ALRED
moderate to 

steep slopes

  colluvium    

dolomite 

residuum

ochric
7.6 -      

17.8
15 - 35

very 

deep
well drained

moderate to 

slow

  high to   

very high

Loamy-skeletal over 

clayey, siliceous, 

semiactive, mesic 

Typic Paleudalfs

RUETER
steep slopes  

narrow ridges

  colluvium    

dolomite 

residuum

ochric
5.1 -      

15.24
15 - 35

very 

deep

somewhat 

excessive
moderate high

Loamy-skeletal, 

siliceous, active, mesic 

Typic Paleudalfs

Runoff 

Class

 Slope  

(%)

A 

Horizon 

(cm)

Soil Series

Lan
df

or
m

Perm
ea

bilit
y

Par
en

t 

M
ate

ria
l Epipedon 

Color

Drainage 

Class

Depth 

Class



 

  

2
9
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Table B.2 Textural class and the portions of sand-, silt-, and clay-sized (mm) mineral soil from the 0-10 cm, 10-20 cm, and 20-30 cm 

depths within each block (1-3) for each control (C), new burn (NB), and burn (B) unit. 

        
% Clay  

% Silt % Sand 

Depth Trt Block 
Textural 

Class 

Fine Coarse V Fine Fine Medium Coarse V Coarse 

<.002  
.002-
.02 

.02-.05 
.05 -
.10 

.10 -
.25 

.25 -.50 .50 -1.00 1.00 -2.00 

0-10 cm 

C 1 Silt Loam 10.3 40.7 12.1 2.8 5.9 6.3 8.0 13.9 

  2 Silt Loam 7.6 39.7 14.9 1.9 10.2 13.4 7.4 4.9 

    3 Silt Loam 5.8 44.9 19.2 2.8 5.9 6.5 6.9 8.0 

  NB 1 Silt Loam 6.9 35.0 15.8 1.7 12.7 14.0 7.1 6.8 

    2 Silt Loam 7.7 37.1 13.8 2.0 8.6 12.1 7.6 11.1 

    3 Silt Loam 9.6 50.2 18.9 2.0 4.5 4.8 5.0 5 

  B 1 Silt Loam 8.8 48.9 19.6 2.2 4.5 4.5 5.0 6.5 

    2 Silt Loam 10.0 43.0 18.2 1.6 5.9 8.5 6.1 6.7 

    3 Silt Loam 8.8 37.7 16.5 2.1 11.3 12.3 5.6 5.7 

10-20 cm 

C 1 Silt Loam 8.2 44.8 14.1 2.9 5.9 6.2 7.3 10.6 

  2 Silt Loam 7.9 38.9 16.6 1.8 10.0 13.0 6.6 5.2 

    3 Silt Loam 7.8 46.7 18.6 2.7 6.0 6.4 6.2 5.6 

  NB 1 Silt Loam 6.7 38.0 14.5 1.9 13.5 14.6 5.5 5.3 

    2 Silt Loam 8.7 38.9 14.6 2.0 9.4 12.8 6.7 6.9 

    3 Silt Loam 10.9 52.1 16.7 2.0 4.9 5.0 4.8 3.6 

  B 1 Silt Loam 9.5 52.1 19.1 2.2 4.5 4.3 3.8 4.5 

    2 Silt Loam 10.7 45.5 18.5 1.5 5.6 7.7 5.2 5.3 

    3 Silt Loam 9.3 41.1 15.7 2.4 11.6 12.0 4.5 3.4 

20-30 cm 

C 1 Silt Loam 11.2 47.5 15.1 2.9 6.1 5.9 6.1 5.2 

  2 Silt Loam 7.8 39.1 15.4 1.7 10.1 12.8 6.3 6.8 

    3 Silt Loam 9.3 45.5 19.1 2.8 5.7 5.9 5.2 6.5 

  NB 1 Silt Loam 8.2 37.9 14.1 1.9 14.3 15.7 5.0 2.9 

    2 Silt Loam 8.6 40.2 13.7 2.1 10.4 14.2 5.7 5.1 

    3 Silt Loam 12.4 52.6 15.6 1.8 4.0 4.0 3.7 5.9 

  B 1 Silt Loam 10.1 50.2 19.1 2.5 5.1 4.8 4.1 4.1 

    2 Silt Loam 10.9 46.9 17.1 1.6 5.9 8.0 4.7 4.9 

    3 Silt Loam 12.4 38.7 17.1 2.0 11.0 11.3 4.2 3.3 
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C. Sampling dates for organic and mineral soils and in situ monitoring of soil 

solution. 

 

Table C.1 Sampling dates for a) Organic horizons (Time codes 1,2,4, and 6) and bulk 

soil (time codes 1-6), and b) in situ monitoring of soil solution at four-week intervals b) 

before prescribed fire treatment and c) for two years post-burn. 

a) 

Event Time code Date 

Pre-burn 1 Jan-15 

Post-burn 2 Apr-15 

0.5 yr. Post-burn 3 Oct-15 

1 yr. Post-burn 4 Apr-16 

1.5 yr. Post-burn 5 Oct-16 

2 yr. Post-burn 6 Apr-17 

 

b) 

Event Time code Burial dates Seasons 

Pre-burn 1 4/17/2015 - 5/19/2014 Growing 

  2 5/19/2014 - 6/14/2014   

  3 6/14/2014 - 7/14/2014  

  4 7/14/2014 - 8/9/2014   

  5 8/9/2014 - 9/5/2014   

  6 9/5/2014 - 10/6/2014   

  7 10/6/2014 - 10/31/2014 Dormant 

  8 10/31/2014 - 11/30/2014  

  9 11/30/2014 - 12/27/2014   

  10 12/27/2014 - 1/23/2015   

Prescribed Fire: 3/23 - 3/30/2015 
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(Table C.1 continued) 

c) 

Event Time code Burial dates Seasons 

1 yr. Post-

burn 11 4/3/2015 - 4/30/2015 Growing 

  12 4/30/2015 - 5/29/2015  

  13 5/29/2015 -6/26/2015   

  14 6/26/2015 - 7/24/2015  

  15 7/24/2015 - 8/21/2015   

  16 8/21/2015 - 9/18/2015   

  17 9/18/2015 - 10/15/2015   

  18 10/15/2015 - 11/13/2015 Dormant 

  19 11/13/2015 - 12/11/2015   

  20 12/11/2015 - 1/7/2016   

  21 1/7/2016 - 2/6/2016  

  22 2/6/2016 - 3/4/2016   

  23 3/4/2016 - 4/1/2016   

2 yr. Post-

burn 24 4/1/2016 - 4/29/2016 Growing 

  25 4/29/2016 - 5/27/2016   

  26 5/27/2016 - 6/20/2016   

  27 6/20/2016 - 7/18/2016  

  28 7/18/2016 - 8/15/2016   

  29 8/15/2016 - 9/11/2016   

  30 9/11/2016 - 10/13/2016   

  31 10/13/2016 - 11/14/2016 Dormant 

  32 11/14/2016 - 12/18/2016   

  33 12/18/2016 - 1/16/2017   

  34 1/16/2017 - 2/13/2017  

  35 2/13/2017 - 3/15/2017   

  36 3/15/2017 - 4/12/2017   

 

D. Wet Aggregate Size Distribution Method  

(adapted from Elliott (1986) and Burt (2014) )  
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Wet-Sieving 

 Air-dry soil <2mm, slaked 

 Aggregates Retained: 2 - 0.25 mm, 0.25 -0 .053 mm 

Equipment:  

 1. Pre-weighed aluminum plates, sieves, and small drying tins 

Reagents: 

1. Deionized (DI) water 

2. 1% (W/V) solution of Sodium hexametaphosphate (Na4P2O7): Dissolve 10 g of 

Na4P2O7 in 1 L of DI water. 

Procedure:  

1. Place a pre-weighed 0.25-mm sieve (S) in plastic bowl and fill bowl so the water 

level is at 30 mm height above the base of the screen. Remove air bubbles trapped 

below screen. 

2. Weigh 40±0.5 g of subsample from whole, air-dried soil. Distribute the subsample 

evenly onto the sieve. Let sit for 5 minutes. 

3. Gently raise and lower the sieve in the water bowl 30 mm at a rate of 50 times over 

a period of 2 minutes. Remove floatable organic material from the water surface and 

discard. Set sieve with the 2 - 0.25 mm material onto pre-weighed Aluminum plate 

(P). 

 4. Transfer material remaining in bowl to a pre-weighed 0.053 mm sieve (S) already 

placed in a separate plastic bowl and repeat the dunking process (Step 3). Set sieve 

onto a separate pre-weighed Aluminum plate (P). 

 5. Oven dry sieve/plate/aggregates at 60 ᵒC, over-night. 

 6. Weigh sieve/plate/aggregates. If aggregates will not be washed for measuring sand 

content right away, then store carefully collect materials from sieves and plates and 

store into labeled falcon tube. 

 

7. Material remaining in shallow bowl are the < 0.053 mm size fraction. Properly 

dispose of  remaining soil. 
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To measuring sand content for each size class:  

8. Disperse sand from each aggregates size fraction (0.25 mm or 0.053 mm sized 

aggregates) by adding 1% (W/V) solution of Na4P2O7 to each tube of aggregates for 

at least 30 min on a side-by-side shaker.  

 9. Place the 0.053 mm -sized sieve in shallow bowl. Dump sample slurry onto sieve 

and rinse with DI water until all solution has passed through sieve. Gently push soil 

through sieve with a rubber stopper or fingers to ensure all aggregates have been 

dispersed. 

10. Rinse sand remaining on sieve into corner of sieve and gently scrape or wash with 

DI onto pre-weighed metal drying tin (T). Oven dry at 110 ᵒC until sand is completely 

dry. Weigh tin/sand.  
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E. Organic Horizon Data 

Table E.1 Mean ± standard error (SE) of a) percent cover (%), b) thickness (cm), c) dry 

weight (g) of organic horizons (Oi, Oe, and Oa) from control (C), new burn (NB), and 

burn (B) treatments sampled before the prescribed fire (Pre-burn), immediately following 

the fire treatment (Post-burn), one-year post-burn (1-yr Post), and two-years post-burn (2-

yr Post). 

a)                           

    Cover (%) 

Trt Horizon Pre-burn Post-burn 1-yr Post 2-yr Post 

     - - - - - - - - - - - - - - - - mean ± SE - - - - - - - - - - - - - - - - 

C Oi  92.2 ± 4.7 84.2 ± 1.4 83.0 ± 2.8 95.2 ± 4.0 

  Oe  76.9 ± 9.0 92.7 ± 0.7 92.9 ± 1.0 95.3 ± 1.7 

  Oa  70.0 ± 11.9 56.7 ± 13.7 44.1 ± 28.4 80.4 ± 12.1 

NB Oi  84.2 ± 3.5 0.0 ± 0.0 76.7 ± 2.8 91.9 ± 1.6 

  Oe  67.2 ± 9.0 74.6 ± 5.6 52.2 ± 10.3 82.3 ± 1.5 

  Oa  55.8 ± 20.1 73.1 ± 12.6 65.6 ± 12.4 69.9 ± 5.9 

B Oi  92.4 ± 3.8 0.0 ± 0.0 58.3 ± 5.0 70.4 ± 21.1 

  Oe  82.1 ± 8.9 74.1 ± 7.8 75.1 ± 7.6 73.2 ± 7.7 

  Oa  68.4 ± 17.0 55.3 ± 14.1 76.2 ± 10.9 62.2 ± 9.6 

b)                           

    Thickness (cm) 

Trt Horizon Pre-burn Post-burn 1-yr Post 2-yr Post 

     - - - - - - - - - - - - - - - - mean ± SE - - - - - - - - - - - - - - - - 

C Oi  3.9 ± 0.4 4.1 ± 0.5 3.9 ± 0.3 3.9 ± 0.2 

  Oe  2.0 ± 0.4 3.1 ± 0.6 2.8 ± 0.3 2.7 ± 0.1 

  Oa  1.8 ± 0.3 1.1 ± 0.1 0.9 ± 0.3 1.3 ± 0.3 

NB Oi  3.3 ± 0.1 0.0 ± 0.0 3.8 ± 0.7 3.3 ± 0.2 

  Oe  1.7 ± 0.5 1.2 ± 0.1 1.0 ± 0.1 2.1 ± 0.3 

  Oa  1.6 ± 0.5 0.4 ± 0.2 1.6 ± 0.4 1.9 ± 0.4 

B Oi  3.5 ± 0.6 0.0 ± 0.0 3.9 ± 0.7 4.2 ± 0.8 

  Oe  2.4 ± 0.2 1.3 ± 0.3 1.7 ± 0.2 2.4 ± 0.4 

  Oa  1.4 ± 0.4 1.3 ± 0.6 1.5 ± 0.5 1.4 ± 0.2 

  



 

296 

 

(Table E.1 continued)          

 

c)                           

    Dry Weight (kg m2 -1) 

Trt Horizon Pre-burn Post-burn 1-yr Post 2-yr Post 

     - - - - - - - - - - - - - - - - mean ± SE - - - - - - - - - - - - - - - - 

C Oi  0.5 ± 0.1 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 

  Oe  1.0 ± 0.1 1.6 ± 0.2 1.5 ± 0.2 1.3 ± 0.2 

  Oa  1.4 ± 0.2 0.9 ± 0.2 0.8 ± 0.4 1.6 ± 0.4 

NB Oi  0.4 ± 0.0 0.0 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 

  Oe  0.7 ± 0.2 0.8 ± 0.1 0.5 ± 0.1 0.9 ± 0.2 

  Oa  1.2 ± 0.3 1.2 ± 0.5 1.7 ± 1.0 2.4 ± 0.4 

B Oi  0.5 ± 0.0 0.0 ± 0.0 0.3 ± 0.1 0.3 ± 0.1 

  Oe  1.1 ± 0.1 0.8 ± 0.2 1.1 ± 0.3 0.9 ± 0.1 

  Oa  1.6 ± 0.4 1.3 ± 0.5 1.0 ± 0.2 2.3 ± 0.4 

 

 

Table E.2 Type 3 Tests of Fixed Effects, evaluating treatment (trt), time, and the 

interaction of treatment and time (trt*time) on percent cover, thickness, and the dry 

weight of the duff layer (Oe + Oa). Treatments include Control sites, sites burned for the 

first time in recent history (New Burn), and sites with recent periodic fire (Burn), and 

time represents samples collected four months before the prescribed fire (Pre-burn), 

immediately following the fire treatment (Post-burn), and annually for two years 

following fire (1-yr Post, 2-yr Post). Statistically significant main and interaction effects 

(p-values <0.05) are noted in bold. The symbol “†” indicates a normal distribution and 

“‡” indicates a lognormal distribution. 

 

    Source Cover ‡ Thickness † Dry Weight † 

  - - - - - - - - - - - - - - - - - p-values - - - - - - - - - - - - - - - - 

trt 
0.1194 0.2141 0.8217 

time 0.0740 0.0181 0.0447 

trt*time 0.2980 0.1991 0.9007 
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Table E.3 Mean ± standard error (SE) of a) percent cover (%), b) thickness (cm), c) dry 

weight (g) of duff layer (Oe + Oa) from control (C), new burn (NB), and burn (B) 

treatments sampled before the prescribed fire (Pre-burn), immediately following the fire 

treatment (Post-burn), one-year post-burn (1-yr Post), and two-years post-burn (2-yr 

Post). 

a)                                   

    Cover (%)   

     - - - - -- - - - - - mean ± SE - - - - - - - - - - -     

Trt Horizon Preburn   Postburn   1yr Postburn   2yr Postburn   

C Oe + Oa  83.7 ± 8.5  92.7 ± 0.7  94.3 ± 1.9  95.3 ± 1.7  

NB Oe + Oa  78.6 ± 9.6  83.1 ± 6.7  69.7 ± 10.2  87.3 ± 2.4  

B Oe + Oa  86.0 ± 6.5  74.1 ± 7.8  80.9 ± 7.2  85.7 ± 2.5  

 

b)                                   

    Thickness (cm)   

     - - - - -- - - - - - mean ± SE - - - - - - - - - - -     

Trt Horizon Preburn   Postburn   1yr Postburn   2yr Postburn   

C Oe + Oa  3.8 ± 0.6  4.1 ± 0.5  3.7 ± 0.4  4.0 ± 0.3  

NB Oe + Oa  3.3 ± 0.5  2.2 ± 0.4  2.5 ± 0.8  4.0 ± 0.3  

B Oe + Oa  3.8 ± 0.4  2.5 ± 0.7  3.2 ± 0.6  3.9 ± 0.6  

 

c)                                   

    Dry Weight (kg/m2)   

     - - - - -- - - - - - mean ± SE - - - - - - - - - - -     

Trt Horizon Preburn   Postburn   
1yr 

Postburn 
  2yr Postburn   

C Oe + Oa  2.4 ± 0.2  2.5 ± 0.3  2.3 ± 0.6  2.9 ± 0.3  

NB Oe + Oa  1.9 ± 0.6  2.1 ± 0.5  2.3 ± 1.1  3.3 ± 0.5  

B Oe + Oa  2.7 ± 0.5  2.1 ± 0.6  2.2 ± 0.4  3.2 ± 0.4  
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F. Mineral soil bulk density data 

Table F.1 Comparison of mean ± standard error for total bulk density (Db), bulk density 

of fine soil fraction (Dbf ; <2 mm), and the percent of coarse fragments (CF; >2 mm) by 

volume at the 0 to 10 cm depth for control (C), new burn (NB), and burn (B) units. 

Dependent variables were measured before the prescribed fire treatment (Pre-burn) and 

two years following the burn event (2-yr Post). 

  Pre-burn 2-yr Post 

Trt 
Db 

 (g cm-3) 

Dbf  

(g cm-3) 

CF 

 (v v-1) 

Db  

(g cm-3) 

Dbf 

 (g cm-3) 

CF  

(v v-1) 

  - - - - - - - - - - - - - - - - - - - - - - - - mean ± SE - - - - - - - - - - - - - - - - - - - - - - - -  

C 1.3 ± 0.1 0.8 ± 0.1 25.2 ± 1.8 1.4 ± 0.1 0.9 ± 0.0 28.6 ± 5.0 

NB 1.4 ± 0.1 0.8 ± 0.1 33.4 ± 8.6 1.6 ± 0.1 1.0 ± 0.1 37.8 ± 8.1 

B 1.4 ± 0.0 0.8 ± 0.1 33.4 ± 3.4 1.3 ± 0.1 0.8 ± 0.1 28.1 ± 2.9 

 

Table F.2 Mean ± standard error for total bulk density (Db), bulk density of fine soil 

fraction (Dbf ; <2 mm), and the percent of coarse fragments (CF; >2 mm) by volume at 

the 0 to 10 cm, 10 to 20 cm, and 20 to 30 cm depths for control (C), new burn (NB), and 

burn (B) units. Values for the 0 to 10 cm depths are averages of measurements from 

before the prescribed fire treatment (Pre-burn) and two-years following the burn event (2-

yr Post). 

    Final values 

     - - - - -- - - - - - mean ± SE - - - - - - - - - - -   

Trt Depth (cm) Db (g cm-3) Dbf (g cm-3) CF (v v-1) 

C 0-10 1.35 ± 0.07 0.87 ± 0.07 26.9 ± 2.36 

  10-20 1.38 ± 0.19 1.07 ± 0.24 22.3 ± 3.59 

  20-30 1.82 ± 0.15 1.34 ± 0.22 36.9 ± 3.21 

NB 0-10 1.53 ± 0.07 0.89 ± 0.1 35.6 ± 5.35 

  10-20 1.18 ± 0.14 1.00 ± 0.19 13.5 ± 1.16 

  20-30 2.02 ± 0.05 1.81 ± 0.07 26.3 ± 4.54 

B 0-10 1.38 ± 0.05 0.82 ± 0.06 30.8 ± 2.33 

  10-20 1.12 ± 0.07 0.83 ± 0.07 16.1 ± 0.58 

  20-30 2.09 ± 0.02 1.84 ± 0.07 31.8 ± 2.64 
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G. Mineral Soil Organic Carbon Stocks and Pools 

Table G.1 Mean ± standard error of total mineral soil organic carbon (TOC) and labile carbon (SOCPOX) contents and stocks and the 

percent SOCPOX to TOC from a) control (C), b) new burn (NB), and c) burn (B) treatments sampled at the 0-10 cm, 10-20 cm, and 20-

30 cm depths before the prescribed fire (Pre-burn), immediately following the fire treatment (Post-burn), six months post-burn (0.5-yr 

Post), one-year post-burn (1-yr Post), one and half years post-burn (1.5-yr Post), and two-years post-burn (2-yr Post). 

a) 

        
 

Trt Depth Time   TOC   SOCPOX   SOCPOX 

  (cm)     (g kg-1) (Mg ha-1)   (g kg-1) (Mg ha-1)   (% of TOC) 

        - - - - - - - - - - - - - - - - - - - mean±se - - - - - - - - - - - - - - - - - - - 

C 0-10 Pre-burn   22.3 ± 2.0 19.4 ± 2.0   0.55 ± 0.10 0.48 ± 0.11   2.4 ± 0.3 

    Post-burn   18.7 ± 1.2 16.2 ± 1.3   0.47 ± 0.09 0.41 ± 0.11   2.5 ± 0.4 

    0.5-yr Post   21.7 ± 3.8 18.8 ± 3.2   0.58 ± 0.15 0.52 ± 0.17   2.6 ± 0.5 

    1-yr Post   18.5 ± 2.0 16.3 ± 3.0   0.51 ± 0.12 0.46 ± 0.15   2.7 ± 0.4 

    1.5-yr Post   23.7 ± 2.3 20.5 ± 2.1   0.41 ± 0.11 0.37 ± 0.13   1.7 ± 0.5 

    2-yr Post   23.1 ± 1.7 20.5 ± 3.4   0.51 ± 0.09 0.46 ± 0.13   2.2 ± 0.2 

  10-20 Pre-burn   9.3 ± 0.3 9.8 ± 2.0   0.24 ± 0.04 0.25 ± 0.08   2.5 ± 0.4 

    Post-burn   10.7 ± 0.3 11.2 ± 2.2   0.29 ± 0.04 0.32 ± 0.12   2.7 ± 0.5 

    0.5-yr Post   10.0 ± 1.7 9.8 ± 0.6   0.28 ± 0.05 0.29 ± 0.09   3.0 ± 0.8 

    1-yr Post   8.9 ± 0.8 9.1 ± 1.3   0.27 ± 0.01 0.29 ± 0.07   3.1 ± 0.4 

    1.5-yr Post   11.3 ± 1.2 11.5 ± 1.5   0.21 ± 0.02 0.24 ± 0.08   2.0 ± 0.5 

    2-yr Post   8.3 ± 0.6 9.1 ± 2.6   0.27 ± 0.02 0.28 ± 0.07   3.2 ± 0.4 

  20-30 Pre-burn   4.3 ± 0.9 6.0 ± 1.8   0.16 ± 0.01 0.21 ± 0.04   3.8 ± 0.5 

    Post-burn   6.7 ± 0.9 9.3 ± 2.3   0.19 ± 0.01 0.26 ± 0.05   2.9 ± 0.4 

    0.5-yr Post   6.0 ± 0.6 8.3 ± 2.0   0.20 ± 0.03 0.27 ± 0.07   3.3 ± 0.4 

    1-yr Post   5.1 ± 0.4 7.0 ± 1.5   0.19 ± 0.01 0.25 ± 0.04   3.7 ± 0.5 

    1.5-yr Post   6.7 ± 0.9 8.6 ± 0.8   0.12 ± 0.04 0.16 ± 0.04   1.9 ± 0.6 

    2-yr Post   3.8 ± 0.4 5.2 ± 1.3   0.17 ± 0.02 0.24 ± 0.06   4.6 ± 0.1 
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(Table G.1 continued) 

b) 

        
 

Trt Depth Time   TOC   SOCPOX   SOCPOX 

  (cm)     (g kg-1) (Mg ha-1)   (g kg-1) (Mg ha-1)   (% of TOC) 

        - - - - - - - - - - - - - - - - - - - mean±se - - - - - - - - - - - - - - - - - - - 

NB 0-10 Pre-burn   19.7 ± 1.2 17.3 ± 1.0   0.41 ± 0.02 0.36 ± 0.04   2.1 ± 0.1 

    Post-burn   20.7 ± 2.7 17.9 ± 0.2   0.39 ± 0.03 0.34 ± 0.02   1.9 ± 0.1 

    0.5-yr Post   15.0 ± 0.0 13.4 ± 1.5   0.35 ± 0.01 0.32 ± 0.04   2.4 ± 0.1 

    1-yr Post   16.3 ± 0.8 14.7 ± 2.3   0.40 ± 0.03 0.36 ± 0.06   2.4 ± 0.1 

    1.5-yr Post   20.7 ± 1.8 18.4 ± 2.4   0.35 ± 0.04 0.32 ± 0.06   1.7 ± 0.1 

    2-yr Post   23.1 ± 2.1 20.7 ± 3.2   0.46 ± 0.05 0.42 ± 0.09   2.0 ± 0.2 

  10-20 Pre-burn   9.3 ± 1.5 9.2 ± 1.9   0.25 ± 0.02 0.25 ± 0.06   2.8 ± 0.3 

    Post-burn   8.0 ± 0.0 8.0 ± 1.5   0.19 ± 0.01 0.19 ± 0.02   2.4 ± 0.2 

    0.5-yr Post   8.0 ± 0.6 7.8 ± 0.9   0.20 ± 0.01 0.19 ± 0.03   2.5 ± 0.1 

    1-yr Post   7.6 ± 0.9 7.3 ± 0.8   0.22 ± 0.02 0.21 ± 0.02   2.9 ± 0.1 

    1.5-yr Post   9.3 ± 1.5 8.8 ± 0.7   0.19 ± 0.03 0.18 ± 0.01   2.0 ± 0.1 

    2-yr Post   10.4 ± 0.8 10.1 ± 1.3   0.27 ± 0.01 0.27 ± 0.06   2.6 ± 0.3 

  20-30 Pre-burn   4.7 ± 0.7 8.5 ± 1.4   0.14 ± 0.01 0.26 ± 0.03   3.1 ± 0.3 

    Post-burn   5.0 ± 1.0 9.0 ± 1.7   0.14 ± 0.02 0.26 ± 0.03   3.0 ± 0.3 

    0.5-yr Post   5.0 ± 1.2 9.2 ± 2.4   0.15 ± 0.01 0.27 ± 0.03   3.3 ± 0.5 

    1-yr Post   4.3 ± 0.3 7.8 ± 0.7   0.17 ± 0.01 0.31 ± 0.01   4.0 ± 0.4 

    1.5-yr Post   5.7 ± 0.3 10.3 ± 1.0   0.15 ± 0.01 0.27 ± 0.02   2.7 ± 0.3 

    2-yr Post   5.5 ± 0.2 9.9 ± 0.4   0.17 ± 0.02 0.31 ± 0.04   3.1 ± 0.2 
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(Table G.1 continued) 

c) 

        
 

Trt Depth Time   TOC   SOCPOX   SOCPOX 

  (cm)     (g kg-1) (Mg ha-1)   (g kg-1) (Mg ha-1)   (% of TOC) 

        - - - - - - - - - - - - - - - - - - - mean±se - - - - - - - - - - - - - - - - - - - 

B 0-10 Pre-burn   21.3 ± 2.4 17.0 ± 1.1   0.54 ± 0.04 0.43 ± 0.02   2.6 ± 0.1 

    Post-burn   17.3 ± 2.8 13.6 ± 0.5   0.39 ± 0.04 0.31 ± 0.04   2.3 ± 0.4 

    0.5-yr Post   16.0 ± 1.5 12.8 ± 0.8   0.39 ± 0.02 0.32 ± 0.04   2.5 ± 0.3 

    1-yr Post   17.6 ± 3.0 13.9 ± 1.5   0.43 ± 0.08 0.35 ± 0.07   2.5 ± 0.3 

    1.5-yr Post   16.0 ± 2.5 13.1 ± 2.7   0.33 ± 0.11 0.27 ± 0.10   2.0 ± 0.3 

    2-yr Post   19.6 ± 2.3 15.6 ± 0.9   0.44 ± 0.03 0.36 ± 0.03   2.3 ± 0.1 

  10-20 Pre-burn   9.7 ± 1.5 7.8 ± 0.6   0.20 ± 0.01 0.17 ± 0.00   2.2 ± 0.2 

    Post-burn   10.0 ± 1.5 8.1 ± 0.7   0.21 ± 0.01 0.17 ± 0.01   2.1 ± 0.3 

    0.5-yr Post   8.7 ± 0.7 7.1 ± 0.4   0.22 ± 0.02 0.18 ± 0.03   2.5 ± 0.3 

    1-yr Post   8.3 ± 1.1 6.9 ± 1.2   0.24 ± 0.02 0.20 ± 0.03   3.0 ± 0.3 

    1.5-yr Post   8.3 ± 1.2 7.0 ± 1.4   0.17 ± 0.02 0.15 ± 0.03   2.1 ± 0.1 

    2-yr Post   7.5 ± 0.8 6.1 ± 0.2   0.20 ± 0.00 0.17 ± 0.02   2.8 ± 0.3 

  20-30 Pre-burn   5.0 ± 0.6 9.2 ± 1.2   0.15 ± 0.01 0.28 ± 0.02   3.1 ± 0.1 

    Post-burn   5.3 ± 1.2 9.7 ± 2.1   0.14 ± 0.02 0.25 ± 0.05   2.7 ± 0.4 

    0.5-yr Post   5.7 ± 0.3 10.4 ± 0.7   0.18 ± 0.01 0.33 ± 0.03   3.2 ± 0.4 

    1-yr Post   4.9 ± 0.5 9.0 ± 0.5   0.17 ± 0.01 0.31 ± 0.02   3.5 ± 0.3 

    1.5-yr Post   5.0 ± 0.6 9.2 ± 1.0   0.13 ± 0.03 0.24 ± 0.06   2.6 ± 0.5 

    2-yr Post   3.7 ± 0.4 6.8 ± 0.4   0.17 ± 0.01 0.31 ± 0.01   4.6 ± 0.4 
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Table G.2 Mean ± standard error of pyrogenic carbon (PyC) contents and stocks and the percent PyC to total mineral soil organic 

carbon (TOC) from control (C), new burn (NB), and burn (B) treatments sampled at the 0-10 cm, 10-20 cm, and 20-30 cm depths 

before the prescribed fire (Pre-burn), and two-years post-burn (2-yr Post). 

        
 

Trt Depth Time   PyC   PyC   

  cm       (g kg-1)     (Mg ha-1)       (% of TOC)     

C 0-10 Pre-burn   5.1 ± 0.8 4.3 ± 0.4   21.7 ± 3.9   

    2-yr Post   5.2 ± 0.4 4.5 ± 0.4   23.9 ± 3.3   

  10-20 Pre-burn   2.3 ± 0.2 2.3 ± 0.3   23.0 ± 1.9   

    2-yr Post   1.8 ± 0.1 1.9 ± 0.4   20.9 ± 1.1   

  20-30 Pre-burn   1.1 ± 0.3 1.6 ± 0.5   24.1 ± 2.0   

    2-yr Post   1.0 ± 0.1 1.4 ± 0.4   23.8 ± 0.8   

                              NB 0-10 Pre-burn   4.6 ± 1.0 4.0 ± 0.6   23.2 ± 4.2   

    2-yr Post   4.9 ± 0.6 4.3 ± 0.6   23.4 ± 2.4   

  10-20 Pre-burn   2.0 ± 0.5 1.9 ± 0.2   20.4 ± 2.8   

    2-yr Post   2.5 ± 0.4 2.4 ± 0.1   24.0 ± 3.1   

  20-30 Pre-burn   1.4 ± 0.4 2.6 ± 0.7   27.2 ± 4.0   

    2-yr Post   1.3 ± 0.2 2.4 ± 0.3   24.2 ± 3.6   

                              B 0-10 Pre-burn   6.2 ± 1.0 4.9 ± 0.4   25.3 ± 1.2   

    2-yr Post   4.9 ± 0.5 3.9 ± 0.1   25.0 ± 1.0   

  10-20 Pre-burn   2.4 ± 0.4 2.0 ± 0.3   24.7 ± 3.6   

    2-yr Post   1.7 ± 0.2 1.4 ± 0.1   23.8 ± 0.2   

  20-30 Pre-burn   1.2 ± 0.2 2.2 ± 0.3   24.3 ± 0.7   

    2-yr Post   1.0 ± 0.1 1.9 ± 0.2   25.6 ± 3.0   
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H. Labile Carbon Method 

Labile carbon, also commonly referred to as Active carbon, was measured using 

the potassium permanganate method (KMnO4) of Weil et al., (2003) and Blair et al., 

(1995). 

Materials: 

1. Stock solution: 0.2 M KMnO4, (= 31.6068 g/L) The 0.2 M KMnO4 stock 

solution should be kept in a dark bottle. 

2. Standard solutions: 0.005, 0.01, 0.02, 0.03 and 0.04 M KMnO4: 

  Make by adding 1.25, 2.50, 5.00, 7.5 and 10 ml of the 0.2 M KMnO4 stock 

solution to respective centrifuge tubes and diluting to the 50 ml mark with 

distilled (DI) water. (wrap each tube with foil to protect from sunlight).  

 Example: (1.25mL / 50mL) x 0.2 M = 0.005 M KMnO4 

   (2.50 mL / 50mL) x 0.2 M = 0.01 M KMnO4 

3. Instruments: Laboratory Spectrophotometer (Spectronic® GenesysTM 8 

Spectrophotometer, Spectronic Instruments, Inc., Rochester, NY) to read 550 

nm wavelength, side-to-side shaker, centrifuge 

4. Lab ware: graduated polypropylene conical centrifuge tubes (50 ml), 25 mL 

glass amber bottles with screw caps, pipettes and disposable pipette tips, optically 

matched glass cuvettes; laboratory tissues (Kimwipes) for wiping cuvettes, DI 

water in squeeze bottle 

Making a Standard Curve: 

1. Fill a clean, glass cuvette with DI water; wipe the outside of the vial with a 

tissue and place the vial in the spectrophotometer well. Replace cover and “zero” 

out so the machine reads ‘0.00.’ Remove the cuvette. 

2. Add about 24.75 ml of DI water to a clean, amber glass bottle (25mL). Using 

the pipette with disposable tips, add 0.25 ml of the 0.005 M KMnO4 standard 

solution to the bottle, cap and shake to mix. Using a transfer pipette, add a sample 

of the diluted standard into a clean glass cuvette. Wipe the outside with a Kimwipe 

and place in the colorimeter well, cover, and “read” the absorbance. 
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3. Repeat step 2 using 0.50 ml of the 0.01 M, 0.02 M, 0.03 M, 0.04 M KMnO4 

standard solutions.  

4. Use Excel to construct a standard curve with absorbance (550 nm) on the x-axis 

and concentration of the y-axis. Find the equation of the line (y = mx + b). For this 

procedure, the equation is: Conc. KMnO4 = b*Absorbance + a 

 *Note: be careful not to mix up a and b variables in the final calculation.  

 *Run standards before and after each set of samples, average the absorbance 

values for each standard; use the avg. value to find the b and a values. Do this for 

each set of samples because absorbance values for standards may change slightly 

from day to day. 

Procedure: 
 

1. Soil samples should be air-dried and sieved to 2 mm. 

2. Using pipette, place 2.0 ml of the 0.2 M KMnO4 in a clean 50 ml 

 polypropylene centrifuge tube. Add 18 mL DI water using dispenser. Cap and 

swirl the tube to mix the solution thoroughly. Add 2.5 g dry soil to the tube, cap 

it tightly, and shake on side-to-side shaker for 15 minutes.  

3. Centrifuge at 3000 rpm for 5 minutes (*centrifuge holds 16 samples)  

4. Use a clean pipette tip, take 0.25 ml of liquid from the upper 1 cm of the soil- 

KMnO4 suspension (avoid floating debris) and transfer to an amber bottle 

containing 24.75 mL DI; cap and swirl. Use clean pipette tip for each sample. 

5. Use a transfer pipette to add a sample of the diluted standard into a clean, dry 

glass cuvette. Wipe the outside with a Kimwipe (if needed) and place in the 

spectrophotometer, close the lid, and “read” the absorbance.  

 *keep checking blanks through out to make sure they are all zero absorbance.  

 *The cuvette may need to be replaced or cleaned with a 10% bleach solution to remove 

any sorbed permanganate. 

6. Repeat steps 2 – 5 for a total of three replicate analyses for each sample. 
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Calculations: 

  The reduction in absorbance corresponds with the clearing of the purple KMnO4 

color. A decrease in absorbance reading indicates an increase in the amount of oxidizable 

(active) carbon in the soil. To calculate the amount of C oxidized, use the assumption that 

1 mol MnO4 is consumed in the oxidation of 0.75 mol (9000 mg) of C: 

 

 Active C (mg / kg) =  

[0.02 mol KMnO4/L – (a + b x absorbance)] x (9000 mg C/mol) x (0.02 L solution/ 0.0025 kg 

soil) 

 

Where 0.02 mol/L is the initial solution concentration, a is the intercept and b is the slope 

of the standard curve, 9000 is mg C (0.75 mol) oxidized by 1 mol of MnO4 changing 

from Mn+7 to Mn+4, 0.02 L is the volume of KMnO4 solution reacted, and 0.0025 is the 

kg of soil used.  

 

 

Reference 

Blair, G.J., R.D. Lefroy and L. Lisle. 1995. Soil Carbon Fractions Based on Their Degree 

of Oxidation, and the Development of a Carbon Management Index for 
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Weil, R.R., K.R. Islam, M.A. Stine, J.B. Gruver and S.E. Samson-Liebig. 2003. 

Estimating Active Carbon for Soil Quality Assessment: A Simplified Method for 

Laboratory and Field Use. Am J Alternative Ag 18: 3-17. 
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I. Bulk Soil and Soil Solution Data 

Table I.1 Mean values ± standard error of bulk soil chemical properties measured before fire (Pre-burn), immediately following fire 

(Post-burn), and at six-month intervals for two years post-burn (0.5-yr Post, 1-yr Post, 1.5-yr Post, and 2-yr Post) at three depth 

increments. Bulk soil properties presented effective cation exchange capacity (CECe), base saturation (BS), aluminum saturation (Al 

Sat), neutralizable acidity (NA), pHsalt, pH (tables a-c), and calcium (Ca2+), magnesium (Mg2+), potassium (K+), sum of bases (Sum 

Bases), and exchangeable aluminum (EAl), and total nitrogen (TN) (tables d-f) for Control (C; tables a and d), New Burn (NB; 

tables b and e), and Burn (B; tables c and f) treatments. 

a) 
Trt Depth Time CECe BS Al Sat NA pHsalt pH 

  cm    cmolc kg-1    %     %    cmolc kg-1              

C 0-10 Pre-burn 6.3 ± 1.1 47 ± 20 34.3 ± 23.4 7.7 ± 1.6 4.6 ± 0.4 5.2 ± 0.4 

    Post-burn 7.4 ± 2.6 34 ± 11 39.3 ± 21.3 7.8 ± 1.2 4.6 ± 0.4 5.2 ± 0.4 

    0.5-yr Post 7.3 ± 1.5 42 ± 23 37.0 ± 22.3 7.6 ± 1.1 4.6 ± 0.4 5.3 ± 0.3 

    1-yr Post 5.3 ± 0.8 39 ± 17 40.0 ± 21.6 8.0 ± 0.9 4.5 ± 0.3 5.0 ± 0.2 

    1.5-yr Post 5.3 ± 1.2 44 ± 19 42.7 ± 22.8 7.5 ± 1.1 4.4 ± 0.4 5.1 ± 0.4 

    2-yr Post 5.7 ± 0.8 43 ± 18 38.7 ± 20.0 8.0 ± 0.4 4.3 ± 0.3 4.9 ± 0.3 

  10-20 Pre-burn 3.9 ± 0.5 33 ± 16 42.3 ± 24.0 5.4 ± 0.8 4.6 ± 0.3 5.3 ± 0.3 

    Post-burn 5.8 ± 2.4 27 ± 8 44.3 ± 22.7 5.6 ± 0.7 4.7 ± 0.3 5.4 ± 0.3 

    0.5-yr Post 3.6 ± 0.3 38 ± 18 43.7 ± 22.7 5.1 ± 0.7 4.5 ± 0.3 5.2 ± 0.2 

    1-yr Post 3.5 ± 0.4 27 ± 9 46.7 ± 17.3 5.1 ± 0.6 4.4 ± 0.1 5.0 ± 0.1 

    1.5-yr Post 3.6 ± 0.5 32 ± 20 53.3 ± 25.2 5.2 ± 0.9 4.4 ± 0.3 5.1 ± 0.2 

    2-yr Post 3.9 ± 0.4 24 ± 10 50.7 ± 17.1 4.9 ± 0.2 4.3 ± 0.1 5.1 ± 0.1 

  20-30 Pre-burn 3.8 ± 0.3 31 ± 10 39.3 ± 19.9 5.5 ± 0.7 4.5 ± 0.2 5.3 ± 0.2 

    Post-burn 6.1 ± 2.3 20 ± 5 44.3 ± 22.8 4.6 ± 0.3 4.6 ± 0.3 5.3 ± 0.2 

    0.5-yr Post 3.1 ± 0.1 28 ± 11 46.0 ± 22.0 3.8 ± 0.4 4.5 ± 0.2 5.3 ± 0.2 

    1-yr Post 3.3 ± 0.4 29 ± 15 49.7 ± 19.8 5.0 ± 0.4 4.4 ± 0.1 5.1 ± 0.1 

    1.5-yr Post 3.6 ± 0.8 31 ± 20 56.3 ± 26.7 4.3 ± 0.5 4.3 ± 0.2 5.2 ± 0.2 

    2-yr Post 3.7 ± 0.4 15 ± 4 67.3 ± 9.0 3.7 ± 0.3 4.2 ± 0.1 5.0 ± 0.1 
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(Table I.1 continued) 

b) 

Trt Depth Time CECe BS Al Sat NA pHsalt pH 

  cm    cmolc kg-1    %     %    cmolc kg-1              

NB 0-10 Pre-burn 5.0 ± 0.1 33 ± 5 40.7 ± 7.3 8.5 ± 0.5 4.4 ± 0.0 5.1 ± 0.0 

    Post-burn 5.5 ± 0.8 29 ± 5 51.0 ± 11.4 9.0 ± 0.6 4.3 ± 0.1 5.1 ± 0.1 

    0.5-yr Post 4.3 ± 0.1 36 ± 8 38.7 ± 9.4 6.6 ± 0.4 4.4 ± 0.1 5.2 ± 0.1 

    1-yr Post 4.4 ± 0.2 36 ± 10 36.3 ± 12.5 7.8 ± 0.1 4.5 ± 0.1 4.9 ± 0.1 

    1.5-yr Post 4.8 ± 0.4 33 ± 5 46.7 ± 9.7 8.9 ± 0.7 4.3 ± 0.1 5.1 ± 0.1 

    2-yr Post 5.2 ± 0.4 42 ± 3 23.7 ± 4.67 9.2 ± 1.4 4.6 ± 0.0 5.3 ± 0.1 

  10-20 Pre-burn 4.8 ± 0.8 21 ± 3 47.0 ± 0.0 6.1 ± 0.3 4.3 ± 0.1 5.1 ± 0.0 

    Post-burn 3.4 ± 0.2 20 ± 3 69.0 ± 3.1 5.8 ± 0.3 4.3 ± 0.0 5.2 ± 0.1 

    0.5-yr Post 3.6 ± 0.3 19 ± 2 60.0 ± 5.6 5.3 ± 0.4 4.4 ± 0.1 5.2 ± 0.1 

    1-yr Post 3.4 ± 0.4 21 ± 3 53.7 ± 6.0 5.2 ± 0.4 4.5 ± 0.1 5.0 ± 0.1 

    1.5-yr Post 3.9 ± 0.3 14 ± 3 69.0 ± 6.4 6.0 ± 0.2 4.2 ± 0.0 5.2 ± 0.0 

    2-yr Post 3.6 ± 0.1 28 ± 4 44.3 ± 7.7 6.0 ± 0.2 4.4 ± 0.1 5.2 ± 0.1 

  20-30 Pre-burn 4.2 ± 1.2 15 ± 4 69.0 ± 3.2 4.8 ± 0.2 4.2 ± 0.0 5.0 ± 0.1 

    Post-burn 3.5 ± 0.2 14 ± 2 74.7 ± 3.2 5.0 ± 0.2 4.2 ± 0.1 5.1 ± 0.1 

    0.5-yr Post 3.2 ± 0.1 18 ± 0 66.3 ± 1.9 4.3 ± 0.1 4.2 ± 0.0 5.1 ± 0.1 

    1-yr Post 3.1 ± 0.4 16 ± 1 63.3 ± 4.7 4.2 ± 0.2 4.4 ± 0.0 5.0 ± 0.1 

    1.5-yr Post 2.9 ± 0.2 19 ± 2 68.7 ± 2.8 4.6 ± 0.3 4.2 ± 0.1 5.2 ± 0.0 

    2-yr Post 3.7 ± 0.4 21 ± 4 52.3 ± 11.3 4.1 ± 0.1 4.3 ± 0.1 5.2 ± 0.1 
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(Table I.1 continued) 

c) 

Trt Depth Time CECe BS Al Sat NA pHsalt pH 

  cm    cmolc kg-1    %     %    cmolc kg-1              

B 0-10 Pre-burn 5.7 ± 0.4 60 ± 3 6.3 ± 2.0 7.4 ± 1.0 4.7 ± 0.1 5.3 ± 0.1 

    Post-burn 4.9 ± 0.3 54 ± 8 17.7 ± 9.1 6.7 ± 1.0 4.8 ± 0.2 5.5 ± 0.2 

    0.5-yr Post 4.8 ± 0.3 40 ± 5 23.7 ± 6.7 6.7 ± 0.7 4.6 ± 0.1 5.3 ± 0.1 

    1-yr Post 5.0 ± 0.5 52 ± 11 18.0 ± 8.4 7.8 ± 1.0 4.7 ± 0.2 5.1 ± 0.2 

    1.5-yr Post 4.4 ± 0.9 49 ± 15 29.3 ± 14.7 6.3 ± 0.8 4.7 ± 0.3 5.4 ± 0.2 

    2-yr Post 5.4 ± 0.9 47 ± 5 16.3 ± 6.6 7.1 ± 0.5 4.6 ± 0.1 5.3 ± 0.1 

  10-20 Pre-burn 4.0 ± 0.5 24 ± 2 43.3 ± 5.78 5.7 ± 0.9 4.4 ± 0.0 5.2 ± 0.0 

    Post-burn 3.9 ± 0.3 32 ± 8 45.7 ± 15.6 5.7 ± 0.6 4.5 ± 0.0 5.2 ± 0.0 

    0.5-yr Post 3.7 ± 0.1 24 ± 2 44.0 ± 6.0 5.1 ± 0.1 4.5 ± 0.1 5.3 ± 0.1 

    1-yr Post 3.5 ± 0.2 29 ± 8 37.0 ± 12.5 5.4 ± 0.1 4.5 ± 0.1 5.1 ± 0.1 

    1.5-yr Post 3.1 ± 0.1 29 ± 10 50.7 ± 13.6 5.3 ± 0.5 4.4 ± 0.1 5.3 ± 0.0 

    2-yr Post 3.5 ± 0.2 20 ± 4 60.7 ± 7.7 5.0 ± 0.2 4.3 ± 0.1 5.1 ± 0.1 

  20-30 Pre-burn 4.3 ± 0.6 28 ± 4 41.7 ± 7.3 4.6 ± 0.5 4.3 ± 0.0 5.1 ± 0.0 

    Post-burn 3.3 ± 0.1 29 ± 2 50.7 ± 9.28 4.7 ± 0.1 4.4 ± 0.1 5.2 ± 0.1 

    0.5-yr Post 2.9 ± 0.4 29 ± 7 54.0 ± 6.1 4.3 ± 0.4 4.4 ± 0.1 5.1 ± 0.1 

    1-yr Post 3.5 ± 0.3 21 ± 4 51.3 ± 9.9 4.7 ± 0.4 4.4 ± 0.1 5.1 ± 0.1 

    1.5-yr Post 2.9 ± 0.2 20 ± 5 65.3 ± 7.9 4.5 ± 0.3 4.2 ± 0.0 5.1 ± 0.0 

    2-yr Post 4.8 ± 0.5 13 ± 3 64.0 ± 8.4 4.0 ± 0.2 4.2 ± 0.1 5.0 ± 0.1 
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(Table I.1 continued) 

d) 

Trt Depth Time Ca2+ Mg2+ K+ Sum Bases EAl TN 

  cm   - - - - - - - - - - - - - - - - - - - - - - cmolc kg-1 - - - - - - - - - - - - - - - - - - - - - - - g kg-1 

C 0-10 Pre-burn 2.5 ± 1.4 0.7 ± 0.4 0.2 ± 0.0 3.3 ± 1.8 1.0 ± 0.6 1.4 ± 0.2 

    Post-burn 2.1 ± 1.3 0.6 ± 0.3 0.2 ± 0.1 3.0 ± 1.7 1.1 ± 0.6 1.1 ± 0.1 

    0.5-yr Post 2.8 ± 1.8 0.6 ± 0.4 0.1 ± 0.0 3.5 ± 2.2 1.0 ± 0.5 1.3 ± 0.3 

    1-yr Post 1.7 ± 1.0 0.5 ± 0.3 0.1 ± 0.0 2.3 ± 1.3 1.0 ± 0.5 1.1 ± 0.1 

    1.5-yr Post 2.0 ± 1.4 0.5 ± 0.3 0.2 ± 0.0 2.7 ± 1.7 1.2 ± 0.6 1.3 ± 0.1 

    2-yr Post 2.0 ± 1.2 0.5 ± 0.3 0.2 ± 0.0 2.7 ± 1.5 1.2 ± 0.6 1.2 ± 0.2 

  10-20 Pre-burn 0.9 ± 0.6 0.3 ± 0.2 0.2 ± 0.0 1.4 ± 0.8 0.8 ± 0.4 0.7 ± 0.1 

    Post-burn 1.3 ± 0.9 0.4 ± 0.2 0.2 ± 0.1 1.8 ± 1.1 0.9 ± 0.5 0.7 ± 0.04 

    0.5-yr Post 1.0 ± 0.6 0.3 ± 0.1 0.1 ± 0.0 1.4 ± 0.8 0.8 ± 0.4 0.5 ± 0.04 

    1-yr Post 0.6 ± 0.3 0.3 ± 0.2 0.1 ± 0.0 1.0 ± 0.5 0.7 ± 0.2 0.5 ± 0.05 

    1.5-yr Post 0.9 ± 0.7 0.3 ± 0.2 0.1 ± 0.0 1.3 ± 0.9 1.0 ± 0.5 0.1 ± 0.03 

    2-yr Post 0.6 ± 0.3 0.2 ± 0.1 0.1 ± 0.0 0.9 ± 0.3 0.9 ± 0.3 0.5 ± 0.1 

  20-30 Pre-burn 0.7 ± 0.3 0.3 ± 0.1 0.1 ± 0.0 1.2 ± 0.4 0.7 ± 0.4 0.4 ± 0.02 

    Post-burn 0.8 ± 0.5 0.3 ± 0.2 0.2 ± 0.1 1.3 ± 0.6 0.9 ± 0.4 0.4 ± 0.01 

    0.5-yr Post 0.6 ± 0.3 0.2 ± 0.1 0.1 ± 0.0 0.9 ± 0.4 0.8 ± 0.4 0.4 ± 0.01 

    1-yr Post 0.5 ± 0.4 0.4 ± 0.3 0.1 ± 0.0 1.0 ± 0.6 0.7 ± 0.2 0.3 ± 0.04 

    1.5-yr Post 0.8 ± 0.7 0.5 ± 0.4 0.1 ± 0.0 1.4 ± 1.1 1.0 ± 0.4 0.5 ± 0.01 

    2-yr Post 0.3 ± 0.1 0.2 ± 0.1 0.1 ± 0.0 0.5 ± 0.1 1.2 ± 0.2 0.3 ± 0.02 
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(Table I.1 continued) 

e) 

Trt Depth Time Ca2+ Mg2+ K+ Sum Bases EAl TN 

  cm   - - - - - - - - - - - - - - - - - - - - - - - cmolc kg-1 - - - - - - - - - - - - - - - - - - - - - - - - g kg-1 

NB 0-10 Pre-burn 1.0 ± 0.2 0.4 ± 0.0 0.2 ± 0.0 1.6 ± 0.2 1.1 ± 0.2 1.1 ± 0.1 

    Post-burn 0.9 ± 0.2 0.4 ± 0.0 0.3 ± 0.1 1.5 ± 0.2 1.8 ± 0.5 1.2 ± 0.2 

    0.5-yr Post 1.0 ± 0.2 0.3 ± 0.1 0.2 ± 0.0 1.5 ± 0.3 0.9 ± 0.2 0.9 ± 0.1 

    1-yr Post 1.1 ± 0.4 0.3 ± 0.1 0.2 ± 0.0 1.6 ± 0.5 0.8 ± 0.2 0.9 ± 0.1 

    1.5-yr Post 1.1 ± 0.2 0.4 ± 0.1 0.2 ± 0.0 1.6 ± 0.3 1.4 ± 0.3 1.2 ± 0.1 

    2-yr Post 1.6 ± 0.3 0.4 ± 0.1 0.2 ± 0.0 2.2 ± 0.3 0.7 ± 0.07 1.4 ± 0.2 

  10-20 Pre-burn 0.5 ± 0.1 0.3 ± 0.0 0.2 ± 0.0 1.0 ± 0.0 0.9 ± 0.0 0.8 ± 0.2 

    Post-burn 0.2 ± 0.1 0.2 ± 0.0 0.2 ± 0.1 0.7 ± 0.1 1.5 ± 0.2 0.6 ± 0.04 

    0.5-yr Post 0.4 ± 0.1 0.2 ± 0.0 0.1 ± 0.0 0.7 ± 0.1 1.0 ± 0.1 0.5 ± 0.05 

    1-yr Post 0.4 ± 0.1 0.2 ± 0.0 0.1 ± 0.0 0.7 ± 0.2 0.8 ± 0.0 0.6 ± 0.1 

    1.5-yr Post 0.2 ± 0.1 0.2 ± 0.0 0.1 ± 0.0 0.5 ± 0.1 1.2 ± 0.2 0.7 ± 0.1 

    2-yr Post 0.6 ± 0.1 0.3 ± 0.0 0.1 ± 0.0 1.0 ± 0.2 0.8 ± 0.1 0.6 ± 0.04 

  20-30 Pre-burn 0.2 ± 0.00 0.2 ± 0.03 0.1 ± 0.00 0.5 ± 0.03 1.2 ± 0.2 0.4 ± 0.04 

    Post-burn 0.1 ± 0.1 0.2 ± 0.0 0.2 ± 0.1 0.5 ± 0.1 1.5 ± 0.1 0.4 ± 0.05 

    0.5-yr Post 0.3 ± 0.00 0.2 ± 0.03 0.1 ± 0.00 0.6 ± 0.03 1.1 ± 0.1 0.4 ± 0.02 

    1-yr Post 0.2 ± 0.03 0.2 ± 0.03 0.1 ± 0.00 0.5 ± 0.06 0.9 ± 0.1 0.3 ± 0.01 

    1.5-yr Post 0.2 ± 0.1 0.2 ± 0.0 0.1 ± 0.0 0.5 ± 0.0 1.2 ± 0.1 0.5 ± 0.01 

    2-yr Post 0.5 ± 0.1 0.2 ± 0.1 0.1 ± 0.0 0.8 ± 0.2 0.9 ± 0.2 0.3 ± 0.01 
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(Table I.1 continued) 

f) 

Trt Depth Time Ca2+ Mg2+ K+ Sum Bases EAl TN 

  
cm 

  
- - - - - - - - - - - - - - - - - - cmolc kg-1 - - - - - - - - - - - - - - - - - - - 

g kg-1 

B 0-10 Pre-burn 2.6 ± 0.2 0.6 ± 0.0 0.2 ± 0.0 3.4 ± 0.2 0.2 ± 0.1 1.3 ± 0.2 

    Post-burn 1.9 ± 0.3 0.5 ± 0.1 0.3 ± 0.0 2.6 ± 0.4 0.5 ± 0.3 1.1 ± 0.1 

    0.5-yr Post 1.5 ± 0.1 0.3 ± 0.0 0.1 ± 0.0 1.9 ± 0.1 0.6 ± 0.2 0.9 ± 0.1 

    1-yr Post 2.0 ± 0.7 0.5 ± 0.1 0.2 ± 0.0 2.7 ± 0.8 0.5 ± 0.2 1.0 ± 0.1 

    1.5-yr Post 1.8 ± 1.0 0.5 ± 0.2 0.1 ± 0.0 2.4 ± 1.2 0.6 ± 0.3 1.1 ± 0.1 

    2-yr Post 2.0 ± 0.6 0.4 ± 0.1 0.2 ± 0.0 2.6 ± 0.7 0.4 ± 0.1 1.1 ± 0.1 

  10-20 Pre-burn 0.6 ± 0.00 0.2 ± 0.03 0.1 ± 0.00 0.9 ± 0.03 0.7 ± 0.15 0.8 ± 0.24 

    Post-burn 0.7 ± 0.1 0.3 ± 0.1 0.2 ± 0.0 1.2 ± 0.2 1.2 ± 0.5 0.7 ± 0.04 

    0.5-yr Post 0.6 ± 0.1 0.2 ± 0.0 0.1 ± 0.0 0.9 ± 0.1 0.7 ± 0.1 0.5 ± 0.02 

    1-yr Post 0.6 ± 0.2 0.3 ± 0.0 0.1 ± 0.0 1.0 ± 0.3 0.5 ± 0.1 0.5 ± 0.05 

    1.5-yr Post 0.5 ± 0.2 0.2 ± 0.0 0.1 ± 0.0 0.9 ± 0.3 0.8 ± 0.2 0.5 ± 0.1 

    2-yr Post 0.4 ± 0.1 0.2 ± 0.1 0.1 ± 0.0 0.7 ± 0.2 1.1 ± 0.1 0.4 ± 0.02 

  20-30 Pre-burn 0.7 ± 0.1 0.4 ± 0.1 0.1 ± 0.0 1.2 ± 0.3 0.8 ± 0.1 0.4 ± 0.04 

    Post-burn 0.5 ± 0.03 0.3 ± 0.03 0.2 ± 0.03 1.0 ± 0.09 1.1 ± 0.35 0.4 ± 0.04 

    0.5-yr Post 0.5 ± 0.1 0.2 ± 0.0 0.1 ± 0.0 0.8 ± 0.1 0.9 ± 0.1 0.4 ± 0.01 

    1-yr Post 0.4 ± 0.1 0.2 ± 0.0 0.1 ± 0.0 0.7 ± 0.1 0.8 ± 0.2 0.4 ± 0.04 

    1.5-yr Post 0.3 ± 0.1 0.2 ± 0.0 0.1 ± 0.0 0.6 ± 0.1 1.1 ± 0.1 0.5 ± 0.04 

    2-yr Post 0.4 ± 0.1 0.2 ± 0.0 0.1 ± 0.0 0.6 ± 0.1 1.1 ± 0.2 0.3 ± 0.03 
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Table I.2 Mean values (µg/ 10 cm2/ season or year) ± standard error of nutrient availability measured Pre-burn at four-week intervals 

at the 10 cm and 30 cm depths in Control (C), New Burn (NB), and Burn (B) treatments. Mean values are the sum of available ions in 

solution captured by PRSTM Probes during each four-week burial period (µg/ 10 cm2/ four weeks) during the growing season (April 

2014 to October 2014) and dormant season (October 2014 – January 2015), and an annual total for each treatment. Monitoring did not 

occur during February and March of the pre-burn dormant season due to preparations for the prescribed fire treatments. 

Ions presented are a) total inorganic nitrogen (TIN), ammonia-nitrogen (NH4
+-N), nitrate-nitrogen (NO3

--N), calcium (Ca2+), 

magnesium (Mg2+), potassium (K+), and aluminum (Al3+), and b) phosphate-phosphorus (PO4
3--P), sulfate-sulfur (SO4

2--S), iron 

(Fe3+), lead (Pb2+), manganese (Mn2+), copper (Cu2+), and zinc (Zn2+). 

a) 

      Analyte (µg/ 10 cm2/ season or year) 

Time Depth  Trt TIN NH4
+-N NO3

--N Ca2+ Mg2+ K+ Al3+ 

  (cm)   - - - - - - - - - - - - - - - - - - - - - - - - - - Mean ± SE - - - - - - - - - - - - - - - - - - - - - - - - - -  

Growing 

Season 

10 C 33 ± 3 14 ± 4 18 ± 6 1897 ± 483 626 ± 210 1161 ± 163 197 ± 60 

  NB 28 ± 6 12 ± 2 16 ± 4 1389 ± 445 421 ± 68 978 ± 113 215 ± 13 

    B 36 ± 6 18 ± 6 18 ± 3 3470 ± 984 660 ± 71 1384 ± 171 161 ± 19 

  30 C 50 ± 21 31 ± 19 19 ± 2 1386 ± 402 604 ± 284 788 ± 30 237 ± 52 

    NB 56 ± 17 39 ± 13 17 ± 4 1023 ± 129 438 ± 95 722 ± 83 252 ± 10 

    B 31 ± 2 15 ± 4 15 ± 3 2256 ± 674 687 ± 99 1184 ± 239 254 ± 51 

Dormant 

Season* 

10 C 21 ± 6 17 ± 5 4 ± 1 904 ± 473 342 ± 177 433 ± 59 50 ± 15 

  NB 13 ± 2 12 ± 2 1 ± 0.5 359 ± 125 169 ± 48 367 ± 13 62 ± 6 

    B 18 ± 6 16 ± 6 2 ± 0.3 1022 ± 432 188 ± 36 368 ± 73 46 ± 7 

  30 C 59 ± 43 55 ± 43 3 ± 0.2 523 ± 273 269 ± 142 401 ± 46 75 ± 20 

    NB 15 ± 4 13 ± 5 2 ± 0.5 265 ± 66 139 ± 37 314 ± 7 93 ± 6 

    B 16 ± 3 14 ± 3 2 ± 0.5 955 ± 233 292 ± 46 466 ± 92 81 ± 18 

Annual 10 C 53 ± 4 31 ± 4 22 ± 5 2800 ± 956 969 ± 387 1594 ± 130 246 ± 75 

    NB 41 ± 8 24 ± 4 17 ± 5 1747 ± 546 590 ± 114 1346 ± 102 277 ± 18 

    B 54 ± 12 34 ± 11 20 ± 3 4492 ± 1407 848 ± 106 1752 ± 225 207 ± 18 

  30 C 109 ± 64 86 ± 62 23 ± 3 1909 ± 665 873 ± 426 1188 ± 58 312 ± 71 

    NB 71 ± 14 52 ± 9 19 ± 4 1288 ± 189 577 ± 132 1036 ± 80 345 ± 8 

    B 47 ± 2 29 ± 1 18 ± 3 3212 ± 896 979 ± 132 1651 ± 283 335 ± 68 
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(Table I.2 continued) 
 

 

b) 

      Analyte (µg/ 10 cm2/ season or year) 

Time Depth  Trt PO4
3--P SO4

2--P Fe3+ Pb2+ Mn2+ Cu2+ Zn2+ 

  (cm)    - - - - - - - - - - - - - - - - - - - - - - Mean ± SE - - - - - - - - - - - - - - - - - - - - - -  

Growing 

Season 

10 C 4.7 ± 1.5 53 ± 10 46 ± 7 3.6 ± 0.2 62 ± 14 0.7 ± 0.2 13 ± 2 

  NB 3.6 ± 0.4 67 ± 12 44 ± 2 2.4 ± 0.4 120 ± 11 0.5 ± 0.1 10 ± 0.3 

    B 3.2 ± 0.4 63 ± 16 39 ± 3 4.1 ± 1.3 153 ± 78 0.6 ± 0.2 11 ± 1 

  30 C 3.7 ± 0.8 68 ± 5 59 ± 6 2.7 ± 0.3 49 ± 7 0.7 ± 0.3 16 ± 1 

    NB 2.2 ± 0.7 118 ± 24 39 ± 5 2.5 ± 0.4 109 ± 34 0.7 ± 0.1 15 ± 2 

    B 1.5 ± 0.3 64 ± 9 53 ± 6 2.9 ± 0.5 150 ± 34 0.8 ± 0.1 15 ± 2 

Dormant 

Season* 

10 C 4.3 ± 1.6 56 ± 8 17 ± 4 1.3 ± 0.3 12 ± 3 0.3 ± 0.1 5 ± 0.2 

  NB 1.3 ± 0.0 52 ± 6 11 ± 1 0.5 ± 0.1 16 ± 5 0.4 ± 0.1 5 ± 1 

    B 1.7 ± 0.6 62 ± 11 14 ± 0.3 1.1 ± 0.2 29 ± 10 0.3 ± 0.1 7 ± 1 

  30 C 1.5 ± 0.3 67 ± 6 11 ± 2 0.5 ± 0.1 16 ± 10 0.4 ± 0.2 9 ± 1 

    NB 2.5 ± 0.6 83 ± 10 10 ± 2 0.3 ± 0.1 20 ± 3 0.3 ± 0.1 7 ± 1 

    B 6.5 ± 4.3 76 ± 12 21 ± 8 0.9 ± 0.4 98 ± 42 0.4 ± 0.1 13 ± 3 

Annual 10 C 9.1 ± 2.6 109 ± 3 62 ± 9 4.9 ± 0.4 73 ± 11 1.0 ± 0.3 18 ± 1 

    NB 4.9 ± 0.3 119 ± 17 55 ± 1 2.9 ± 0.3 136 ± 12 1.0 ± 0.3 15 ± 2 

    B 4.9 ± 1.0 125 ± 26 53 ± 2 5.3 ± 1.5 182 ± 87 0.9 ± 0.3 18 ± 2 

  30 C 5.2 ± 1.0 135 ± 6 70 ± 8 3.3 ± 0.4 65 ± 17 1.2 ± 0.4 25 ± 1 

    NB 4.6 ± 1.2 201 ± 31 49 ± 3 2.7 ± 0.3 129 ± 38 1.0 ± 0.3 21 ± 2 

    B 8.0 ± 4.4 140 ± 21 74 ± 10 3.8 ± 0.8 249 ± 76 1.2 ± 0.2 28 ± 3 
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Table I.3 Mean values (µg/ 10 cm2/ season or year) ± standard error of nutrient availability measured for at four-week intervals for 

two years post-burn at the 10 cm and 30 cm depths in Control (C), New Burn (NB), and Burn (B) treatments. Mean values presented 

are the sum of available ions in solution captured by PRS Probes during each four-week burial period (µg/ 10 cm2/ four weeks) during 

the growing season (April-October) and dormant season (October-April), and an annual total for each treatment. 

Ions presented in table a) total inorganic nitrogen (TIN), ammonia-nitrogen (NH4
+-N), nitrate-nitrogen (NO3

--N); table b) calcium 

(Ca2+), magnesium (Mg2+), potassium (K+); table c) phosphate-phosphorus (PO4
3--P), sulfate-sulfur (SO4

2--S), aluminum (Al3+); and 

table c) iron (Fe3+), lead (Pb2+), manganese (Mn2+), copper (Cu2+), and zinc (Zn2+). 

a) 

      TIN NH4
+-N NO3

--N 

Time Depth Trt 1-yr Post 2-yr Post 1-yr Post 2-yr Post 1-yr Post 2-yr Post 

  (cm)   - - - - - - - - - - - -- - - - - - - - - - - - - - - - Mean ± SE - - - - - - - - - - - - - - - - - - - - - - - - - - - 

Growing 

Season 

10 C 16 ± 0.1 22 ± 6 12 ± 1 13 ± 4 4 ± 1 9 ± 3 

  NB 22 ± 3 21 ± 8 14 ± 1 10 ± 3 7 ± 3 12 ± 6 

    B 38 ± 15 45 ± 8 18 ± 3 26 ± 2 20 ± 12 19 ± 7 

  30 C 26 ± 5 25 ± 5 20 ± 3 16 ± 4 6 ± 3 10 ± 1 

    NB 22 ± 2 30 ± 3 16 ± 0.5 18 ± 3 6 ± 2 13 ± 4 

    B 30 ± 7 21 ± 7 20 ± 4 13 ± 3 10 ± 3 8 ± 4 

Dormant 

Season 

10 C 41 ± 6 36 ± 10 26 ± 5 29 ± 13 15 ± 11 8 ± 6 

  NB 43 ± 11 35 ± 8 39 ± 12 24 ± 4 4 ± 2 11 ± 5 

    B 57 ± 17 46 ± 23 38 ± 4 27 ± 9 19 ± 13 19 ± 16 

  30 C 31 ± 5 11 ± 3 19 ± 7 7 ± 3 12 ± 7 3 ± 1 

    NB 94 ± 81 17 ± 4 91 ± 81 11 ± 2 4 ± 1 7 ± 3 

    B 36 ± 17 37 ± 16 32 ± 15 30 ± 11 4 ± 2 7 ± 5 

Total 

Annual 

10 C 57 ± 6 58 ± 3 38 ± 6 42 ± 11 19 ± 11 17 ± 9 

  NB 64 ± 13 56 ± 16 53 ± 13 34 ± 7 12 ± 4 23 ± 10 

    B 96 ± 22 91 ± 31 56 ± 5 53 ± 10 40 ± 17 38 ± 21 

  30 C 56 ± 8 36 ± 7 39 ± 10 23 ± 6 17 ± 6 13 ± 1 

    NB 116 ± 80 47 ± 7 107 ± 81 28 ± 1 9 ± 2 19 ± 6 

    B 66 ± 14 59 ± 23 53 ± 14 43 ± 15 14 ± 3 15 ± 9 
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(Table I.3 continued) 
 

b) 

      Ca2+ Mg2+ K+ 

Time Depth Trt 1-yr Post 2-yr Post 1-yr Post 2-yr Post 1-yr Post 2-yr Post 

  (cm)   - - - - - - - - - - - - - - - - - - - - - - - - - - Mean ± SE - - - - - - - - - - - - - - - - - - - - - - - 

Growing 

Season 

10 C 2190 ± 802 2459 ± 769 779 ± 292 858 ± 403 939 ± 113 967 ± 60 

  NB 1789 ± 413 2398 ± 581 558 ± 96 686 ± 159 1484 ± 316 1756 ± 529 

    B 3522 ± 948 3983 ± 738 620 ± 54 707 ± 49 1063 ± 203 1314 ± 331 

  30 C 1428 ± 996 1844 ± 1221 796 ± 485 760 ± 483 788 ± 166 661 ± 87 

    NB 651 ± 193 951 ± 154 395 ± 116 531 ± 179 821 ± 75 993 ± 93 

    B 1567 ± 306 1862 ± 171 573 ± 63 672 ± 130 905 ± 119 847 ± 85 

Dormant 

Season 

10 C 1346 ± 853 1224 ± 600 615 ± 385 566 ± 326 617 ± 43 539 ± 4 

  NB 907 ± 283 1102 ± 280 375 ± 75 435 ± 92 1155 ± 279 1137 ± 185 

    B 2278 ± 628 2026 ± 587 519 ± 81 408 ± 23 758 ± 63 646 ± 144 

  30 C 1574 ± 1227 1645 ± 1260 681 ± 461 717 ± 520 579 ± 68 391 ± 77 

    NB 548 ± 181 523 ± 137 368 ± 80 386 ± 108 626 ± 131 527 ± 33 

    B 1228 ± 221 1345 ± 134 457 ± 51 506 ± 73 600 ± 19 493 ± 54 

Total 

Annual 

10 C 3536 ± 1594 3683 ± 1350 1394 ± 672 1424 ± 728 1556 ± 74 1506 ± 56 

  NB 2695 ± 689 3500 ± 798 933 ± 168 1121 ± 250 2639 ± 595 2893 ± 709 

    B 5801 ± 1363 6010 ± 1289 1138 ± 87 1115 ± 69 1821 ± 228 1960 ± 463 

  30 C 3002 ± 2223 3489 ± 2480 1477 ± 946 1478 ± 1003 1368 ± 233 1052 ± 163 

    NB 1199 ± 336 1473 ± 258 763 ± 195 918 ± 284 1448 ± 194 1520 ± 62 

    B 2795 ± 519 3208 ± 266 1030 ± 101 1178 ± 201 1505 ± 133 1340 ± 138 
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(Table I.3 continued) 

 

c) 

      PO4
3--P SO4

2--S Al3+ 

Time Depth Trt 1-yr Post 2-yr Post 1-yr Post 2-yr Post 1-yr Post 2-yr Post 

  (cm)   - - - - - - - - - - - - - - - - - - - - - - - - - - Mean ± SE - - - - - - - - - - - - - - - - - - - - - - - 

Growing 

Season 

10 C 43 ± 38 5 ± 0.2 67 ± 2 58 ± 5 153 ± 35 198 ± 51 

  NB 16 ± 11 5 ± 1 87 ± 4 73 ± 18 182 ± 8 249 ± 9 

    B 5 ± 0.4 6 ± 1 84 ± 10 56 ± 16 147 ± 25 193 ± 43 

  30 C 5 ± 2 3 ± 1 98 ± 2 97 ± 18 245 ± 41 259 ± 74 

    NB 4 ± 1 7 ± 1 139 ± 13 122 ± 29 263 ± 12 313 ± 19 

    B 2 ± 1 2 ± 0.3 100 ± 10 87 ± 24 246 ± 44 303 ± 39 

Dormant 

Season 

10 C 3 ± 1 6 ± 1 65 ± 11 74 ± 7 113 ± 33 158 ± 41 

  NB 3 ± 1 6 ± 1 110 ± 28 84 ± 12 126 ± 8 182 ± 16 

    B 5 ± 3 5 ± 0.4 83 ± 19 94 ± 24 98 ± 12 132 ± 26 

  30 C 2 ± 0.1 3 ± 0.1 101 ± 14 77 ± 5 136 ± 26 196 ± 49 

    NB 4 ± 3 4 ± 2 134 ± 16 121 ± 22 168 ± 4 231 ± 10 

    B 1 ± 0.1 3 ± 0.1 159 ± 57 104 ± 18 162 ± 24 198 ± 25 

Total 

Annual 

10 C 45 ± 40 11 ± 2 132 ± 10 132 ± 7 266 ± 68 356 ± 90 

  NB 19 ± 10 10 ± 2 197 ± 28 158 ± 21 309 ± 15 431 ± 21 

    B 9 ± 3 11 ± 2 167 ± 19 150 ± 38 245 ± 35 325 ± 66 

  30 C 7 ± 2 6 ± 1 199 ± 13 174 ± 18 381 ± 62 455 ± 123 

    NB 8 ± 4 11 ± 2 273 ± 24 244 ± 50 431 ± 9 544 ± 27 

    B 3 ± 1 5 ± 0.3 259 ± 66 191 ± 40 408 ± 67 502 ± 64 
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(Table I.3 continued) 

d)  

 

Time Depth Trt

(cm)

10 C 54 ± 10 61 ± 6 3.5 ± 1.1 3.9 ± 1.2 162 ± 76 231 ± 96 3.2 ± 2.0 1.1 ± 0.7 20 ± 3 33 ± 9

NB 27 ± 2 45 ± 5 1.3 ± 0.3 1.4 ± 0.2 171 ± 25 294 ± 96 1.7 ± 0.4 0.8 ± 0.2 15 ± 2 32 ± 10

B 51 ± 25 77 ± 13 4.6 ± 1.8 4.8 ± 2.1 220 ± 107 752 ± 311 2.3 ± 0.3 1.0 ± 0.1 20 ± 1 36 ± 10

30 C 84 ± 50 63 ± 27 2.7 ± 0.6 3.3 ± 0.2 80 ± 32 144 ± 104 5.3 ± 2.5 1.2 ± 0.4 33 ± 3 76 ± 8

NB 38 ± 13 59 ± 27 2.1 ± 0.2 2.4 ± 0.5 128 ± 12 229 ± 110 3.4 ± 0.1 1.1 ± 0.1 26 ± 2 47 ± 3

B 47 ± 16 118 ± 59 3.6 ± 0.8 3.9 ± 0.6 200 ± 28 540 ± 260 3.6 ± 0.3 1.0 ± 0.2 40 ± 10 81 ± 12

10 C 33 ± 4 30 ± 2 2.8 ± 0.2 1.2 ± 0.1 38 ± 21 39 ± 15 0.5 ± 0.2 0.3 ± 0.2 13 ± 1 11 ± 0.5

NB 21 ± 3 27 ± 3 1.1 ± 0.3 0.7 ± 0.2 112 ± 81 145 ± 79 0.5 ± 0.1 0.4 ± 0.2 9 ± 1 11 ± 1

B 21 ± 2 29 ± 6 2.7 ± 1.0 1.6 ± 0.6 135 ± 41 280 ± 144 0.4 ± 0.1 0.2 ± 0.0 18 ± 6 13 ± 3

30 C 31 ± 10 26 ± 2 1.6 ± 0.2 1.2 ± 0.1 48 ± 27 52 ± 33 0.9 ± 0.2 0.5 ± 0.2 26 ± 4 22 ± 3

NB 15 ± 2 17 ± 2 1.3 ± 0.3 0.6 ± 0.2 40 ± 5 52 ± 10 0.5 ± 0.1 0.4 ± 0.0 16 ± 3 22 ± 8

B 24 ± 2 28 ± 3 1.7 ± 0.6 0.9 ± 0.4 121 ± 61 139 ± 46 0.6 ± 0.1 0.3 ± 0.1 35 ± 8 25 ± 6

10 C 87 ± 9 92 ± 5 6.3 ± 1.2 5.1 ± 1.3 200 ± 97 269 ± 111 3.8 ± 2.2 1.4 ± 0.9 32 ± 4 44 ± 9

NB 48 ± 1 72 ± 6 2.4 ± 0.4 2.1 ± 0.3 283 ± 105 439 ± 175 2.1 ± 0.6 1.2 ± 0.3 23 ± 2 43 ± 10

B 73 ± 26 107 ± 19 7.3 ± 2.7 6.4 ± 2.6 355 ± 147 1031 ± 454 2.7 ± 0.3 1.2 ± 0.1 38 ± 6 49 ± 12

30 C 115 ± 49 88 ± 28 4.3 ± 0.5 4.4 ± 0.3 128 ± 58 196 ± 137 6.2 ± 2.6 1.6 ± 0.6 59 ± 5 97 ± 8

NB 53 ± 14 76 ± 29 3.4 ± 0.5 3.0 ± 0.7 167 ± 17 281 ± 113 3.9 ± 0.2 1.5 ± 0.1 41 ± 4 69 ± 10

B 71 ± 15 145 ± 57 5.2 ± 1.3 4.8 ± 1.0 321 ± 37 679 ± 304 4.1 ± 0.4 1.3 ± 0.2 74 ± 12 105 ± 17

Zn
2+

Fe
3+

Pb
2+

Mn
2+

Cu
2+

2-yr Post2-yr Post 1-yr Post 2-yr Post 1-yr Post 2-yr Post 1-yr Post 2-yr Post 1-yr Post1-yr Post

Growing 

Season

Dormant 

Season

Analyte

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Mean ± SE - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

Total 

Annual
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Figure I.1 Mean nutrient flux (µg/ 10 cm2/ year) of a) ammonium-nitrogen (NH4
+-N) and 

b) nitrate-nitrogen (NO3
+-N) during the first and second post-burn years (1st-yr Post-

burn, 2nd-yr Post-burn) at the 10 cm and 30 cm depths in Control (C), New Burn (NB), 

and Burn (B) units. Concentrations were measured at four-week intervals with PRSTM 

probes and summed as a total for each year. Based on Tukey-Kramer adjusted p-values 

for pairwise comparisons, there were no significant differences between values across 

treatments for each separate depth (α=0.05). Thick bars represent the median, and error 

bars represent a 5 to 95% confidence interval. 
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Figure I.2 Mean nutrient flux (µg/ 10 cm2/ year) of a) total inorganic nitrogen (TIN) and 

b) calcium (Ca2+) during the first and second post-burn years (1st-yr Post-burn, 2nd-yr 

Post-burn) at the 10 cm and 30 cm depths in Control (C), New Burn (NB), and Burn (B) 

units. Concentrations were measured at four-week intervals with PRSTM probes and 

summed as a total for each year. Based on Tukey-Kramer adjusted p-values for pairwise 

comparisons, there were no significant differences between values across treatments for 

each separate depth (α=0.05). Thick bars represent the median, and error bars represent a 

5 to 95% confidence interval. 
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Figure I.3 Mean nutrient flux (µg/ 10 cm2/ year) of a) magnesium (Mg2+) and b) 

potassium (K+) during the first and second post-burn years (1st-yr Post-burn, 2nd-yr Post-

burn) at the 10 cm and 30 cm depths in Control (C), New Burn (NB), and Burn (B) units. 

Concentrations were measured at four-week intervals with PRSTM probes and summed as 

a total for each year. Based on Tukey-Kramer adjusted p-values for pairwise 

comparisons, there were no significant differences between values across treatments for 

each separate depth (α=0.05). Thick bars represent the median, and error bars represent a 

5 to 95% confidence interval. 
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Figure I.4 Mean nutrient flux (µg/ 10 cm2/ year) of a) phosphate-phosphorus (PO4
3--P) 

and b) sulfate-sulfur (SO4
2--S) during the first and second post-burn years (1st-yr Post-

burn, 2nd-yr Post-burn) at the 10 cm and 30 cm depths in Control (C), New Burn (NB), 

and Burn (B) units. Concentrations were measured at four-week intervals with PRSTM 

probes and summed as a total for each year. Based on Tukey-Kramer adjusted p-values 

for pairwise comparisons, there were no significant differences between values across 

treatments for each separate depth (α=0.05). Thick bars represent the median, and error 

bars represent a 5 to 95% confidence interval. 
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Figure I.5 Mean nutrient flux (µg/ 10 cm2/ year) of a) zinc (Zn2+) and b) copper (Cu2+) 

during the first and second post-burn years (1st-yr Post-burn, 2nd-yr Post-burn) at the 10 

cm and 30 cm depths in Control (C), New Burn (NB), and Burn (B) units. Concentrations 

were measured at four-week intervals with PRSTM probes and summed as a total for each 

year. For each separate depth, significant differences between means are based on Tukey-

Kramer adjusted p-values and are represented across treatments by different capital 

letters and across time and treatment by different lower-case letters (α=0.05). Thick bars 

represent the median, and error bars represent a 5 to 95% confidence interval. 
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Figure I.6 Mean nutrient flux (µg/ 10 cm2/ year) of a) aluminum (Al3+) and b) iron (Fe3+) 

during the first and second post-burn years (1st-yr Post-burn, 2nd-yr Post-burn) at the 10 

cm and 30 cm depths in Control (C), New Burn (NB), and Burn (B) units. Concentrations 

were measured at four-week intervals with PRSTM probes and summed as a total for each 

year. Based on Tukey-Kramer adjusted p-values for pairwise comparisons, there were no 

significant differences between values across treatments for each separate depth (α=0.05). 

Thick bars represent the median, and error bars represent a 5 to 95% confidence interval. 
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Figure I.7 Mean nutrient flux (µg/ 10 cm2/ year) of a) manganese (Mn2+) and b) lead 

(Pb2+) during the first and second post-burn years (1st-yr Post-burn, 2nd-yr Post-burn) at 

the 10 cm and 30 cm depths in Control (C), New Burn (NB), and Burn (B) units. 

Concentrations were measured at four-week intervals with PRSTM probes and summed as 

a total for each year. Based on Tukey-Kramer adjusted p-values for pairwise 

comparisons, there were no significant differences between values across treatments for 

each separate depth (α=0.05). Thick bars represent the median, and error bars represent a 

5 to 95% confidence interval. 

 


