
 

 
 
 
 
 
 
 

ABSTRACT 

Fire Disturbance Effects on Regional Carbon Cycling in a Sub-humid Woodland 

Jian Yao, Ph.D. 
 

Mentor: Joseph D. White, Ph.D. 
 
 

Fire disturbance affects many ecosystem processes, especially carbon (C) cycling.  

In addition, fire is routinely used as a management tool in wildland ecosystems.  In this 

study, I measured the fire-affected C storage, vegetation composition, habitat suitability 

for an endangered bird species (golden-cheeked warble), and charcoal content in juniper-

oak woodlands with documented past surface fires within Balcones Canyonlands 

National Wildlife Refuge.  Using this information, I modified a process-based model of 

ecosystem biogeochemical cycling (Biome-BGC) to simulate the effects of different fire 

types, the production and loss of fire-derived charcoal, and the charcoal effects on soil 

water availability.  From my field measurements, I found significantly different total 

aboveground biomass C with average values of 5.25, 6.86, and 9.18 kg m-2 for 60 plots 

with known fire histories that categorized into the recent (<40 year), old (>=40 year), and 

no fire group, respectively. These data also showed that higher oak recruitment was 

associated with fires that occurred in years with low summer precipitation.  I concluded 

that fire may have a dual effect on habitat suitability with catastrophic wildfire damaging 

potential habitat and significantly reducing regional C storage, and moderate intensity 



 

fires in dense young juniper stands promoting tree species diversity.  From the laboratory 

analysis of soils derived from these same plots, I estimated that the regional average soil 

charcoal concentration to be 1.40 g C kg-1 soil (20.8 g C kg-1 SOC) based on the methods 

of 13C nuclear magnetic resonance and mid-infrared spectroscopy, with fire-affected sites 

having significantly higher soil charcoal concentrations than the non-fire sites.  I 

calculated the regional annual soil charcoal loss rate to be 4.7%, potentially due to soil 

erosion on steep slopes.  Finally, the modified Biome-BGC model was able to reasonably 

simulate fire-affected C and charcoal storage changes.  The model also indicated that the 

effects of fire on the ecosystem properties (vegetation C, leaf area index, and net 

ecosystem exchange) were closely associated with the severity of fire.  The fire-derived 

charcoal did not appear to have significant effects on the simulated ecosystem properties.  

My results provided detailed ecological information regarding fire-affected processes in 

these woodland ecosystems.  
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CHAPTER ONE 
 

Introduction 
 
 

Climate Change and Carbon Cycling 
 

Radiative forcing by the carbon dioxide (CO2) is one of the primary drivers of the 

Anthropocene climate change.  The global atmospheric concentrations of CO2 have 

increased from a pre-industrial value of about 280ppm to 392ppm in 2011 (Keeling and 

others 2005, Tans and Keeling 2012).  The highest carbon (C) emission rates occurred in 

the past two decades concurrent with the highest global temperature on record (Raupach 

and others 2007).  The main anthropogenic CO2 fluxes identified are emissions from the 

combustion of fossil fuels and net emissions from land use changes (Canadell and others 

2007).   

Estimates indicate that photosynthesis by terrestrial plants removes approximately 

120 petagrams (Pg) of C per year from the atmosphere and about 610 PgC is stored in 

plants at any given time (Steffen and others, 2005).  The largest terrestrial C sinks occur 

in young, growing forests with older forests and soils accumulating C at significantly 

lower rates.  Perturbations of terrestrial ecosystems may elevate ecosystem respiration 

and significantly change C storage (Baldocchi 2008).  The changes of ecosystem C fluxes 

are related to natural perturbations and large-scale human activities, such as deforestation, 

agriculture activities, and land use changes (Amiro and others 2010) that may account for 

25% of the anthropogenic C emissions (Running 2008).  Therefore, estimates of 

terrestrial C balances should incorporate episodic disturbances (such as wildfire) in 

addition to land-use changes  
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Fire Disturbance 
 

An ecological disturbance is an event that results in a sustained disruption of 

ecosystem structure and function (Pickett and White, 1985).  Physical, chemical, and 

biological effects of disturbances all play roles in the post-disturbance C budget (Glaser 

and Amelung 2003; Goetz and others 2007; Wan, Hui, Luo 2001a).  Disturbance events 

can cause CO2 emission to the atmosphere from the loss of terrestrial biomass; however, 

these impacts are a major uncertainty in understanding the global C cycles (Canadell and 

others 2007).   

Fire is a dominant disturbance in many wildland ecosystems worldwide and 

directly contributes CO2 to the atmosphere (Amiro and others 2006; Kurz and Apps 1999; 

Law and others 2004).  The impacts of fire on ecosystems include C storage change, 

vegetation community shift, disrupted nutrient cycling, and alteration of soil properties.  

However, not all fires have the same effect. The three basic types of fires (surface, 

ground, and canopy fires) may burn differently depending on the kind of available fuel 

(Whelan, 1995). A surface fire burns fuels that are on the ground, generally with low 

temperatures and fast fire movement.  In woodlands, surface fires can help keep surface 

fuels from building up and stimulate herb and shrub regrowth.  A ground fire burns the 

organic layer with slower fire movement as compared to a surface fire.  A canopy fire 

burns the higher leaves and branches of trees and shrubs, moves from tree to tree through 

the foliage.  For a surface or ground fire, ladder fuels are required in order to move the 

fire to canopy.  

The magnitude of fire effects can be described in the terms of fire intensity and 

severity (Morgan and others 2001).  Fire intensity describes the physical combustion 
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process and energy output from fire, while fire severity emphasizes on the percentage of 

fuel combusted and the post-fire effects (Keeley, 2009). Usually, high-intensity fires are 

associated with high fire severity. Therefore, in this study, I primarily used the term 

“intensity” to describe fire, except for using the “severity” when describing the 

percentage of fuel combusted.  The nature of fires (different frequency, magnitude, 

seasonality, and spatial patterns) occurring over an extended period of time is referred to 

as fire regime (Brown 1995; Morgan and others 2001).   

Changing climate may affect the natural fire regimes that sustain certain 

ecosystems (Dale and others 2000), with fires predicted to be more frequent, severe, and 

extensive (Flannigan, Stocks, Wotton 2000).  For example, projections of future climate 

suggest a doubling of area burned in Canada boreal forest by the end of this century.  

Other boreal areas, such as Siberia, may also see similar increases in fire (Bergeron and 

others 2004). In addition to climate change, recent invasions by non-native grasses into 

grassland have increased the amount and continuity of fuels which has increased the 

frequency of fire in a variety of ecosystems worldwide (Brooks 2007).  The changes of 

fire frequency are expected to affect vegetation community (Paine, Tegner, Johnson 

1998).  

 
Wildland Fire Management 

 
Current fire management strategies in wildlands include (a) letting wildfires burn 

unhindered, (b) reducing the risk and spread of wildfire through landscape level fuel 

management, or (c) using prescribed burns as a fuel reduction method.  Potentially, 

selecting the “optimal management strategy” based on the states of ecosystems and 

management objectives may be assessed if the frequency of fires is known and the 
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woodland successional pathway is established (Richards, Possingham, Tizard 1999).  

Managing fire is always challenging because it is difficult to predict when and where 

wildfires will occur.  However, managers can reduce the risk of wildfires by banning fires 

during certain weather conditions to lessen the chance of wildfire ignition, reducing the 

intensity of fires by mechanically reducing fuel loads, and suppressing the spread of 

wildfires by creating fuel breaks and active firefighting.  Prescribed fire is also an 

important ecosystem management tool that utilizes low-intensity surface burns to reduce 

C emissions by burning off fuel to potentially avoid large intense wildfires (Haines, 

Busby, Cleaves 2001; Wade and Lunsford, 1989; Wiedinmyer and Hurteau 2010).  

Prescribed burns may also shift vegetation community composition by increasing 

mortality of fire sensitive species (Brown, Agee, Franklin 2004; Burton and others 2011; 

Hann and Bunnell 2001).  However, fire applied too broadly, as a function of ambitious 

habitat restoration in ecosystems primed for high-intensity fires, could reduce C storage, 

affect nutrient availability, homogenize the landscape, and damage wildlife habitat 

(Brown, Agee, Franklin 2004; Fulé and others 2004; Tiedemann, O. Klemmedson, Bull 

2000).  

 
Study Area Description 

 
For my study, I assessed fire effects on the woodlands of Balcones Canyonlands 

National Wildlife Refuge (BCNWR).  Woodlands are a phytogeographic subset of forests 

generally composed of low density, short-statured trees found in climates that are growth-

limited by temperature, precipitation, or evaporative demand (Woodward 1987).  

Economically, harvesting firewood or small-boled trees or for lumber is limited due to 

low productivity in woodlands.  Historically, woodlands were used for livestock grazing 



5 

due to extensive open herbaceous areas found within woody vegetation patches (Peterken 

1981).   

This BCNWR refuge consists of 7109 hectares (ha) located on the eastern edge of 

the Edwards Plateau, 15 kilometers northwest of Austin, Texas, USA.  The refuge is 

composed of non-contiguous tracts of land ranging in size from 38 to 1655 ha and is a 

part of a larger habitat protection area for two endangered bird species including the 

golden-cheeked warbler (GCW) (Dendroica chrysoparia) and the black-capped vireo 

(Vireo atricapilla) (USFWS, 1992).  The refuge area is climatically classified as sub-

humid, with mean annual precipitation of 855.0 mm, and mean temperatures range of 

5.7–16.8 °C in winter and 22.4–33.5 °C in summer (NCDC, 2011a).  The topography of 

the area is characterized by steep canyons with broad plateaus mainly consisting of 

limestone bedrock from the marine-derived Glen Rose formation of Cretaceous origin 

(Sellards, 1933).  

The dominant woody vegetation of BCNWR is the evergreen Ashe’s juniper 

(Juniperus ashei), with subdominant species including broad-leafed hardwoods, such as 

Texas red oak (Q. buckleyi), plateau live oak (Q. fusiformis), scalybark oak (Q. sinuata 

var. breviloba), post oak (Q. stellata), and escarpment black cherry (Prunus serotina var. 

eximia) (Diamond, 1977; Gehlbach 1988).  The remnant mixed juniper-oak woodlands 

are critical habitat for the GCW which uses stringy, sloughed bark from mature Ashe’s 

juniper exclusively for nesting material (USFWS, 1992, Pulich, 1976).  The warbler also 

requires, as an important food source, Lepidopteran (Geometridae) larvae that feed on 

broad-leafed deciduous foliage (e.g. Quercus spp.) during the spring breeding season. 

Kroll (1980) described that high suitability GCW habitat should have a high density of 
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mature trees including old (>40 year) junipers, with a ratio of juniper to broad-leafed 

species of approximately 1.35:1.  

 
Study Objectives 

With increasing interest in C sequestration and C credit trading related to 

mitigating atmospheric CO2 concentrations responsible for the current climate warming, 

woodlands may serve as significant C sinks as the extensive fire suppression continued.  

Woodlands are bio-diverse and serve as potential habitats for specialized wildlife species 

due to the large extent of edge that provides broad-scale ecotones (Barrett, Ford, Recher 

1994).  In Central Texas, woodlands may have been historically maintained by fire (Bray 

1904; Clark 1991).  Maintaining these woodlands as both C sinks and habitat may require 

potential anthropogenic disturbance, such as prescribed fire that facilitates successional 

pathways.  However, little has been known about fire effects on this ecosystem, which 

leads to uncertainty of outcomes of reintroducing fires into this landscape.  In this study, I 

investigated historic fire effects on site C storage, soil charcoal content, vegetation 

composition, and habitat suitability of GCW in juniper-oak woodlands within BCNWR.  

I also modified a biogeochemical model to simulate effects of different fire types on 

various ecosystem properties.  As part of this model, I developed a new sub-model to 

simulate charcoal production from burned vegetation, charcoal loss due to erosion, and 

the effect of charcoal on soil water availability for different soil types.  The objective of 

this study was to provide detailed ecological information regarding fire-affected 

ecosystem processes in order to increase knowledge of fire effects on the regional 

woodland ecosystem for helping decision-making of future fire management policy in 

this area.     
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CHAPTER TWO 

 
Fire Effects on Carbon Sequestration and Vegetation Composition,  

and its Implications on Habitat Managements 
 

This chapter published as: Yao J, Murray DB, Adhikari A, White JD. 2012. Fire in a sub-
humid woodland: The balance of carbon sequestration and habitat conservation. 

Forest Ecology Management 280(0):40-51. 
 
 

Introduction 
 

Fire is an important ecosystem process in woodlands (Bowman and others 2009; 

Fuhlendorf, Smeins, Grant 1996; Van Auken, 2008) affecting C sequestration, tree 

species composition, and biogeochemical cycling (Amiro and others 2006; DeLuca and 

Aplet 2008; Goetz and others 2007; Knicker 2007; Wan, Hui, Luo 2001b).  However, not 

all fires are equivalent.  In juniper woodlands, high-intensity, stand replacement fires 

dramatically reduce C storage to amounts similar to stand initiation (Reemts and Hansen 

2008).  Low-intensity surface fires reduce stored C slightly by consuming understory 

vegetation, downed woody debris, and leaf litter (Burton and others 2011).  Fire also 

affects post-fire vegetation recruitment due to different responses of species to fire 

(Hoffmann and Solbrig 2003; Morrison and Renwick 2000).  High-intensity fire can shift 

the entire community structure; while low-intensity fires primarily affect young 

individuals and seedling recruitment.  Therefore, ecosystems with mixed-fire regimes 

must be fully characterized in order to meet multiple management objectives (Nelson and 

others 2009; Olschewski and Benítez 2005; Turner and others 2011).  

Compositional changes of vegetation communities in woodlands have been 

observed due to fire suppression at both regional and global scales (Archer 1994; 
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Henderson and Long 1984; Lloret, Pausas, Vilà 2003).  Management plans to restore 

many ecosystems to pre-settlement conditions call for restoration of pre-settlement fire 

regimes, which can improve habitat quality for some endangered species (Blake 2005).  

However, for many ecosystems, the natural fire regime is unknown.  In addition, fire 

suppression has also led to woody fuel accumulations which have increased the 

probability of historically unprecedented large, high-intensity wildfires (Flannigan and 

others 2009; Graham and others, 2004).  Because fire suppression has occurred for nearly 

a century in some wildlands, there has been mixed conclusions about basic understanding 

of long-term ecological impacts of fire on different ecosystems (Carter and Foster 2004; 

Elliott and Vose 2005; Lavoie and others 2010; Pyne, 1997; Varner III and others 2005). 

Therefore, the suggestion of returning fire to woodland ecosystems as an ecosystem 

restoration tool (Abrams 2005; Brose and others 2001) requires a complete understanding 

of ecological consequences, with careful comparison of alternative management practices 

such as mechanical/manual “fire surrogates” treatments (Weatherspoon and Skinner, 

2002).    

In this study, I investigated the effects of past surface fires on woodland C storage, 

woody vegetation community composition, and habitat suitability for an endangered bird 

species in a U.S. national wildlife refuge.  Utilizing a “chronosequence” approach, I 

grouped and compared stands at different successional stages following fire disturbance 

(Amiro and others 2010).  Fire impacts on the aboveground biomass C (AGBC), soil C 

and N, and vegetation community composition were assessed based on differences 

between plots grouped according to different apparent stand ages.  Finally, fire effects on 
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current and potential GCW habitat were assessed based on differences in community 

composition and a habitat suitability index (HSI) developed for this bird species. 

 
Methods 

 
 

Plot Selection 
 

To assess fire impacts on C storage, vegetation community characteristics, and 

GCW habitat suitability, I established a series of study plots in the BCNWR. The total of 

60 plots was established in 2010 located next to trees that were sampled for a previous 

dendrochronology study (Murray and White, in review).  In that study, 5 cm tree slab 

sections of trees were cut with a chainsaw < 1 m above the root flare from randomly 

selected downed and dead hardwood trees in the refuge area.  These slabs were then 

analyzed to determine the number of tree rings, width of rings, and presence and number 

of fire scars. Based on the age and fire scar years derived from these tree slabs, I 

categorized and sampled 20 plots in each of the following three groups: recent-fire (<40 

year), old-fire (>40 year), and no-fire group (Figure 1).  I chose 40 years as half of the 

developmental age of these woodlands based on previous studies that showed formation 

of dense-canopy woodland after approximately 80 years without fire (Fuhlendorf, Smeins, 

Grant 1996; McLemore, Kroh, Pinder III 2004).  To avoid confounding effects of 

multiple fires for the fire-effected groups, I selected sites with single fire events from the 

tree ring study.  To reduce potential bias of spatial autocorrelation, I ensured 

independence of each plot by selecting plots associated with trees that were fire-scarred 

during different years, and filtering these plots with a minimum distance of 300 m as fires 

burn relatively small areas within these woodlands (Murray and White, in review).  Most 
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of the burned plots were characterized as having low-intensity, surface burns due to 

minor fire scar injuries observed in the trees rings. These low-intensity burns were 

suspected to consume predominantly seedlings and saplings, and only occasionally kill 

mature trees. 

 

 
 

Figure 1.  The locations and tract boundary of the BCNWR are shown above with the 
locations of 60 selected sampled points for the recent, old and no fire groups. 

 
 

Field Survey  
 

Data measured for each plot followed the Fire Effects Monitoring and Inventory 

System Protocol (FIREMON) (Lutes et al., 2006).  I centered plots on the location of the 

trees sampled for the tree ring study.  Each plot encompassed an 11.28 m radius circle for 

a total sampled area of 0.04 ha.  Because my data was area-related, sampling on different 

slopes using a fixed-area plot could under-predict the results and affect the extrapolation 

of my results at the landscape level. To correct for slope, I determined the effective 
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sampled area by projecting the circular plot on a horizontal surface as an eclipse plot 

(Equation 1), which was used to calculate all area-related results from the plot 

measurements.  

Effective sampled area= π•r2 •cosθ                                    Equation 1 

Variables measured in the 0.04 ha plot included species name, tree diameter at 

breast height (dbh), and height for individual mature trees (dbh > 10 cm), and saplings 

(ht > 1 m and dbh < 10 cm).  For the biomass calculation, the diameters of multi-

stemmed juniper and oak tree stems that diverged above the root crown were measured 

separately. For the analysis of community composition, multi-stemmed individuals were 

counted as single trees to avoid pseudo-replication. Saplings were measured by 

identifying the species and counting the number of individuals within the plot within dbh 

classes: 0–2.5, 2.5–5, 5–7.5, and 7.5–10 cm.  For seedlings (ht < 1m), a subplot 

encompassed by a circle with 1.78 m radius was centered within the 11.28 m plot.  

Seedling species were identified, and the number of plants was counted for four height 

classes: 0–0.2, 0.2–0.5, 0.5–0.8, and 0.8–1 m.  I estimated dbh values of 0.1, 0.3, 0.6, and 

0.9 cm for each seedling’s height class based on field measurements.   

I also collected data on downed woody debris and litter depths from three 25 m 

transects in each plot based on the FIREMON line intercept sampling method.  Ten 

samples of litter with various depths were collected from a 0.25 m2 quadrat into paper 

bags from 10 different plots to estimate plot litter mass. To assess soil C and N, I 

collected two soil samples below the litter layer 5 m from the circle center in the south 

and west directions from each plot and at least 1 m away from any standing trees to avoid 

roots which may have biased my samples. Soil was sampled to a depth of 10 cm by a soil 

auger of 1.75 cm in diameter.  At each site, I also recorded environmental data such as 
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elevation, slope, aspect, and the percentage of surface rock.  Potential direct solar 

radiation was calculated from the recorded slope and aspect data using the method of 

Buffo et al. (Buffo, Fritschen, Murphy 1972).     

  
Laboratory Analysis 
 
 Litter and soil samples were dried at 60 °C for 48 hours and weighed.  Dried soil 

samples were ground into fine powder using a 3 inch ceramic mortar and pestle. 

Pulverized soil samples were added to silver capsules (3.2 × 4 mm, Costech Comp.) and 

acidified using concentrated sulfuric acid every two hours, which I repeated 20 to 25 

times in a 60 °C gravity oven to volatilize inorganic C (e.g. calcite). The capsules were 

then capped with tin foil, and C and nitrogen (N) concentrations determined by thermal 

combustion within an elemental analyzer (Costech Comp. Model 4010).  

 
Carbon Storage Assessment  
 

I divided site C into three pools: living biomass C, dead biomass C, and soil C.  

Living AGBC was calculated by summing the C from the pools of mature trees, saplings, 

and seedlings. Mature tree aboveground biomass (AGB) was calculated from published 

allometric equations (Clark et al., 1985; Clark et al., 1986 a & b; Hahn, 1984; Schnell, 

1976; Wiant, 1977) using field measured values for each species (Table 1). For species 

with no existing published allometric equation, I used equations for similar species. For 

unique species without specific equations, a generalized allometric equation was used 

(Jenkins et al., 2003). Sapling and seedling AGB were estimated using allometric 

equations designed specifically for trees with small dbh (Williams and McClenahen 

1984).  These allometric equations account for differences in wood specific gravities of 



13 

small juniper (0.40) (Equation 2) and oaks and other broad-leafed species (median=0.53) 

(Equation 3) where biomass was calculated based on the midpoint dbh of each class.  

Log10 Biomass=1.2727+1.4039 Log10 (dbh2)                        Equation 2 

Log10 Biomass=1.1843+1.5327 Log10 (dbh2)                        Equation 3 

Dead AGBC was calculated from summing the C from the pools of standing dead 

trees, downed woody debris, and litter biomass. For standing, non-damaged dead trees 

with a complete stem structure and species identifiable, I used the same allometric 

equations for live trees to estimate biomass. If the trees were damaged, I calculated the 

biomass using the volume of remaining cylinder of tree stumps multiplied by the species 

specific wood specific gravity values (Jenkins and others 2003).  For downed woody 

debris, I used the method developed by Brown (1974) based on data from the line 

intercept sampling. For litter, I first established a least squares linear regression model 

between the depth of litter and dry litter biomass and then measured average litter depths 

of each plot. I combined living and dead AGB to calculate the total site AGBC assuming 

C comprised 50% of biomass (Clark and others 2001; Malhi and others 2004; Pregitzer 

and Euskirchen 2004).  

The soil C in this study was calculated as a function of soil depth, soil bulk 

density, rock fragment contents, and soil C concentration. The soil types of sampled plots 

and their associated soil bulk density, rock fragment content, and maximum soil layer 

depth were derived from the Soil Survey Geographic (SSURGO) database (USDA 2011).  

Point-specific soil depths were calculated using topographic integration (Zheng, Hunt Jr., 

Running 1996).  I used the topographic saturation index (TSI) (Beven and Kirkby 1979) 

(Equation 4) as a surrogate for topographic correction to scale the maximum soil depth 

value derived from SSURGO data to calculate point soil depth. 
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( )βtan/ln aTSI =                                         Equation 4 

where α is the upslope drainage area (m2), and β is the topographic slope (degree). The α 

and β were calculated using the Flow accumulation and Slope function in ArcGis 9.3 

(ESRI), based on a 30 m resolution U.S. Geological Survey digital elevation model 

(DEM) data (downloaded from Texas Natural Resources Information System, 

http://www.tnris.org).  The maximum TSI values for each soil type were also derived for 

the calculation of point soil depth (m) (Equation 5). 

( ) 5.0/ MaxTSITSIthMaxSoilDepSoilDepth =                               Equation 5 

where the coefficient 0.5 is an empirical value used in other woody ecosystems (Jensen et 

al., 1997).   

 The soil depth to bedrock was less than 50 cm thick for most of sites, except those 

located in valley bottoms.  Because of the dominance of thin soils within my plots, I 

assumed that the soil C concentration decreased within the soil profile with 50% of 

organic C in the top 20 cm of the soil surface (Jobbágy and Jackson 2000).  I used a 

modified log-log model (Zinke, Sabhasri, Kunstadter 1978) developed from the global 

average soil organic C percent by depth data (Jobbágy and Jackson 2000) to describe the 

C concentration variation in the soil profile (Equation 6).  

0.619-Alog+dlog -0.625=Ylog 101010                                         Equation 6 

where Y is the soil C concentration at specific depth (%), d is the soil depth (m), and A is 

the average soil C concentration for the top 10 cm (%).  I then calculated total soil C (kg 

m-2) based on this model (Equation 7). 

0.375D

0
DA0.643β)-(1=Yβ)-(1 =C Soil ×××××× ∫ ρρ                Equation 7 
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where ρ is the soil bulk density (kg m-3), β is the rock fragment content (%), and D is the 

total soil depth (m). 

 
Community Composition and Habitat Analysis 
 

I classified recorded species data into three species types: juniper, oaks, and 

others. I then calculated tree density for each species type in size classes of mature trees, 

saplings, and seedlings.  By treating each size class as a separate group in the analysis, I 

attempted to capture the size-structured population information in my community 

composition analysis (McCune and Grace 2002). I used R software (version 2.13.1) to 

conduct a nonmetric multidimensional scaling (nMDS) of species tree density data of the 

three fire groups to examine the relationships of fire with community composition. This 

ordination method is generally the most appropriate for ecological community data that 

are non-normal and discontinuous (McCune and Grace 2002).  In addition, I used the 

Bray-Curtis coefficient as the measure of distance (Faith, Minchin, Belbin 1987), and 

selected a two-dimensional ordination based on a Monte Carlo permutation test.  After 

the ordination procedure was completed, environmental variables including elevation, 

slope, aspect, surface rock percent, and potential direct solar radiation were added 

graphically to the ordination space with the horizontal axis rotated to correspond with the 

maximum correlated variables. I also displayed the calculated aboveground biomass C of 

individual plots in the ordination space as different-sized symbols. For visualization, I 

calculated and illustrated the ordination spaces occupied by each fire group (eclipse 

convex hulls) based on a 0.8 confidence level within the ordination space. 

I calculated the HSI for each plot from a linear model based on a stepwise 

discriminant function analysis (DFA) performed on various habitat variables, including 
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(1) presence or absence of oaks and Ashe’s juniper; (2) distance (m) between trees; (3) 

density (stems per hectare) of mature oaks and Ashe’s juniper; (4) height (m) of stand; 

and (5) age of Ashe’s juniper (Kroll 1980).  The distances between trees were calculated 

from all vegetation densities.  The ages of Ashe’s juniper were calculated using the linear 

regression model between tree diameter and age of juniper, where diameter (cm) = 0.875 

+ 0.374 × age (year) (Kroll 1980). Mean values of each variable were multiplied by the 

appropriate unstandardized discriminant coefficients from the DFA and then were 

summed for the HSI (Kroll 1980).  Lower HSI values indicated increased habitat 

suitability.   

 
Statistical Comparison 
 

All data were loge transformed to meet the normality assumption of parametric 

tests used in my analysis. The difference between the fire groups was assessed using 

ANOVA (SPSS 18.0.0) for each single derived variable followed by Tukey’s post-hoc 

test to determine which group was significantly different from others.  I used the 

MANOVA test (McCune and Grace 2002; Stroup and Stubbendieck 1983) followed by 

Tukey’s post-hoc test for comparing multiple variables between the fire groups at the 

same time to test for the composite fire effects, such as fire effects on C storage and 

community composition. An independent t-test was used where two variables were 

compared.  Significance level was set a priori at 0.05.  
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Table 1. Allometric equations used for calculating AGBC of mature trees 
 

Species Wood specific gravity 
(Jenkins et al., 2003) 

Replacing species Allometric equations         Reference 

Juniperius ashei 0.44  Juniperius viginiana      2.2454X0.1632=Y ×                     (14cm≤ X≤43cm) (Schnell, 1976) 
 

Quercus buckleyi 0.56 

 

Quercus falcata ( ) 45.054.2
X1.95177=Y

1.288482
××

×
          (X≤28 cm) 

( ) 45.054.2
X2.60305=Y

1.288482
××

×
           (X≥28 cm) 

 
  

(Clark et al., 1986a) 

Ulmus crassifolia 0.57 NA            ( ) 45.054.2
X2.17565=Y

1.24812
××

×
               (X≤28 cm) 

              ( ) 45.054.2
X2.04282=Y

1.254642
××

×
              (X≥28 cm) 

 
 

  (Clark et al. , 1986b) 

Querus stellata  0.6 NA                ( ) 45.054.2
X2.2365=Y

1.240772
××

×
               (X≤28 cm) 

        ( ) 45.054.2
X6.79066=Y

1.009182
××

×
             (X≥28 cm) 

 
 

   (Clark et al., 1986a) 

Querus sinuate 
var. breviloba 0.6 NA x) ln 2.4342(-0.20127 exp =Y +            (2.5cm≤X≤73cm) (Jenkins et al., 2003) 

Querus fusiformis 0.6 
 

NA x) ln 2.4342(-0.20127 exp =Y +             (2.5cm≤X≤73cm)  (Jenkins et al., 2003) 

Celtis laevigata  0.49 NA 
2323 X05.0X00005.0HX049.0HX 0.00004Y # +−+−=  (X≥12.7cm) 

    (Hahn, 1984) 

Juglas nigra 0.51 NA 2323 X06.0X00005.0HX067.0HX 0.00003Y # +−+−=  (X≥12.7cm)     (Hahn, 1984) 

Fraxinus texensis 0.53 Fraxinus pennsylvanica ( ) 45.054.2
X2.76583=Y

1.158492
××

×

             
 (X≤28 cm) (Clark et al., 1985) 

Y: Biomass in kg; X: dbh in cm; H: height in m 
#: Equations were reconstructed from multiple steps calculation of biomass method of Hahn, 1984 
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Results 
 
 

Aboveground Biomass Carbon 
 

The average slope of sampled plots was 14.25 ± 11.97 degrees for the recent-fire 

groups, 17.75 ±9.41 degrees for the old-fire group, and 13.75 ±9.20 degrees for the no-

fire group.  The apparent stand ages (years after fire) ranged from 3 to 39 years (s.d.=12.1 

years) for the recent-fire group, and 42 to 88 years (s.d.=7.4 years) for the old-fire group.  

For the no-fire group, the stand ages (years after stand initiation) ranged from 48 to 136 

years (s.d.=21.8 years).   

For living AGBC, only C stored in mature tree biomass was significantly different 

between groups (F(2,57)=20.52, p < 0.001) based on ANOVA, with the no-fire group 

having the highest value of mature tree AGBC and the recent-fire group having the 

lowest value (Table 2).  For dead AGBC, only the litter was significantly different 

between groups (F(2,57)=3.27, p=0.048), with the no-fire group having the highest value.  

The no-fire group also had slightly more, but not significantly so, downed woody debris 

than those of other two groups.  The site AGBC, including both living and dead AGBC, 

was significantly different between groups (F(2,57)=20.58, p<0.001), which was attributed 

to the difference in the mature tree AGBC that represented approximately 80% of the site 

AGBC stored in the system.  Tukey’s post-hoc test of site AGBC showed that all groups 

were significantly different from each other with the highest value for the no-fire group 

and the lowest for the recent-fire group (Figure 2).  
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Soil C and N  

For soil C, I identified 8 soil types from the SSURGO database for my sampled 

plots.  I found that the soil C pool was 4 to 6 time larger than the AGBC pool with large 

standard deviations among different plots mainly due to the large variations in the soil 

depths (Table 2).  I also found no significant difference of soil C storage between groups.  

For the soil C concentration, the average value was estimated to be 7.84±1.87% for the 

recent-fire group, 7.38±2.64% for the old-fire group, and 8.12±2.43% for the no-fire 

group, with no significant difference between groups.  The average soil N concentration 

was estimated to be 0.54±0.14% for the recent-fire group, 0.50±0.16% for the old-fire 

group, and 0.54±0.14% for the no-fire group with no significant difference between 

groups.   

 

 
 

Figure 2.  The average total biomass C for each fire group are shown. The vertical error 
bars represent the biomass C standard deviations, and the horizontal error bars represent 
the standard deviations of stand ages (year).  
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Table 2. The average C storage and standard deviation (kg m-2) for woodland living AGBC, dead AGBC, and soil C of each fire 
groups. 

 
Fire 

group 

                     Living AGBC  Dead AGBC AGBC* Soil 

C Trees* Saplings Seedlings  Standing Downed  Litter* 

Recent 3.58±1.59 0.26±0.17 0.0014±0.0014 0.24±0.24 0.77±0.48 0.56±0.18 5.42±1.81 34.01±18.65

Old 5.44±1.95 0.23±0.11 0.0010±0.0011 0.21±0.17 0.81±0.40 0.51±0.19 7.20±1.86 33.25±18.34

No 7.29±1.86 0.25±0.14 0.0013±0.0010 0.23±0.44 1.04±0.59 0.64±0.12 9.45±2.31 36.04±19.47

  * indicates the variable was significant different among three groups at 0.05 significance level. 

 
 

  
 
Figure 3. Tree density of each species type (juniper, oak, and others) in the size class of mature trees, saplings, and seedlings for the 
three fire groups are shown.  The MANOVA test results of community composition difference between the fire groups, if significant, 
are indicated on the upper left corner of individual graphs. Note the differences in the scales of y-axes for each individual graphs.
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Community Composition  
 

Overall, Ashe’s juniper was the dominant species comprising 50% of mature trees, 

70% of saplings, and 35% of seedlings for all plots.  Oaks comprised approximately 40% 

of mature trees, 25% of saplings, and 55% of seedlings for all plots.  Total mature tree 

stem densities were lowest for the recent-fire group and highest for the no-fire group, 

while the sapling and seedling densities were highest for the recent-fire group and 

lowest for the no-fire group (Figure 3).  

For community composition, I found that mature tree densities of each species 

type differed significantly between groups (Wilks’ λ = 0.758, F(2,57)= 2.760,  p=0.015), 

with higher, but not significantly, mature juniper density in the recent-fire group and 

higher mature oaks and other species densities in the no-fire group.  I also found that 

sapling densities of each species type were also significantly different between groups 

(Wilks’ λ = 0.747, F(2,57)= 2.931,  p=0.011).  The juniper sapling densities (average 

72%) were significantly higher than the other two species types (average 17% for oaks 

and 11% for other species) for all three groups.  For seedlings, no significant difference 

of seedling densities was found between groups, although average oaks seedling 

densities were higher (58%) than juniper (34%) and other species (8%).   

The nMDS ordination of species tree density data showed that the groups were 

defined within the ordination space with some overlap (Figure 4).  High density of 

juniper saplings was characteristic of the recent-fire group, while the no-fire group had 

higher density of mature trees.  In addition, mature oaks density (mostly Q. buckleyi) was 

highly correlated with the topographic slope, while juniper density was correlated with 
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potential solar radiation.  The soil C and N concentrations were highly correlated with the 

density of oaks.     

 

 
 
Figure 4. nMDS ordination of the species tree density data (mature tree, saplings, and 
seedlings) of the three fire groups is shown. The eclipse circles represent calculated 
ordination space occupied by each fire group at the 80% confidence level. The size of the 
symbol is proportional to the total aboveground biomass C storage calculated for each 
plot. The arrows represent the vegetation and environment variables*, with direction 
showing correspondence to the nMDS axes, and the length indicative of the relative 
strength of derived correlations.  
*jusi: Ashe’s juniper; qubu: oaks, mainly Q. buckleyi; sajusi and saoak: sapling junipers 
and oaks; sejusi and seoak: seedling junipers and oaks; C and N: soil C and N 
concentration; C.N: soil C to N ratio; solar: potential solar radiation.    
 
 
Habitat Suitability  
 

All of my plots contained both juniper and oak species, with more than half of the 

plots (53.3%) containing at least one mature tree species other than oak or juniper.  The 

mean age of juniper was estimated to be 25.59±12.45 years for the recent-fire group, 

26.88±8.98 years for the old-fire group, and 31.05±16.49 years for the no-fire group.  

The mean height of the stands was estimated to be 7.25±1.00 m for the recent-fire group, 
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7.60±1.03 m for the old-fire group, and 8.52±1.22 m for the no-fire group.  Based on the 

above information, I calculated the HSI for each plot and found no significant difference 

between fire groups (Figure 5).  

 

 
 

Figure 5. The mean habitat suitability indexes (HSI) for each fire group are shown. 
Lower HSI indicates better habitat suitability.  The vertical error bars represent the index 
standard deviations, and the horizontal error bars represent the standard deviations of 
stand ages (yr). 

 
 

Discussion 
 
 

Fire Effects on Carbon Sequestration   
 

Continued C accumulation in sub-humid woodlands may play an important role in 

mitigating rising atmospheric CO2 concentration and associated global climate warming 

because adapted woody species with opportunistic life history traits may occupy broad 

bioclimatic zones with high tolerance for variable site water availabilities (Asner and 

others 2003; Birdsey et al., 2007; Pregitzer, 2007; IPCC, 2007).  The average AGBC for 
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this Central Texas woodland ecosystem was estimated to be 7.36 kg m-2, with a range of 

2.66–16.15 kg m-2, which was similar to other forest and woodland ecosystems C storage 

estimates in the U.S. with an average 6.75 kg m-2 for the southeast region, 6.48 kg m-2 for 

the south central region, and 7.14 kg m-2 for the entire U.S. (Birdsey and Heath 1995; 

Houghton, Hackler, Lawrence 1999).  My estimates of average living AGBC for this 

woodland ecosystem were 5.68 kg m-2, which was slightly higher than the national 

average of 3.84 kg m-2 for all woodlands across the U.S. (Goodale and others 2002; 

Houghton 2005).   

The belowground biomass C was not included in this study because no study had 

been conducted to determine the belowground biomass for individual species in this 

ecosystem.  The root to shoot (R/S) ratio, an index routinely used to calculate 

belowground biomass from aboveground biomass, range from 0.19 to 0.31 for woody 

species from various studies (Cairns and others 1997; Cannell 1982).  However, shallow, 

calcareous soil overlaying fractured Cretaceous limestone in this ecosystem may restrict 

vertical root growth.  The maximum rooting depths of most species in these woodlands 

varies from 3 to 7 m, but the roots of the evergreen oak, Q. fusiformis, may be found 

below 10 m embedded in fractured bedrock (Jackson and others 1999).  Large lateral root 

development in thin soils of dry environments may help plants maximize uptake of 

shallow soil (Schenk and Jackson 2002).  However, root space competition can limit 

lateral root growth due to high densities of saplings similar to the woodlands in my study 

area (Schenk 2006).  Therefore, using a constant R/S ratio to calculate belowground 

biomass may not result in high stand-level accuracy.  By excluding belowground biomass 

C in my analysis I am unable to assess the full effects of fire on stored total biomass C.  
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Because the no-fire group had higher densities of mature trees, I expect the absolute 

differences in total C between fire and no fire stands to be larger due to higher 

belowground C storage for the no-fire group.  In addition, belowground C storage may 

potentially be important as an indicator of vegetative reproduction potential for oaks 

(Floyd, Romme, Hanna 2000; Reemts and Hansen 2008) and should be a focus of future 

study. 

Previous studies indicated that low to moderate-intensity fires have less effects on 

live biomass C storage than high-intensity fires and C loss would be likely to stabilize in 

a relatively short period of time (less than a decade) (Hurteau and North 2010; van 

Mantgem and others 2011).  Fire-related tree mortality is thought to be age-specific and 

density-related, where large sparse trees with thicker bark are more resistant to fire 

damage (Fuhlendorf, Smeins, Grant 1996; Hood and others 2007).  The impact of low-

intensity fire on C storage increases for sites with higher proportions of biomass in small 

trees with dbh < 20 cm (Cook and others 2005).  My study showed that even low-

intensity fire reduced C storage significantly in this woodland ecosystem, as a 

consequence of higher densities of small trees which were affected most by surface fires.  

Although my study focused on stands with single fire events, my results may also be used 

to project outcomes for multiple fire events which I predict would limit mature tree 

densities and keep C storage at a relatively low level.   

Fire had no clear effects on soil C storage that ranged from 5.17 – 63.59 kg m-2. 

Variation of estimated soil depths within the sampled area most likely confounded the 

results.  Feedbacks between climate, vegetation cover, disturbance, and topography affect 

soil C accumulation (Wood, Murphy, Bowman 2011).  Species distributions on hillslopes 
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are influenced mostly by soil depth and water holding capacity.  For example, steep 

slopes result in small soil depths, low soil moisture, and slow soil C accumulation 

(Tromp-van Meerveld and McDonnell 2006).  In my study area, tree harvesting intensity 

and fire for the past century were at their highest during the 1950s (Murray and White, in 

review), which also coincided with a drought of record.  Large rain storms that followed 

this drought potentially resulted in higher than average soil erosion rates that were 

accelerated by the removal of vegetation cover and have contributed to regionally thin 

soils (Allen and others 2011).  Because soil accumulation may require 50 to 500 years to 

recover depending on the severity of disturbance and ecosystem type (Burke, Lauenroth, 

Coffin 1995; Knops and Tilman 2000; Schlesinger 1986), I conclude that the current soil 

C in my study area is a reflection of soil formation and recovery. 

Woodland sites with deeper soil depths were located in valley bottoms potentially 

with higher topographic moisture.  Most of my no-fire sites were located in valleys which 

had higher AGBC storage and soil C storage.  Also, for these valley sites, the calculated 

soil C storage was significantly larger than the AGBC pool (P<0.001), making it the 

largest C pool for site C storage.  These large soil C pools affected my estimated average 

soil C values of 34 kg m-2, which were larger than Central Texas regional soil C values of 

13 kg m-2 estimated from the SSURGO database (USDA, 2011).  This difference was 

consistent with the assessment by the National Cooperative Soil Survey (NCSS) in which 

SSURGO derived soil organic C values were about 50 to 60% less than NCSS pedon 

database lab measured soil C values (NCSS, 2010; West et al., 2010).  

 



27 

Fire Effects on Soil Geochemistry  
 

The average soil C concentration of 8% for my study was higher than the average 

5% measured in a nearby afforested prairie pasture (White and Moore 2010)(White and 

others 2010).  Also, my soil C concentration values were higher than the average global 

value for Entisols, the most common soil unit found in my study area (USDA Soil survey 

of Texas, 1974), of approximately 1% (Batjes, 1996).  The average soil N concentration 

for my study area (0.53%) was also higher than the values from the nearby afforested 

prairie pasture with an average value of 0.19% and the average global N concentration 

value for Entisols of 0.10%.   

I did not find a significant effect of fire on soil C and N concentration, however 

site variances were apparent.  Soil C and N concentration values for my study were 

correlated to topographic slope (Figure 4), which I attribute to the effects of slope on soil 

erosion and nutrient leaching rates (Weiler and McDonnell 2006).  Vegetation 

composition may also explain the site soil C and N differences (Hobbie 1992), which is 

supported by my data where oak-dominated sites had higher soil C and N concentration 

than juniper-dominated sites (Figure 4).  Higher N in the mature oak-dominated 

woodlands is likely due to annual contribution of low-lignin litter from these deciduous 

oak species.  In contrast, high lignin content in juniper leaves may have increased litter 

residence time (Bates, Svejcar, Miller 2007; Tiedemann and Klemmedson 1995), which 

decreases N availability similar to other juniper-dominated sites (Roberts and Jones 

2000).   

Soil C and N are also dependent upon fire intensity.  Low-intensity fire causes 

little initial loss in mineral soil C and N (Johnson and Curtis 2001).  In this ecosystem, 
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low-intensity fires may release N bound in litter organic matter, which may benefit 

nutrient-limited species such as Ashe’s juniper and affect regeneration and competition 

(Hobbie 1992; Knicker 2007; Zou and Bashkin 1998).  Repeated low-intensity fires may 

also deplete nutrient stocks in the soil (Jackson 2000).  High-intensity fire can increase 

soil C due to vertical transport of hydrophobic organic matter from surface (Johnson and 

Curtis 2001).  

 
Fire Effects on Community Composition  
 

Periodic surface fire has maintained many forests by favoring fire-tolerant species, 

such as oaks (Quercus spp.) (Abrams 1992; Hutchinson and others 2008; McEwan and 

others 2007; Tharp, 1939).  Central Texas woodlands may have been historically 

maintained by fire (Bray 1904; Clark 1991).  Fire frequency has decreased over the last 

century in my study area due to active fire suppression and ranching on the eastern 

Edwards Plateau which poses a threat to the health and persistence of certain species 

within this woodland ecosystem ( Foster, 1917; Russell and Fowler 2002).  Unfortunately, 

no other information about earlier fire history beyond this range is available due to the 

short-lived nature of these woody species.  Murray and White (in review) estimated a 5.5 

year fire return interval in the BCNWR which was comparable to fire return intervals in 

other mixed-oak woodlands in the U.S. of 5.3 to 8.4 years (Stambaugh and others 2009).   

However, this estimate may not reflect the true site fire return which might be 40–70 

years based scarring from multiple fires analyzed for BCNWR.  

Although I suspected that low-intensity fire may benefit juniper through soil 

nutrient mineralization, lack of fire may inhibit oak adult recruitment by increasing the 

density of fire-sensitive juniper species and reducing the survival and growth of oak 
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seedlings (Abrams 1992; Russell and Fowler 2002).  For my study, I found that sites with 

a single fire disturbance had higher oak seedling density than juniper seedling density, 

though not significant (Figure 3).  For saplings, higher juniper densities were observed in 

the recent-fire group compared to the other two groups.  Because survivorship of junipers 

was high overall, I expect that in the absence of future fires these sites will be dominated 

by junipers. 

The significant difference of mature tree densities I observed between the fire 

groups is attributed to fire-affected tree recruitment, the influence of topography, 

herbivory, and historical climate.  Topography plays an important role in mediating the 

fire–vegetation–soil feedbacks (Wood, Murphy, Bowman 2011; Wood and Bowman 

2012).  In my study, the high correlation of Q. buckleyi to topographic slope was 

consistent with the previous observation related to slope-associated soil processes and 

fire susceptibility (Figure 4) (Diamond, 1997).  Stands located in valley bottoms with 

thick soil layers may have access to seasonally sustained topographic moisture which 

reduces fire occurrence (Wood, Murphy, Bowman 2011).  These topographic position 

sites provide “fire refugia” for vegetation in this landscape, which was demonstrated by 

the higher number of my no-fire stands located in valley bottoms.  Ashe’s juniper was 

highly correlated with the potential solar radiation (Figure 4), which was associated with 

topographically exposed dry sites with higher fire frequency.  This is consistent with the 

high water use efficiency of junipers (Merrill and Young, 1959).  These sites have shown 

higher recruitment rates for Texas red oak in the past (Murray and White, in review), 

however recent lack of recruitment on these sites may be linked to soil loss since the 

1950’s. 
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 The dominance of oaks, rather than Ashe’s juniper for the old-fire group, may be 

due to a higher oak recruitment rate observed from 1900 to 1935 potentially related to 

lower whitetail deer (Odocoileus virginianus) population sizes (Russell and Fowler 2004).  

Deer preferentially browse on oak seedlings and saplings.  After 1935, deer densities 

increased associated with eradication of the infectious screwworm (Calliphoridae), which 

corresponded with observed lower oak recruitment and Ashe’s juniper dominance in the 

recent-fire group.  Deer populations potentially peaked in the 1980s and have remained 

very large, around 30 deer km-2, despite increased hunting pressure (Russell and Fowler 

2002; Young and Richards, 1996).  

The old-fire group, which represented stand initiation during 1930 to1970, 

showed higher oak densities, which may also be explained by a prolonged drought that 

occurred from 1947–1956.  Based on the historical Palmer Drought Severity Index (PDSI) 

(NCDC, 2011b; Palmer, 1965), 12 out of 20 of the plots within the old-fire group had fire 

scars during these drought years.  Of these 12 plots, oak percentages were significantly 

higher than the other old-fire group plots (t=1.877, p=0.074) (Figure 6).  The mechanism 

for higher oak densities may be attributed to increased probability of fire with greater 

intensity under drought conditions due to the presence of dead individual trees and dry 

canopy fuels. With more intense fire, mortality rates would be expected to be different 

between fire-sensitive juniper and fire-resistant oak.  High-intensity fires in this 

environment decrease juniper densities and favor oak species recruitment through asexual 

reproduction from basal sprouting (Floyd, Romme, Hanna 2000; Reemts and Hansen 

2008).  For plots with low-intensity fires, juniper sapling densities would be expected to 

be higher.  Previous studies have indicated that Ashe’s juniper seedling establishment and 
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survival are highest in shaded conditions but with higher growth at canopy edges and in 

grasslands (Reemts and Hansen 2008; Van Auken, Jackson, Jurena 2005).  Current 

prescribed burning on the refuge is limited to grasslands using wooded areas as fire 

breaks under moderate burning conditions.  These low-intensity burns in woodlands may 

favor continued juniper recruitment, while high-intensity fires, from wildfires, may favor 

recruitment of shade-intolerant oak.  Fire effects on community composition are also 

related to fire frequency. Although not a focus in this study, I predict that, for stands with 

multiple fire disturbances instead of only single fire events for a long period, fire effects 

on community composition would be more substantial. Frequent fire may help to shift an 

entire woodland community towards a grassland ecosystem (Briggs, Hoch, Johnson 2002; 

Cloudsley-Thompson, 1975; Habselka et al., 2007; Ruthven III and Synatzske 2002).  

 

 
 

Figure 6. The average stem densities of each species type for the plots that had fire in 
drought years (PDSI<0, total 12 plots) and in wet years (PDSI>0, total 8 plots) of the old 
fire group are shown. The plots had fire in the drought years had significantly higher oak 
percent than the plots had fire in wet years at α=0.1 confidence level (t=1.874, p=0.077). 
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Fire Effects on Habitat Suitability 
 

The calculated HSI for most of my plots ranged from 0.3 to 0.8, which was 

significantly higher than the value of 0.12 Kroll (1980) proposed as a threshold value for 

quality habitat. The value of 0.12 Kroll used was derived from the midpoint of the HSI 

value range of his study area. The difference in the derived HSI values between my study 

and Kroll’s may be attributed to tree density differences between the two study areas.  

This may be a result of different local ecosystem characteristics and tree sampling 

methods.  Kroll’s study was confined to a small area at the eastern edge of the Edwards 

Plateau approximately 100 km north of the BCNWR.  Also, whether Kroll accounted for 

multi-stemmed juniper trees in the density calculation is unclear.  To estimate an 

appropriate threshold HSI value for quality habitat in BCNWR, future study needs to 

associate long term warbler observation data with calculated HSI values for stands in the 

refuge.   

The calculated HSI were not significantly different between groups, and I found 

that fire effects on habitat suitability for birds, such as GCW, can be dichotomous (Blake 

2005).  In my study, fire reduced mature tree density, which had a negative impact on 

habitat suitability indicated by higher average HSI values for the no-fire group than the 

recent-fire group.  However, I also observed that high-intensity fire was related to higher 

oak recruitment which has the potential to sustain GCW habitat for the future.   

 
Implications for Fire Management: Balancing the Carbon Sequestration and Habitat 
Conservation  
 

Managing lands in BCNWR to sustain GCW habitat may require both mechanical 

treatment and use of fire in the woodlands.  Critical core breeding habitat for GCW  
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includes stands considered as old-growth in this ecosystem, which are composed of large, 

mature junipers (> 40 years old) and > 36% oak species mixture (Kroll, 1980), should be 

protected from wildfire.  To reduce the risk of intense fire, mechanical thinning of 

understory and removal of downed dead woody fuel can be employed in these core 

habitats (Albrecht and McCarthy 2006).  For at least two decades, expansion of low-

density residential development at the wildland–urban interface has greatly increased fire 

risks in many wildlands, with my study area classified as having a high wildland fire 

hazard (Theobald and Romme 2007).  Human population densities and land management 

activities are likely to affect both the ignition and suppression of future fires, which is 

complicated by the potential for future warmer and drier climates (Archibald and others 

2009).  As the BCNWR lands are discontinuous and surrounded by grass pastures with 

scattered single home ranches, there is a risk of fire initiating in these adjacent areas of 

fine fuel and spreading onto BCNWR.  Current management policy includes informing 

public about the level of fire danger, placing fire bans accordingly across the area in both 

refuge lands and exterior lands, and creating “shaded fuel breaks” around the refuge tract 

boundaries using mechanical thinning to remove understory ladder fuels in order to 

prevent canopy fires in the woodland.  While mechanical treatment such as this can 

reduce site C storage, it is compensated by subsequent ecosystem production with little 

impact on site C storage or community composition over the long term (Boerner, Huang, 

Hart 2008; Graham et al., 2004; Hurteau and North 2010). 

I note that management must also take into account oak recruitment failure in 

young stands. Naturally occurring wildfires in monoculture stands of dense young Ashe’s 

juniper with poor HSI values may be allowed to burn. This may potentially increase oak 
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recruitment where root and seed stock are viable with negligible impacts on juniper, 

landscape level survivorship (Glenn-Lewin 1977).  However, because of the large 

wildland-urban interface of the refuge, wildfires are dangerous to humans. The 

management of the refuge may require innovative prescribed burnings that mimic some 

of the mixed intensity fire behaviors of wildfires within acceptable risk limits (Abrams 

2005; Brose and others 2001; Hubbard and others 2004).  Prescribed fire has already 

been used in grasslands and may be expanded into woodlands in this area with 

appropriate future study on woodland succession and habitat impacts.  

Climate also plays a role in shaping current and future woodland community 

composition.  Drought and associated fire appear to favor oak persistence, not dominance, 

over time.  The future climate is expected to have more drought events for this region 

(IPCC, 2007), similar to the weather patterns of the 1950’s and the recent drought of 

2011.  Therefore, future management needs to consider climate-related effects when 

timing potential prescribed fires.  Because fire in this woodland ecosystem reduces C 

storage significantly, use of prescribed burning should consider the post-fire climate as 

well, as it affects vegetation productivity.  The higher C storage in these woodlands may 

be attributed to higher surface temperature with an increased growing season length (Sterl 

and others 2008), which would limit the impact of burning on C storage especially for 

low-intensity surface burns (Boerner, Huang, Hart 2008).  The relationships between fire, 

C storage, and climate indicate the need for managers to be adaptable to different 

management techniques especially when dedicating land area for long-term C 

sequestration (Ellenwood, Dilling, Milford 2012).   
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Management of public lands requires careful consideration of short and long-term 

outcomes of restoration and conservation activities (Loomis, 1993).  However, 

dichotomous policies, such as broad fire exclusion or use, may arise from externally 

derived mandates such as the Endangered Species Act or the U.S. Department of 

Interior’s recent decision to achieve C neutrality on its landholdings (Ellenwood, Dilling, 

Milford 2012).  This study primary focused on the southern semi-humid woodland 

community with management emphasis on conserving endangered species specific to this 

ecosystem.  However, I demonstrated that multiple conservation and ecosystem service 

objectives may be accomplished for a wildlife refuge.  This requires detailed, 

community-level, ecological information that encompasses longer time scales.  Based on 

this need, an “integrative complexity” quantitative measurement approach may be used to 

choose a balanced dichotomous policy within public lands (Carroll and Bright 2010).  

This supports evidence that land management policies should come from integrated 

approaches that support action based on robust scientific evidence (McDermott, Noah, 

Cashore 2008).  
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CHAPTER THREE 
 

The Storage Change of Fire-derived Soil Charcoal in a Sub-humid Woodland 
 
 

Introduction 
 

Fire affects the terrestrial C cycle on 40% of the Earth’s land surface by 

consuming biomass and producing charcoal from incomplete combustion (Alexis and 

others 2007; Chapin, Matson, Mooney 2002; Fuhlendorf, Smeins, Grant 1996).  

Terrestrial ecosystem fires are estimated to consume 4 to 8 Pg of biomass C annually and 

produce 0.5 to 1.7 Pg of charcoal (Reeves and others 2008).  Because, charcoal is a 

compound that contains polyaromatic, heterocyclic black carbon (BC), it is highly 

recalcitrant to biological decomposition in soil (MacKenzie and others 2008).  With 

extremely slow decomposition rates potentially requiring hundreds to thousands years, 

BC may represent a substantial sink for biospheric C (Kuhlbusch and Crutzen 1995).  

Currently, the global BC reservoir has been estimated to be 300-500 Gt C, composed of 

5-30% of total organic carbon (TOC) from soil, river water, and sediment (Hockaday and 

others 2007; Lehmann, Gaunt, Rondon 2006; Masiello 2004; Preston and Schmidt 2006; 

Rodionov and others 2010).  

The pool size of BC highlights the importance of fire-derived charcoal in terrestrial 

ecosystems; however more information is also needed to characterize terrestrial soil 

charcoal fluxes and potential feedbacks on biogeochemical cycling and ecosystem 

functions.  Charcoal is a C-enriched substance that may affect terrestrial nutrient cycling 

and soil water holding capacity (DeLuca and Aplet 2008).  In boreal and temperate 

forests, charcoal has been shown to facilitate nitrification of soil organic materials 
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through increasing microbial activity and water holding capacity (Berglund, DeLuca, 

Zackrisson 2004; Lehmann and others 2011; Zackrisson, Nilsson, Wardle 1996a).  The 

potential benefits of charcoal for agriculture may have been understood by tribal peoples 

in the Amazon rainforests who added charcoal to soils of cleared forests which 

potentially increased soil fertility by increasing cation exchange capacity from oxidation 

(Glaser and Amelung 2003).   . 

Due to its chemically-heterogeneous nature, charcoal in ecosystems has been 

difficult to quantify as analytical methods capture only parts of the continuum of BC 

materials that range from soot to slightly charred biomass (Hammes and others 2007).  

Solid state 13C nuclear magnetic resonance (NMR) spectroscopy can identify condensed 

aromatic C in order to estimate charcoal concentrations in soil (Hockaday and others 

2007; Simpson and Hatcher 2004; Skjernstad, Taylor, Smernik 1999).  The advantage of 

13C NMR spectroscopy is that it can quantitatively determine the amount of organic C in 

different functional groups, such as alkyl, O-alkyl, aromatic and phenolic, in a complex 

media, like soil (Smernik and Oades 2000).  Because NMR is expensive and time 

consuming, this may limit the number of samples that can be analyzed. Alternatively, 

mid-infrared spectroscopy (MIRS) may be used to predict various organic and inorganic 

soil properties based on statistical analysis of spectral absorption features (Bornemann 

and others 2008; Janik and Skjemstad 1995; Janik, Skjemstad, Raven 1995; Viscarra 

Rossel and others 2006).  Aromatic C may be detected with MIRS and can be used to 

estimate soil charcoal in an efficient way as compared to NMR (Colthup, Daly, Wilberley 

1990; Reeves and others 2008).  However, MIRS can only be used as a quantitative 

measurement when there were reference samples with known concentrations of targeted 
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compounds.  Also, the similarity of the functional groups found in charcoal and the other 

materials such as humid acids, etc., may affect the quantitative accuracy of MIRS when 

these compounds are present in soil (Reeves and others 2008).   

While charcoal-C may be an important long-term storage pool of terrestrial C, 

there is little information about its persistence in different ecosystems. In this study, I 

assessed the amount of charcoal, derived from residual burned biomass in soil from sites 

in a sub-humid woodland where I previously reconstructed the fire history using an 

extensive tree ring survey (Hammes and others 2007; Yao and others 2012).  I carefully 

selected sites that had only experienced single fire disturbance since the stand initiation 

and had no evidences of nearby fire occurrence based on the information provided by the 

tree ring study to extract soil samples.  From these samples, I estimated charcoal 

concentration using NMR and MIRS techniques, and compared derived concentrations 

for sites with recent, old, and no documented fire occurrences.  I hypothesized sites with 

recent fire occurrences should have higher charcoal concentration than sites with older 

fire occurrences.  Using information about time since last fire occurrence and site 

charcoal concentration, I calculated a potential regional loss rate of soil charcoal.  By 

analyzing my results using topographic data and redox state of the charcoal, I proposed 

mechanisms for charcoal loss from the soils.  

 
Methods 

 
 

Soil Sampling 
 

To assess charcoal associated past fire events, I analyzed two soil samples 

collected from each the established 60 plots in the BCNWR (Yao and others 2012). Rock 
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fragments and biomass residuals were manually removed from soil samples followed by 

drying at 60 °C for 48 hours in a gravity convection oven. From these samples, 5 g soil 

was ground to fine powder using a 3 inch ceramic mortar and pestle. 

 
Estimation of Total Soil Charcoal using the 13C NMR Method 
 

Because of the expense and time required for the NMR analysis, I only analyzed a 

subset (18 samples) of all soil samples (120 samples) by randomly selecting six soil 

samples from different plots of each fire group using this method. To prepare for NMR 

analysis, I added approximately 3 g of the pulverized soil, referred to as w1, into 50 ml 

centrifuge tubes (VWR International LLC., Ultra-high performance) for each sample.  I 

acidified these samples using 10-20 ml gaseous 10% HCl to volatilize inorganic C (e.g. 

calcite), which was visually identified by bubbling within the solution (Harris, Horwáth, 

van Kessel 2001).  The HCL treated soil solution was then centrifuged at 8000 rpm for 10 

minutes followed by removal of any supernatant.  Samples were treated with fresh HCL 

every two hours until no bubbling was visible in the tubes.  Because the chemical 

composition of soil organic matter (SOM) using solid-state 13C NMR spectroscopy is 

limited by high iron oxide concentration and low organic C concentration in soil 

(Gonçalves and others 2003), I also treated the soil samples with diluted 10% (w/w) 

hydrofluoric acid (HF) to remove paramagnetic material and to concentrate the amount of 

SOM (Preston, Schnitzer, Ripmeester 1989; Schmidt and others 1997).  This was 

accomplished by adding 25 ml of 10% HF in each tube, followed by sealing the tube and 

putting on a shaking machine for 12 hours.  Subsequently, samples were centrifuged at 

8000 rpm for 10 minutes followed by supernatant removal and addition of new HF, 

which I repeated 3 times.  The soil samples were then washed with deionized water for 3 
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times using the same procedure and dried in a gravity convection oven 50 °C for 48 hrs 

and weighed for mass referred to as w2.  The C and nitrogen (N) concentrations of the 

HF-treated soil samples were then determined by thermal combustion with an elemental 

analyzer (Costech Comp. Model 4010).  The recovery rates of C after the HF treatment 

were calculated as: 

original

HF
C

C
%

%  (%)recovery  C θ×=                                     Equation 8 

where %CHF is the percentage of C concentration in HF-treated soil, %Coriginal is the 

percentage of C concentration in the original soil (Chapter 1), and � is the percent of soil 

mass remaining after HF treatment (%).  

The solid-state 13C NMR spectra of HF treated soil samples were obtained using 

magic angle spinning (MAS) techniques on a Bruker Avance III 300MHz spectrometer 

operating at a 13C resonance frequency of 75 MHz and using a commercial Bruker 

double-bearing probe.  Approximately 250 to 300 mg pulverized soil was packed into a 7 

mm diameter cylindrical zirconia rotor, sealed with a Kel-F end-cap and spun at 5k Hz.  I 

collected NMR spectra using two techniques, the Cross-polarization (CP) and the Bloch 

decay (BD), and then compared the results and selected the better one for the further 

analysis based on the mixing model prediction errors discussed later.  The CP NMR 

spectra were acquired following a 90o 1H excitation pulse, a 1 ms 1H–13C contact pulse, 

and with a 5 s delay between acquisitions for 3000 scans.  The chemical shift frequency 

was referenced to glycine as an external standard.  To reduce noise to signal ratio of 

spectra, line broadenings of 30 Hz were applied prior to Fourier transformation.  The BD 

NMR spectra were acquired from a single, direct excitation of 13C atoms at 90o with a 90 

s delay between acquisitions for 800 scans.  For the BD spectrum, the signal from the 
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Kel-F rotor end-cap can significantly affect spectra (Smernik and Oades 2000), therefore, 

the end-cap spectrum was obtained as background and later subtracted from measured 

soil BD spectra.  

Each spectrum (CP and BD) was phase and baseline corrected prior to integration. 

The spectra were first integrated between 0 and 220 ppm so that signals from all 

resonances were included for calculating the NMR observability of the 13C nuclei in the 

sample (Cobs).  The integrations of signal intensity were conducted by an adapted 

integration routine supplied with the instrument software (Topspin 3.0, Bruker Biospin).  

The Cobs was assessed by using glycine as standard, and assuming the Cobs of glycine was 

100% (Smernik and Oades 2000).  The Cobs was then determined for each sample as:   

samplesampleglycine

glycineglycinesample
obs CmI

CmI
C

%
%

××

××
=                                                   Equation 9 

where I was intensity determined from integration, m was the mass of the sample in the 

NMR rotor, and %C was the percentage C concentration.  (Smernik and Oades 2003) 

showed that CP NMR intensity of HF treated soils is often underestimated by the above 

equation because the magnetization intensity (Isample) relaxes more rapidly than Iglycine 

during the 1ms contact time, via a process known as T1�
H relaxation.  No attempt was 

made here to correct CP NMR spectral intensities for the difference in T1�
H  relaxation.  

Therefore, my Cobs values for CP NMR were likely a conservative measure of Cobs. 

The spectra were then integrated for seven major functional groups associated 

with chemical shift regions: alkyl C (0 to 45 ppm), N-Alkyl/Methoxyl C (45-60 ppm), O-

Alkyl C (60 to 95 ppm), Di-O-Alkyl C (95 to 110 ppm), aromatic C (110 to 145 ppm), 

phenolic C (145 to 165 ppm), and amide/carboxyl C (160 to 215 ppm) (Knicker and 

Lüdemann 1995).  These integration results, along with C and N concentrations, were 



42 

used as inputs into a molecular mixing model to estimate the concentrations of six 

biomolecules including carbohydrate, protein, lignin, lipid, carbonyl, and charcoal 

(Baldock and others 2004; Nelson and others 1999; Nelson and Baldock 2005a).  

Assignments of 13C NMR signal intensity in the chemical shift regions associated with 

each component of the molecular mixing model and their molar elemental concentrations 

normalized to C concentration were derived from parameters of a previous study using 

standard references materials of each component to parameterize the mixing model for 

soil ecosystems (Baldock and others 2004).  The predicted proportions of each molecular 

component calculated by the model are expressed on a TOC basis (%).  These values 

were then adjusted according to the mass loss during the acid treatment to calculate 

biomolecular concentrations in untreated soil (g charcoal C kg-1 soil). For example, the 

charcoal C concentration in untreated soil can be calculated as:                         

)(%10 soil) kg C (g C Charcoal
1

21-

w
wC HFTOC ×××= −ρ

       
Equation 10 

where ρ  is the proportion of charcoal component to TOC calculated by the mixing 

model (%), %CTOC-HF  is the percentage of C concentration in HF-treated soil determined 

by elemental analyzer, and w1 is the weight of soil before treatment and w2 is the weight 

of soil after HF acid treatment.  I referred to the results of the molecular mixing model 

using CP and BD NMR data as CP NMR + model and BD NMR + model, respectively. 

To confirm detectability of charcoal in soil using the NMR method, I obtained a 

laboratory-produced charcoal standard derived from chestnut wood with 682.0 g C kg-1 

and 1.6 g N kg-1 (Hammes and others 2006) that I added to a sample soil from a site 

without known evidence of fire to produce a 14% wt/wt charcoal/soil mixture.  The CP 

and BD NMR spectra were then obtained and compared for the charcoal-free soil, pure 
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charcoal, and soil-charcoal mixture.  I also calculated the oxidation state values (Cox) of 

all organic materials in soil based on the mixing model in order to evaluate the potential 

charcoal decomposition (Baldock and others 2004).  

 
Estimation of Total Soil Charcoal using MIRS 
  

All pulverized soil samples (120 samples) were scanned in a Thermo Scientific 

Nicolet 380 FT-IR spectrometer (Thermo Electron Scientific Instruments LLC, Madison, 

WI, USA) equipped with a “Smart Performer” attenuated total reflectance accessory 

(model 0039-555) with proprietary Germanium on KBr beam splitter and a deuterated 

glycine trisulfate detector. Each sample was scanned in the wave numbers range of 4000 

to 400 cm−1 (i.e. wavelengths range from 2500 to 25,000 nm) at 4 cm−1 resolution for 32 

scans to produced one spectrum and using Helium Neon as reference laser.  Two repeated 

scans were conducted for each soil sample under the constant flow of N2 gas through the 

spectrometer, and measurements were automatically corrected for water vapor and 

atmospheric CO2.   

To account for measurement variations of diffuse reflectance spectroscopy of 

powdery samples (Janik, Merry, Skjemstad 1998), spectra were applied with appropriate 

treatments before comparison, including baseline correction and mean standardization. 

Baseline corrections were completed using the instrument software (EZ OMNIC 7.3, 

Thermo Electron Corporation) to correct for uneven baselines.  Spectra were then mean 

centered using the spectral regions that correspond to the most invariable zone (1861 to 

2561 cm-1 in this study) where the standard deviation values were close to or equal to 

zero as the reference zone for standardization (Cadet and Offmann 1996).  
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To estimate soil chemical properties, I used partial least squares regression (PLSR) 

based MIR absorption data.  Biomolecule component concentration data estimated by the 

NMR analysis were firstly transformed by calculating the square root of the data before 

entry into the PLSR model in order to minimize non-linearity in the calibration (Janik and 

others 2007).  The calibration of the PLSR was completed by combining the square roots 

of biomolecule component concentrations estimated by the NMR + model method from 

the 18 soil samples (6 for each fire group) with the MIR absorption spectra, followed by 

transformation into a smaller set of orthogonal PLS loadings with derived scaling terms 

(Haaland and Thomas 1988; Janik and others 2007).  Best fit calibration models were 

developed using the one-out cross validation procedure (Efron 2004).  Although PLSR is 

a full spectrum method, from my preliminary analysis, I found that removal of certain 

spectral ranges enhanced the accuracy of the PLSR models.  The optimal spectral range 

to use in the final PLSR calibration was selected to be 4000-1030 cm-1 based on the root 

mean square error of prediction (RMSEP) and the coefficient of determination (R2) 

between measured and predicted values (Geladi and Kowalski 1986).  After calibration, 

the PLSR model was used to predict the square roots of biomolecule component 

concentrations for the remaining 42 samples (14 for each fire group).  Calibrations and 

predictions of PLSR model were performed for the six biomolecule component 

concentrations separately using R (version 2.13.1, The R foundation for statistical 

computing).  The results predicted from the PLSR model were squared to obtain the 

predicted biomolecule component concentrations values, and results of two soil samples 

from each plot were then averaged to calculate plot means.  
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Statistical Comparison  
 

The difference of six biomolecule component concentrations between three fire 

groups was assessed using ANOVA (SPSS 20) for results from both the NMR + model 

methods and the MIRS method (McCune and Grace 2002; Stroup and Stubbendieck 

1983).  I used the independent Student’s t-test to assess differences of biomolecule 

component concentrations between any two fire groups.  Significance level was set a 

priori at 0.05.  

 
Results 

 
 Charcoal Estimated by 13C NMR 
 

For the 18 HF-treated soil samples prepared for the NMR analysis, the average 

soil mass loss due to the removal of calcite, iron oxides, and silicates by acid treatment 

was 83.8± 5.3% (one standard deviation).  After the HF treatment, the soil C and N 

concentrations increased as compared to the values before the HF treatment, with no 

significant differences found between different fire groups (Table 3).  The recovery of C 

after the HF treatment was estimated to be 84.7 ± 12.8 %.   

The average Cobs was estimated to be 62.9 ± 3.9 % for the CP NMR and 109.4 ± 

6.1 % for the BD NMR with no significant differences between fire groups.  The CP and 

BD NMR spectra both showed that SOM was potentially dominated by organic matter 

with chemical shift regions associated with alkyl C (0 to 45 ppm), O-Alkyl C (60 to 95 

ppm), and amide/carboxyl C (160 to 215 ppm) groups (Figure 7).  I also found clear 

differences in the chemical shift region associated with aromatic C (110 to 145 ppm) for 

the charcoal-free soil, pure charcoal, and soil-charcoal mixture which demonstrated the 

ability of NMR technique to detect potential charcoal.  Based on the NMR spectra data 
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inputs into the mixing model, dominant biomolecules of SOM were lignin, protein, and 

carbohydrate for both CP and BD NMR measurements (Table 4).  

 
Table 3.  Means and standard deviations of the soil chemical characteristics of sampled 
soil before and after the HF treatment, and associated mass loss rates. The Cox values 
from the mixing model based on the results of two NMR methods have been shown to 

indicate the oxidation states of bulk soil C pools for different fire groups. 
 

Fire 

group 

C pre-HF 

(g kg-1) 

N pre-HF 

(g kg-1) 

Mass loss 

 (%) 

C post-HF 

(g kg-1) 

N post-HF 

(g kg-1) Cox (CP) Cox (BD)

Recent 78.43 

(18.71) 

5.41 

(1.42) 

83.48 

(3.63) 

430.52 

(62.64) 

29.44 

(5.94) 

-0.23 

(0.04) 

-0.13 

(0.10) 

Old 73.82 

(26.45) 

5.05 

(1.67) 

83.19 

(6.84) 

406.57 

(38.93) 

29.37 

(3.21) 

-0.22 

(0.07) 

-0.06 

(0.03) 

No 81.28 

(24.35) 

5.47 

(1.43) 

84.59 

(5.10) 

442.95 

(52.91) 

28.08 

(1.84) 

-0.29 

(0.12) 

-0.13 

(0.09) 

 

No significant difference in biomolecule concentrations among the three fire 

groups were found for the CP or BD NMR measurements based on ANOVA.  However, 

the charcoal concentration predicted by the CP NMR + model method for the recent fire 

group was higher than the value of the old fire group, and significantly higher than the 

value of the no fire group based on the independent Student’s t-test (p=0.005).  The 

charcoal concentration predicted by the BD NMR + model method for the recent fire 

group was also higher than the value of the old fire group, and the value of old fire group 

was significantly higher than the value of the no fire group based on the independent 

Student’s t-test (p=0.038).  The charcoal concentration predicted by the BD NMR + 
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model method (average 1.40 ± 2.64 g C kg-1 soil for all 18 samples) were higher, but not 

significantly, than the values predicted by the CP NMR + model method (average 0.87 ± 

1.41 g C kg-1 soil).  The mixing model predictions based on the BD NMR spectra had 

higher accuracy (4.32 ± 4.3), indicated by the sum of square error, than the model 

predictions based on the CP NMR spectra (10.07 ± 5.78).  Due to the higher sensitivity 

for aromatic C and better fit of the mixing model (lower sum of square error) of the BD 

NMR data, I used the BD NMR + model predicted soil biomolecule component 

concentrations to calibrate the PLSR of MIRS.  

 
Charcoal Estimated by MIRS 
 

The derived 8 components PLSR calibration model showed very high correlation 

of MIRS and the BD NMR + model predicted values for charcoal, protein, lignin, and 

lipid indicated by low RMSEP and high R2 values.  The PLSR calibration correlation 

slightly decreased for carbohydrate and carbonyl (Figure 8).  The average values of 

biomolecule component concentrations predicted by the MIRS methods were similar to 

the results of the NMR + model methods (Table 4).  There were no significant differences 

of any biomolecule component concentration among three fire groups. Only the charcoal 

concentration in the recent fire group was significantly higher than the value of the old 

fire group (p=0.005).  By considering six biomolecule components together, I found that 

the results predicted by the MIRS method were not significantly different from the results 

predicted by the two NMR methods. However, the charcoal concentrations predicted by 

the MIRS method were higher than the results predicted by the NMR + model methods, 

especially significant for the no fire group (p<0.001).      
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Figure 7. The CP and BD NMR spectra of charcoal-free soil for the site of MUL55, 
charcoal-free soil and standard charcoal reference mixture (MUL55 + 14% charcoal), and 
pure charcoal. The major chemical shift region for aromatic C is from 110 to 145 ppm. 
All spectra were scaled to represent same intensity integration from 0-220 ppm. (a) CP 
NMR spectra; (b) BD NMR spectra. 
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Table 4. Means and standard deviations of concentrations (g C kg-1 soil) estimated for the 
six biomolecule components from the soil of the three fire groups predicted by the NMR 

+ model and MIRS methods. 
 

Fire 
group 

Techniques Charcoal Carbo-
hydrate

Protein Carbonyl Lignin Lipid 

 
Recent 

 
NMR 

(6) 

CP 1.79a 

(1.80) 

13.14 

(3.21) 

15.53 

(5.02) 

2.43 

(1.34) 

  29.20 

(8.25) 

9.70 

(3.20)

BD 2.73 

(3.06) 

9.90 

(3.45) 

15.53 

(5.02) 

4.83 

(2.11) 

32.15 

(9.92) 

6.65 

(3.01)

MIRb (14) 2.65 

(2.27) 

10.01 

(2.06) 

14.23 

(2.59) 

3.29 

(1.90) 

26.47 

(4.54) 

6.75 

(2.27)

 
Old 

 

NMR 
(6) 

CP 0.59 

(0.88) 

13.28 

(7.03) 

15.28 

(6.64) 

2.45 

(0.99) 

29.07 

(14.20) 

9.66 

(5.50)

BD 1.21 

(1.70) 

10.00 

(4.35) 

15.28 

(6.64) 

5.39 

(2.89) 

32.72 

(18.48) 

5.73 

(2.05)

MIR (14) 1.40 

(1.04) 

10.03 

(3.79) 

12.66 

(5.08) 

3.89 

(2.94) 

29.93 

(11.36) 

9.16 

(4.97)

 
No 

 

NMR 
(6) 

CP 0.08 

(0.18) 

13.46 

(5.83) 

13.49 

(5.31) 

1.85 

(0.99) 

29.01 

(10.71) 

11.91 

(6.29)

BD 0.05 

(0.11) 

9.03 

(3.13) 

12.59 

(4.31) 

5.20 

(2.21) 

33.84 

(13.52) 

8.19 

(4.19)

MIR (14) 1.47 

(1.69) 

10.94 

(2.62) 

14.30 

(4.22) 

2.94 

(1.94) 

28.64 

(9.53) 

7.51 

(2.91)

 

a: All NMR-predicted values were transformed from g C kg-1 TOC to g C kg-1 soil by 
adjusting to mass losses due to both HCL and HF acid treatments. 
b: all MIRS-predicted values were based upon calibrations developed against the BD 
NMR derived results. 
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Figure 8. The plots of predicted versus measured values of leave-one-out cross validation 
of PLSR model for (a) charcoal, (b) carbohydrate, (c)  protein, (d) carbonyl, (e) lignin, 
and (f) lipid with R2 and RMSEP values shown on graphs. The PLSR was developed for 
the square roots of the measured biomolecule components concentrations. Therefore, the 
predicted results were transformed back to concentration values (g C kg-1 soil) by 
squaring. The RMSEP values were also adjusted by squaring.   
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Discussion 
 
 

Charcoal in the Ecosystem 
 

The regional soil charcoal concentrations estimated ranged from 0 to 9.27 g C kg-1 

soil (0 to 104.5 g C kg-1 SOC) with an average value of 1.40 g C kg-1 soil (20.8 g C kg-1 

SOC) predicted by the BD NMR + model; while the values predicted by the MIRS 

method ranged from 0.01 to 6.77 g C kg-1 soil with an average value of 1.84 g C kg-1 soil.  

The wide range of the predicted charcoal concentrations may be associated with 

variability of topography, change in vegetation cover over time, and fire histories in my 

study area.  My estimates of charcoal concentration for the BCNWR woodlands are 

within the range of values for upper soils from other studies.  For example, in a temperate 

mixed-grass savanna of the southern Great Plains of the U.S., a previous study found that 

charcoal comprised 50-90 g C kg-1 SOC at 0-10 cm, and 70-130 g C kg-1 SOC at 10-20 

cm with the 2-3 years fire return interval having only a minor effect on the soil charcoal 

pool size (Dai and others 2005).  In soils of an Alaskan black spruce forest, mean BC 

stocks in surface mineral soil were estimated to range from 25 g C kg-1 SOC to 404 g C 

kg-1 SOC (Kane and others 2010).  In my study area, charcoal was estimated to comprise > 

2% of the soil C pool (20.8 g C kg-1 SOC). Therefore, charcoal represents an important 

part of the total C budget as soil C accounts for the major part of total C in the BCNWR 

woodlands (Chapter 1).   

As each fire-affected site only had one fire disturbance, the differences in 

charcoal found in the old fire sites versus the recent fire sites may be used as a space for 

time substitution to estimate potential loss of charcoal from ecosystem for which I 

estimate at 4.7% (Figure 9a).  Due to this high charcoal loss rate, the potential “legacy 
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charcoal” in soil from historical fires before the stand initiation (at least 80 years ago) 

should not be a confounding factor in estimating the regional charcoal loss rates.  The 

mixing model derived Cox values indicate the decomposition states of the terrestrial 

organic residue, with lower values indicating a more reduced condition resulting from the 

accumulation of lipid and lignin molecular components (Baldock and others 2004).  I did 

not find significant differences in the Cox values between different fire groups from 

neither the CP nor the BD NMR + model results (Table 3).  Although the Cox values 

from my study were calculated for bulk soil C pool, I suspected the none-difference Cox 

values between fire groups can still be viewed as an indicator of  no detectable charcoal 

decomposition in my soil samples due to the relatively short time since last fire (average 

48 years).  

The loss of charcoal may be attributed to off-site transport by erosion (Czimczik 

and Masiello 2007).  Charcoal with a mean diameter < 53 um is very mobile (Skjernstad, 

Taylor, Smernik 1999).  Charcoal that remains on the soil surface is susceptible to loss 

caused by overland flow during high precipitation events. Surface charcoal may be 

translocated into lower soil horizons potentially due to mass movement with clay and silt, 

and biological activity (Dai and others 2005; Fedoroff, Courty, Thompson 1990).  

However, most of my study area is covered with a thin soil layer (<30 cm), which 

reduces charcoal translocation into deeper soil.  

For the BCNWR, fire may be more prevalent on hillsides due to insolation and 

differential heating effects of fuels (Murray et al. in review).  Because the average 

topographic slope of my plots was 15.3 ± 13.9°, the charcoal transportation should be 

fairly substantial in this region.  I suspected charcoal erosion loss should be closely 
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related to site slope with high slope tends to have higher loss rate during precipitation 

events than on flat surfaces (Rumpel and others 2006; Rumpel and others 2009).  When I 

plotted the measured soil charcoal concentrations from the BD NMR + model method 

against the year since last recorded fire for high slope and low slope sites separately, I 

found a significant exponentially decreased soil charcoal concentrations with time trend 

for NMR analyzed sites (F=7.16, p=0.02), with the estimated annual charcoal lost rate for 

high slope sites of 5.3% and low slope sites of 4.2%, (Figure 9a).  The coefficient of 

determination value (0.40) found for all values indicates that time since fire is a dominant 

variable describing charcoal soil concentrations.  The analysis of charcoal and time since 

fire by slope categories showed that slope is influential.  Higher topographic slopes had 

more predicted loss of site charcoal, with higher variation.  This variation is likely due to 

site differences where upslope drainage, vegetation interception of precipitation, and 

slope shape are likely to affect site charcoal retention. 

I did not find significant decreasing trends of soil charcoal with time since last fire 

based on the CP NMR + model nor the MIRS method (Figure 9b, 9c).  The CP NMR + 

model method had lower detectability and sensitivity of charcoal indicated by lower 

predicted charcoal values and higher mixing model errors.  The lack of significance from 

the MIRS method was likely due to the sensitivity of the MIRS to detect the lower range 

of charcoal concentration values.  Because the MIRS estimates are based on multiple 

linear regression of absorption associated with different biomolecule concentrations, the 

bulk-sample approach I used in this study might introduce confounding factors for the 

underlying linear mechanistic light absorption assumption and limit detection of 
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compounds like charcoal at low concentrations under the interaction of other 

biomolecules.   

 

 
Figure 9. The plots of soil charcoal concentrations (g C kg-1 soil) against the time since 
last recorded fire. The solid rectangulars represent plots with high slopes (≤ 20 degree), 
while the open circles represent plots with low slopes (0-20 degree). (a) The sites from 
both the recent and old fire group (12 sites) analyzed using the BD NMR + model 
method. Exponential models were applied for all sites together, and for high and low 
slope sites separately, with equations, R2 values, and the exponential line for all sites 
together shown. (b) The sites from both the recent and old fire group (12 sites) analyzed 
using the CP NMR + model method. (c) The rest sites from both the recent and old fire 
group (28 sites) analyzed using the MIRS method. No exponential model line were 
showed for (b) and (c) due to no significant relationship was detected.  
 
  
Comparison between the BD and CP NMR 
 

The combined use of 13C NMR, C and N elemental analysis and the biomolecular 

mixing model has been shown to be an accurate method for characterizing the molecular 

composition of natural SOM across a range of diverse environments (Baldock and others 

2004; Nelson and others 1999; Nelson and Baldock 2005a).  In this study, I found the BD 

NMR + model method may accurately measure soil charcoal concentrations with 

sufficient detection sensitivity to differentiate charcoal concentration differences for sites 

with fire happened within the past 80 years.  The calculated Cobs values for the BD NMR 

from my study were slightly higher than the values from a previous study that reported 

Cobs can range from 79 to 107 % for different organic materials (Smernik and Oades 

2000).  The high Cobs indicated the BD NMR is a quantitative method and can 
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theoretically detect all C atoms in this soil. The Cobs value of CP NMR from my study 

ranged from 57 to 69 %, indicating that CP method can only detect part of C in this soil.  

The BD NMR + model may also be a more efficient method to assess soil 

charcoal because of its ability to detect highly aromatic structures that are likely to be 

under-represented in CP NMR spectra due to their low protonation (Smernik and Oades 

2000).  For the BD technique, 13C nuclei are directly irradiated with a radiofrequency 

pulse.  The CP technique first magnetizes 1H nuclei by a radio frequency pulse that is 

subsequently transferred from the 1H atoms to local 13C nuclei.  In highly condensed 

aromatic C structures like charcoal, 13C nuclei can be many bond-lengths away from the 

nearest 1H nucleus.  Because of this, CP NMR does not efficiently magnetize highly 

condensed or graphitic 13C atoms from nearby protons (Smernik and others 2002).  

Therefore, the soil charcoal concentrations predicted by the BD NMR + model method 

were higher, but not significantly, than the values predicted by the CP NMR + model 

method (Table 4).  

Statistically, the BD NMR + model method was favorable because the lower sum 

of square errors of the mixing model.  The range of sum of square error from both CP and 

BD NMR + model methods were similar to a previous study examining soil samples 

from a range of diverse environments (Baldock and others 2004).  However, the lower 

sum of square error from the BD NMR mixing model indicated higher prediction 

accuracy for charcoal.  From my soil samples, I found high lignin concentrations possibly 

due to inputs from the evergreen juniper leaves litter (Tiedemann and Klemmedson 1995).  

Because lignin also contains aromatic C structures similar to those found in charcoal, 

high lignin concentrations in my soil samples potentially contributed to the lower 
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prediction error by the BD NMR + model method as compared to the CP NMR + model 

method.  Another possible factor that can result in high errors from the mixing model was 

the concentration of “humic” structures. The “humic” substances, formed by abiotic 

mechanisms rather than biotic processes, were not included in the mixing model (Nelson 

and Baldock 2005b). 

 
Factors Related to MIRS Predicted Charcoal 
  

MIRS is theoretically based on light absorption by vibrations of covalent bonds 

associated with a particular chemical functional groups (Janik and others 2007).  Data 

from the MIRS contained fewer mechanistic absorption spectra associated with specific 

chemical bonds as compared to other studies (Figure 10) (Janik and others 2007).  This 

might be due to the fact that soil in my study area contains high levels of goethite and 

calcite, which can obscure the MIR signal of SOM and may reduce the predictability of 

organic groups using MIRS (Janik, Skjemstad, Raven 1995).  The benefits of PLSR are 

the significant compression of information, the ability to handle collinear data sets and 

some types of non-linearity, as well as the discrimination between relevant spectral 

information and systematic error in measurement or spectral noise (Haaland and Thomas 

1988).  By using PLSR on MIRS data and using the BD NMR + model results as the 

reference data for calibration, MIRS showed high accuracy in predicting all biomolecule 

component concentrations (Figure 8).  For the model predictions to be considered 

sufficiently robust, the calibration spectra must be characterized by spectral features 

associated with various forms of organic matter, rather than co-variance due to other 

features such as clay content or mineralogy (Janik and others 2007).  For instance, I 

compared the MIR spectra and the PLSR cross-validation coefficient spectra of the 
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average of first 6 loading weights for charcoal, and found that weight loadings for 

charcoal pronounced peak characteristic of aromatic C near 1581 and 1393 cm-1, which 

were similarly indicated in previous studies to be possible signature chemical shift ranges 

for aromatic C (Figure 10) (Janik and Skjemstad 1995; Janik and others 2007).    

The predictions by MIRS of charcoal as well as other biomolecule component 

concentrations were similar to the predictions by the BD NMR + model method, except 

for the high average charcoal concentration for the no fire group.  I found this high 

average value for the no fire group was caused by high charcoal concentrations estimated 

(about 4 and 6 g C kg-1 soil) in 2 plots out of total 16 plots.  I suspected that these two 

plots actually had fires, but were not recorded by the tree ring study.  Another possible 

source of error in the PLS prediction of charcoal was due to the uncertainty of not having 

accounted for all of the soil charcoal in the reference data.  I used the charcoal 

concentration predictions from the BD NMR + model as the reference, but this method 

also only predicts a proportion of charcoal in total soil BC continuum.  

 

 
 

Figure 10. MIR spectra of a soil sample with 3.37 g C kg-1 soil of charcoal predicted by 
the BD NMR + model method (top); the PLSR cross-validation coefficient spectra of the 
average of first 6 loading weights for charcoal (bottom).  
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CHAPTER FOUR 
 

Modeling Ecosystem Property Changes due to Fire Disturbance  
 
 

Introduction 
 

The effects of different fire types on wildland ecosystems may include decreasing 

C storage, changing vegetation communities,  altering soil properties, and affecting water 

yield (Amiro and others 2006; DeLuca and Aplet 2008; Goetz and others 2007; Knicker 

2007).  Fire can significantly reduce biomass C storage with up to 98% directly 

combusted depending on fire severity (Stocks and Kauffman 1997; Chapter 2).  The 

effects of fire are also thought to be related to the seasonality of fire, as fire can disrupt 

plant growth, affect the available seed banks, or top-kill root sprouting species (Knapp, 

Estes, and Skinner 2009).  The composite fire effect on C cycling may be reflected in the 

net ecosystem exchange (NEE) which is defined as the net primary productivity minus 

episodic C loss due to non-respiratory processes such as natural or anthropogenic 

disturbances.  One of the less-understood parts, however, is the production of charcoal.  

The simple definition of NEE, however, does not account for the charcoal production.  

Fire-derived charcoal represents a potentially important part of terrestrial C cycling 

due to its long persistence in soil (Kuhlbusch and Crutzen 1995; MacKenzie and others 

2008).  Charcoal is recalcitrant to biochemical alteration and may require hundreds to 

thousands of years to decompose depending on the percentage of polyaromatic BC in 

charcoal and conditions of the surrounding environment (Nguyen, Brown, Ball 2004).  

The production of fire-derived charcoal may vary for different ecosystems (Alexis and 

others 2007).  Charcoal production is higher for large intact woody material and lower for 
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foliage and understory herbaceous vegetation (Nocentini and others 2010). In areas with 

a high frequency of fire, the amount of charcoal in the soil may be high (MacKenzie and 

others 2008).  Therefore, total soil organic C content may not be a good indicator of C 

substrate available for microbes or a good predictor of site-level decomposition as soil 

may contain charcoal in addition to labile C (Clein and others 2000). Because 

decomposition of charcoal is relatively slow, loss of charcoal may be primarily due to 

soil erosion controlled by the slope and surface runoff (Rumpel and others 2006; Rumpel 

and others 2009). 

Fire may increase surface runoff due to the removal of vegetation (Inbar, Tamir, 

Wittenberg 1998; Oguntunde and others 2008).  However, charcoal inclusions into the 

soil profile increase soil water availability due to the presence of porous charcoal that 

retains water.  This is especially effective in coarse-textured soils and soils with large 

amounts of macropores (Glaser, Lehmann, Zech 2002; Piccolo, Pietramellara, Mbagwu 

1997).  Tryon (1948) found that volumetric soil water increased by 18% with an addition 

of 45% (by volume) charcoal to a sandy soil.  For a clay soil, he found volumetric soil 

water decreased approximately 20% with the same charcoal treatment. The impact of 

changed soil water availability associated with the fire-derived charcoal additions on the 

primary productivity has yet to be evaluated.  

  Models may be used to develop basic theoretical understandings of ecosystem 

functions that are generally difficult to assess by field-based experiments.  However, 

many current ecosystem process models do not mechanistically simulate the various 

effects of fire disturbances (White and others 2000).  In this study, I modified an 

ecosystem process model (Biome-BGC, Thornton and others 2002) to simulate the 
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effects of fire disturbance with different severities and seasonality on C cycling related 

ecosystem properties, the production and loss of charcoal, and charcoal-affected soil 

water availability.  Using site data on fire history and vegetation composition from my 

previous study (Yao et al. 2012), I applied the modified model on the Central Texas 

woodland ecosystem to assess the effects of fire on ecosystem properties, specifically, 

vegetation C, projected leaf area index (PLAI), and NEE. The overall fire effects were 

first tested between sites with different fire histories by accounting for simulations across 

different settings.  The fire effects were also compared between different fire severities, 

seasons, and vegetation types. The charcoal production and loss were also simulated and 

compared for a range of fire severities, seasons, vegetation types, and topographic slopes.  

The feedback effects of fire-derived charcoal on soil water availability were assessed for 

different types of soil by examining the site water balance related PLAI and NEE (Grier 

and Running 1977).   

 
Methods  

 
 
The Biome-BGC Model  
 

The Biogeochemical Cycles terrestrial ecosystem process model (Biome-BGC 4.2, 

Thornton and others 2002, available on http://www.ntsg.umt.edu/project/biome-bgc) 

simulates the biological and physical processes controlling C, N, and water dynamics, 

and can estimate fluxes and storage of energy, water, C, and N for the vegetation and soil 

components of terrestrial ecosystem at areas ranging from 1 m2 to the entire globe (White 

and others 2000). The primary purpose of the model is to study global and regional 

interactions between climate, disturbance and biogeochemical cycles (Thornton and 
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others 2002).  The Biome-BGC 4.2 runs on prescribed site conditions, meteorology, and 

parameter values. Theory and applications of the Biome-BGC model are widely available. 

For example, the Biome-BGC 4.2 was used to produce a C budget for the forested region 

of Oregon, and to determine the relative influence of differences in climate and 

disturbance among the ecoregions on C stocks and fluxes (Law and others 2004).    

The Biome-BGC 4.2 is a one dimensional model as it represents a point in space 

with all fluxes and stocks scaled to a per square meter basis (Thornton 1998).  The 

Biome-BGC 4.2 simulates dynamics at a point of a plant functional type and ignores 

successional dynamics. Model structure is discussed by Thornton (1998).  Briefly, the 

model simulates primary production with the Farquhar photosynthesis model (Farquhar, 

Caemmerer, Berry 1980) from leaf C pools based on leaf temperature, CO2 concentration, 

leaf C to N ratio, and incoming solar radiation.  This process is controlled by the 

simulation of the stomatal conductance on both the sunlit and shaded canopy leaves.  

Evaporation and transpiration are important processes that control the water availability 

for leaf photosynthesis, and are estimated using the Penman-Monteith equation (Monteith 

and Unsworth 2008; Thornton and others 2002).  Two types of autotrophic respiration are 

simulated in the Biome-BGC 4.2 model, including maintenance respiration, which is an 

exponential function of tissue mass, N concentration, and temperature, and growth 

respiration, which consumes a proportion of newly assimilated C.  The assimilated C is 

allocated to other plant structures under the consideration of N availability based on a set 

of fixed fractions defined by model user.  The biomass C is transferred through different 

biomass pools by allocation processes and finally removed from the system by the 

decomposition and disturbance processes.  The major biomass pools of the Biome-BGC 
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4.2 model include leaves, stems, coarse woody debris (CWD), litter, and SOM.  The litter 

C is divided into three different pools that undergo chemical degradation at different rates, 

which creates a connected series of SOM pools.  The assimilation and decomposition 

processes compete for one pool of soil mineral N. PLAI (m2 leaf area per m2 ground area), 

calculated by multiplying leaf C with the average specific leaf area (SLA), controls 

canopy radiation absorption, water interception, photosynthesis, and litter inputs to 

detrital pools and is central to the Biome-BGC 4.2  representation of N cycling. The C to 

N ratios of different biomass and SOM pools define nutrient requirements for new 

growth, plant respiration rates, photosynthetic capacity, litter quality, and decomposition 

rates, therefore, are important constraints of ecosystem processes. 

Meteorological data required by the Biome-BGC 4.2 model include daily 

minimum temperature (Tmin), daily maximum temperature (Tmax), precipitation, 

humidity, solar radiation, and day length.  In this study, I obtained the regional 

meteorological data, including Tmin, Tmax, and precipitation primarily from the 

National Oceanic and Atmospheric Administration (NOAA) National Climate Data 

Center (http://www.ncdc.noaa.gov/cdo-web/) for the station of Burnet, TX, US (30.76o, -

98.23 o; elevation 391.7 m; NOAA station ID:USC00411250).  The available 

meteorological data from this station is from 1893 to 2012; however continuous quality 

data is from 1953 to 2005 with data coverage above 99%.  I also downloaded 

meteorological data for the period of 2006-2011 from the Remote Automated Weather 

Stations (RAWS) Climate Archive (http://www.raws.dri.edu/wraws/) located at Balcones, 

Texas, USA, which has data coverage above 99%.  Missing data were filled with the 

average values from the dates before and after the missing periods.  I combined these two 
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datasets to create the meteorological data of a 59-year span ranged from 01/01/1953 to 

12/31/2011.  These meteorological data (Tmax, Tmin, and precipitation) were used as 

input data for the MT-CLIM 4.3 (Thornton and Running 1999; available from 

http://www.ntsg.umt.edu/project/mtclim) to calculate other model required 

meteorological data, such as vapor pressure deficit and solar radiation, for each specific 

location by accounting for the differences in elevation, slope, and aspect.  

 
Model Modification 
 
 In order to simulate fire effects on ecosystem properties, I modified the Biome-

BGC 4.2 model to be able to simulate different severities of fire disturbance happening at 

any given time, referred to here as the Biome-BGC 4.3 model.  In the new model, fire 

consumption of individual biomass pool was set to be associated with the user-defined 

severity of each fire. I also added sub-models of the fire-derived charcoal production, loss, 

and effect on soil water availability.  Model processes not mentioned in the following text 

remain unchanged from the 4.2 version model. 

 
Fire disturbance.  The Biome-BGC 4.2 model simulates fire as a part of a daily 

mortality process, which is modeled as daily losses of living and dead biomass based on a 

fixed fire turnover rate.  These losses are assumed to be transferred directly to the 

atmosphere and lost from the system. In order to simulate different fire events that can 

happen at any given time, I modified the model to include a custom time series file 

specifying the dates and severities of individual fire events.  For each fire event, a fire 

severity level (SL) was assigned ranging from 1 to 3 (1: low severity surface fire; 2: 

moderate severity fire; 3: high severity crown fire).  Biomass pools affected by different 
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SL fires were different with the amount of biomass consumed depending on the 

combustion factor (CF) scalars (Table 5).  For this function, I assumed low severity 

surface fires (SL=1) would only affect the surface litter and CWD biomass pools, while 

moderate and high severity fires (SL=2 and 3) would affect the litter, CWD, leaf, and stem 

pools. The root biomass pool was not affected by fire in this function. The CF scalar 

represents the percentage of available fuel consumed during a single fire, which varies 

greatly between different ecosystems (ranged from 19% to 98%) and is closely related to 

fire severity (Conard and A. Ivanova 1997; Kauffman, Cummings, Ward 1994; Stocks and 

Kauffman 1997).  Based on the CF scalars from the previous studies, I assumed the fire 

with the lowest severity (SL=1) had CF scalar of 27% for my study area.  The CF scalars 

for higher severity level fires were assumed to be positively related to the SL values.  

Therefore, the Biome-BGC 4.3 model simulated moderate severity fires (SL=2) with the 

assigned CF scalar of 54% (27%×2), and high severity fires (SL=3) with the CF scalar of 

81% (27%×3). 

 
Table 5. The combustion factor (CF) scalars for different biomass pools for fires with 

different severities.  
 

Severity 
Level 

 
Fire Type 

Combustion Factor (CF) scalar 

Litter CWD Leaf Stem 

1 Low severity surface fire 27% 27% NA NA 

2 Moderate severity fire 54% 54% 54% 54% 

3 High severity crown fire 81% 81% 81% 81% 

 

Because the Biome-BGC 4.2 does not include the post-disturbance regeneration 

process, the preliminary simulations showed vegetation C recovery following an intense 
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crown fire was very slow due to the low photosynthesis rate as a result of foliar loss due 

to fire.  Therefore, I added a sub-model of vegetation regrowth by assuming a small 

fraction of the live stem C (0.05%) was transferred to the live leaf C pool when the leaf C 

was < 0.1 kg m-2 due to fire loss.   

  
Charcoal production.  The charcoal production rate varied in different ecosystems 

with the estimated range of 0.6 % to 8 % and most estimates below 2.5% from various 

studies (Alexis and others 2007; DeLuca and Aplet 2008; Kuhlbusch and Crutzen 1995).  

The amount of charcoal production during a fire event is small in comparison with the 

atmospheric losses, as indicated by a study in a scrub oak ecosystem in Florida that fire-

related atmosphere C loss was approximately 21 times the amount of charcoal-C being 

produced with the estimated charcoal production rate at 4-6% (Alexis and others 2007).  

Therefore, in the sub-model of charcoal production, I calculated the fire-derived charcoal 

by assuming the fire-combusted biomass C that lost to the atmosphere was 21 times 

larger than the charcoal being produced, which resulted in charcoal production rates 

ranging from 1.3% to 4.3% in my study.  I then calculated the percent of charcoal 

(charcoal%) in soil by dividing the simulated total charcoal mass into the total soil mass 

that was calculated from the input soil bulk density and soil depth.  

 
Charcoal loss.  Fire-derived charcoal is generally deposited on forest floors until 

it is mixed into the soil or lost from the site (DeLuca and Aplet 2008; Lynch, Clark, 

Stocks 2004).  A variety of processes, including freeze–thaw events, tree overthrow, and 

soil disturbance by animals, may mix surface charcoal into the mineral soil (Gavin 2003).  

Direct measurements of the proportion of surface charcoal mixed into the mineral soil are 



66 

lacking, but the large range of charcoal contribution to mineral soil C suggests that the 

proportion is highly variable (DeLuca and Aplet 2008).  Due to the lack of field measured 

data on soil charcoal movement, I calibrated the parameters of the charcoal loss sub-

model (the charcoal mix into soil rate, the charcoal loss scalar for a single maximum 

outflow event, and the soil-charcoal loss scalar as introduced in the following text) based 

on the data from my previous charcoal storage change study (Chapter 3).  The model 

calibration was performed on one of the study sites (WEB002) with fire occurring in 

1956.  The calibration included adjusting the charcoal loss parameters to achieve an 

annual charcoal loss rate similar to the previous study estimated value of 4.7%.  From the 

calibration, I assumed an average of 20% of the fire-derived charcoal on the woodland 

floor would be mixed into deeper soil layer every year.  Charcoal remains on woodland 

floor is vulnerable to loss through erosion, while the charcoal mixed with the mineral soil 

is considered more stable and resistant to loss (Zackrisson, Nilsson, Wardle 1996b; 

Chapter 3).  I assumed the loss rate of soil-mixed charcoal to be only 10% of surface 

charcoal loss rate in this study.  The erosion loss of charcoal was simulated for both 

surface and soil mixed charcoal as a function of two factors: the slope and the total 

outflow (Rumpel and others 2006; Rumpel and others 2009).  

ݏݏ݋݈ ݈ܽ݋ܿݎ݄ܽܥ ൌ  ߲ ൈ ൈ ߜ   ௢௨௧௙௟௢௪
௢௨௧௙௟௢௪೘ೌೣ

 ൈ ൈ ݈ܽ݋ܿݎ݄ܽܿ  ݂ሺ݁݌݋݈ݏሻ       Equation 11   

where ߲ is the correction factor for mixture condition of charcoal within the soil (1 for 

surface charcoal,  and 0.1 for soil mixed charcoal in this study).  The δ is the charcoal 

loss rate scalar for a single maximum outflow event with the value set to be 20%.  This 

value was within the charcoal loss rate range of 7 to 29% from Rumpel and others (2009).  

The ௢௨௧௙௟௢௪
௢௨௧௙௟௢௪೘ೌೣ

 is a scalar for erosion intensity of individual surface overland flow event 
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based on the maximum surface overland flow (outflowmax).  I set the outflowmax to a value 

of 70 kg m-2 based on preliminary simulations which provided a range of overland flow 

values for different slopes and vegetation types.  The charcoal variable represents the 

storage of charcoal in either surface or soil charcoal pool.  The ݂ሺ݁݌݋݈ݏሻ variable is a 

slope correction factor for charcoal loss, which was relativized to the regional average 

slope value (15o) in this study.  

݂ሺ݁݌݋݈ݏሻ ൌ  ට ୱ୧୬ ఏ
ୱ୧୬ ଵହ°

                  ሺ1 ൑ ߠ ൑ 90ሻ                Equation 12 

where ߠ represents the site slope in degree from 1 to 90, which resulted in the ݂ሺ݁݌݋݈ݏሻ 

values ranged from 0.25 (1 = ߠ) to 2 (90 = ߠ). The ݂ሺ݁݌݋݈ݏሻ value is set to 0.20 on a flat 

surface (0 = ߠ), which is slightly lower than the ݂ሺ݁݌݋݈ݏሻ value on a 1 degree slope.  

 
Charcoal effects on soil.  In this study, I focused on assessing the effects of 

charcoal addition on the available soil water content. The soil type information for my 

study area was derived from the Soil Survey Geographic (SSURGO) database (USDA 

2012), which showed that regional soils are dominated by gravelly clay loam from 

bracket-rock outcrop complex (80%), along with some stony clay from Tarrant soils 

(14%) and some silty clay loam (6%).  The gravelly clay loam soil has high sand and low 

clay content (approximately 45% sand, 30% silt, and 25% clay), which is different from 

the stony and silty clay soils that have higher clay content (approximately 25% sand, 25% 

silt, and 50% clay).  In this study, I compared the charcoal addition effects between the 

high sand content (45% sand, 30% silt, and 25% clay) and high clay content (25% sand, 

25% silt, and 50% clay) soils.  Tryon (1948) studied the effects of charcoal on the soil 

water content by adding charcoal in different soils and found that charcoal can linearly 
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decrease available soil water for high clay content soils (Equation 3) while increasing 

available soil water for high sand and silt content soils (Equation 4,5). For the sub-model 

of charcoal addition effects in the Biome-BGC 4.3 model, the adjustments factors for soil 

water associated with each soil type were calculated based on the %charcoal: 

Clay soil:  Δ sw_clay = -0.111 × Charcoal%                               Equation 13 

Sand soil:  Δ sw_sand = 0.065 × Charcoal%                                Equation 14 

Silt soil:  Δ sw_silt = 0.015 × Charcoal%                                  Equation 15 

where Δ sw is the change of available soil water in % for each soil type in the presence of 

charcoal.  

The effect of charcoal addition on the soil volumetric water content at saturation 

(vwc_sat) was calculated by assuming the charcoal effects on soil clay, sand, and loam 

parts were independent (Equation 6).  

vwc_sat_c = (1+a× Δ sw_clay +b× Δ sw_sand +c× Δ sw_silt) × vwc_sat           Equation 16 

where vwc_sat_c is the charcoal affected volumetric water content at saturation 

(dimensionless), a is the percent of clay in the soil (%), b is the percent of sand in the soil 

(%), c is the percent of silt in the soil (%).  

Simulated Vegetation Types 

  The woodland vegetation in my study area is dominated by two vegetation types 

including: evergreen needle-leaf (enf, e.g. Ashe’s juniper) and deciduous broad-leaf (dbf, 

such as Texas red oak and black cherry).  Evergreen broad leaf species like live oak are 

found in my study area, however showed limited stand dominance therefore were not 

included in the study.  Because the Biome-BGC 4.3 model simulates one vegetation type 

at a time and does not include forest succession dynamics, I ran simulations for both enf 
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and dbf vegetation type separately and then calculated composite site results according to 

site specific vegetation composition derived from the previous field measurements 

(Chapter 2).  I used the default eco-physiological constant values from the Biome-BGC 

4.2 model for the both enf and dbf vegetation types to reduce the number of variables that 

may be influencing the results of my study. 

 
Model Simulation and Statistic Comparison 
 

In this study, I selected six sampled sites from my previous studies (Chapter 2) 

with a range of fire occurrences (1956 to 2000), slope values (0 to 40 degrees), and 

vegetation compositions, to utilize as representative simulation locations (Table 6).  For 

each vegetation type, the Biome-BGC 4.3 model was first run in the “spin-up” mode 

without fire disturbance to bring the model state variables into a steady-state. The “spin-

up” run began with no SOM and a very small initial vegetation component (Thornton and 

others 2002). After average 2000 simulation years, the model reached a steady state 

defined as changes in annual average daily soil C stocks < 0.0005 kg m-2 yr-1 (Thornton 

2010).  These resultant model parameters (such as SOM) were output as an “endpoint” 

file. The “endpoint” file was then used to define initial conditions for my simulations of 

fire disturbance for each study sites.  Using steady states as the simulation start points 

allowed comparison across sites in order to assess the potential effects of fire on the 

changes of vegetation C, PLAI, NEE and charcoal production.  

To establish a model baseline, I first ran the Biome-BGC 4.3 model without fire 

for the 1953 to 2012 period based on the mean site attributes identified from the sites 

without fire (Chapter 2).  Each site was simulated 24 times accounting for different fire 

and environment settings (Figure 11).  In the simulations, winter fire occurred on the first 
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day of the year, while summer fire occurred on year day 200, approximately the coldest 

and hottest time of the year in Central Texas, respectively, indicated by both the NOAA 

and RAWS data.   

 
Table 6. The fire occurrence year, environmental characteristic parameters, and 

vegetation composition for sites that selected to represent the recent and old group. 
 

Fire 
group 

Site Fire year Slope  
(degree)

Soil depth 
(m) 

Aspect Elevation 
(m) 

Enf 
(%) 

Dbf 
(%)

Old WEB002 1956 15  0.88 120 349 50 50 

GAI059 1964 5 0.33 110 375 25 75 

WEB004 1969 30 0.27 30 322 5 95 

Recent WEB011 1972 40 0.07 30 380 50 50 

FLX024 1984 20 0.78 30 294 60 40 

ROG201 2000 0 0.43 NA 397 45 55 

 
 
 

 

Figure 11. The simulation settings for each site. Each site was simulated 24 times, which 
accounted for three different fire severity levels (low, moderate, and high), two fire 
seasons (winter and summer), two soil types (sand-dominated and clay-dominated), and 
two vegetation types (enf and dbf). 

Fire 
Severity

Low

Moderate

High

Fire 
Season

Summer

Winter

Soil Sand

Clay

12 Simulations

Vegetation 
Type

Enf

Dbf

24 Simulations

Site
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From these simulations, I selected vegetation C, charcoal C, PLAI and NEE as 

outputs from the model to compare.  Vegetation C represents the primary site C storage 

that can be directly affected by fire. PLAI can also be directly affected by fire and 

controls the post-fire biomass accumulation. PLAI is thought to be primarily related to 

site water balance (Grier and Running 1977). Therefore, I expected it to detect the 

changes associated with charcoal-affected soil water availability.  NEE not only indicates 

the immediate fire-affected C flux but also relates to the post-fire productivity and the 

decomposition of fire-affected biomass. I also suspected that site water balance affected 

by fire-derived charcoal might potentially lead to changes on the photosynthesis rates and 

would be reflected on NEE.  In order to better detect any slightly changes of fire-affected 

NEE, the NEE anomaly values were also calculated by subtracting the NEE baseline 

from the simulated fire-affected NEE.  I used the last simulation year (end-year) annual 

mean values of each parameter as the primary model output values.  I assumed that the 

simulated end-year values may represent the current stand states that can be compared 

with field measured values (Chapter 2). However, this study was not intended to use the 

modified Biome-BGC 4.3 model to simulate a specific location, rather to calibrate the 

model values and assess ecosystem processes associated with different types of fire 

disturbance and the inclusion of fire derived charcoal.   

For each site, the outputs from 12 simulations of each vegetation type were 

averaged and then were weighted according to the site specific vegetation composition to 

obtain site composite values.  The results were also compared between different fire 

severities, fire seasons, slopes, and soil textures.  For example, to test the effects of 

different fire severities, outputs from simulations for all sites with the same fire severity 
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(but different fire seasons, slopes, and soil types) were grouped and compared with 

simulations with the other fire severities.  To exclude the effects of fire and isolate the 

effects of fire-derived charcoal on site water balance and other ecosystem properties, I 

also developed an option in the Biome-BGC 4.3 model to not add the fire-derived 

charcoal in the soil that referred to as the “no charcoal in soil” option.  All the simulations 

were performed again with the “no charcoal in soil” option, and then compared with the 

normal model runs to assess the soil charcoal effects.  

Independent student t-test was applied to compare results between two variables.  

I used one-way ANOVA followed by the post-hoc t-test to compare the results 

differences between three variables. Significance level was set a priori at 0.05. 

 
Results 

 
 

Fire Effects on Ecosystem Properties 
 

From my simulations, high severity fires reduced nearly 50% of total vegetation C, 

while low severity fires only slightly reduced vegetation C due to model specification of 

only surface litter C was consumed for this fire type (Figure 12a).  Following simulations 

of high severity fires, the total vegetation C took average 50 years to recover to the pre-

disturbed state with a recover rate of 0.09 kg m-2 yr-1.  The moderate and high severity 

fires reduced the simulated PLAI significantly.  However, the simulated PLAI increased 

quickly after both fire types requiring approximately five years to achieve pre-fire values 

(Figure 12b).  Analysis of the NEE anomaly values indicated that fire-affected stands 

emitted slightly more C for 3-4 years after fires and then began to sequestrate more C 

than the non-fire baseline scenario for the most of simulation years (Figure 12c).  For 
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sites with higher severity fires, the NEE anomaly values generally had slightly higher 

values, indicating higher C sequestration rates.   

 

 

  

  

Figure 12. The time series of simulations for the site of WEB002 with fire happened in 
1956. For each variable, all three severity fires were simulated and shown. For vegetation 
C and PLAI value, the baseline simulations with no fire disturbance were also shown. (a) 
Vegetation C (kg m-2). (b) PLAI value. (c) NEE anomaly (kg m-2 day-1), calculated by 
subtracting the NEE baseline from the simulated fire-affected NEE.   
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By comparing simulated site composite results between different fire groups, I 

found that the simulated end-year vegetation C from the recent fire group was 

significantly lower than that of the old fire group (F=22.73, t=3.49, p<0.01), and both 

were lower than the non-fire baseline value (Table 7).  However, there were no 

significant differences for simulated PLAI and NEE anomaly between groups.  The 

simulated non-fire baseline had slightly higher PLAI values than the old fire group, and 

the old fire group also had slightly higher PLAI values than the recent fire group.  

 
Table 7. The mean of last year simulation results from sites for each group. The group 
mean values were calculated from site mean values of three simulated sites for the both 

recent and old fire group. The site mean values were calculated from last year simulation 
results from 24 simulations associated with three fire severities, two fire seasons, two 
vegetation types, and two soil types. For the no fire group, results were averaged from 

two simulations of different vegetation types. 
 

Fire 
group 

Total vegetation C*
(kg m-2) 

PLAI NEE 
(kg m-2 day-1) 

Charcoal C 
(kg m-2) 

Recent 7.81±1.52 2.52±0.64 0.0012±0.0006 0.028±0.030 

Old 9.27±0.81 2.67±0.40 0.0012±0.0004 0.015±0.015 

No 10.85 2.89 0.0015 0 
 
 

Production and Loss of Fire-derived Charcoal  
 

Charcoal production was primarily controlled by fire severity, with significantly 

different charcoal production of 0.016±0.002 kg m-2, 0.15±0.01 kg m-2, and 0.23±0.02 kg 

m-2 for the low, moderate, and high severity fires, respectively (F=781.5, p<0.001). The 

charcoal production from the high severity fires was slightly higher than the values from 

the moderate severity fires; however the moderate severity fires produced more than 10 

times of charcoal than the low severity fires. 
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The losses of fire-derived charcoal were substantial for the first few years 

following the fire disturbances. For example, for the simulations of the site WEB002 with 

fire occurring in 1956, more than half of the initial fire-derived charcoal was lost within 

the first 4 to 5 years (Figure 13a). The charcoal loss rates following the high severity fires 

were found to be higher than the lower severity fires.  After an initial loss period, the 

charcoal pool became relatively stable and only reduced slightly throughout the rest 

simulated years. I found that the average simulated end-year site charcoal was 

significantly different between the recent and old fire group (F=12.53, t=1.62, p=0.001), 

with the recent fire group sites having more charcoal (Table 7). The charcoal loss was 

closely related to the slope value with higher slope sites tending to have higher erosion 

rates of charcoal (Figure 13b).  The average end-year charcoal storage in the high slope 

sites was nearly 70% less than the value from the low slope sites.  

 

   

Figure 13. The simulated charcoal storage (kg m-2) changes under different simulatios for 
the site WEB002 with fire happened in 1956. (a) Charcoal storages changes for three 
different fire severities simulations. (b) As an example, the WEB002 site was simulated 
for a high severity fire with low (5 o), medium (15 o), and high slope (30 o) to demonstrate 
the effects of slope on the charcoal loss. 
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Effects of Vegetation Types and Fire Seasons   

The fire-affected vegetation C, PLAI, and NEE were not significantly different 

between the two vegetation types modeled.  The simulated vegetation C of the enf 

vegetation type recovered slightly faster than the dbf (Figure 14a).  However, the dbf 

vegetation type had simulated PLAI that returned to the pre-fire states faster and slightly 

higher NEE anomaly values immediately after fires (Figure 14b,c).  The simulated PLAI 

of the dbf vegetation type did not show clear intra-annual variations as compared to the 

PLAI of the enf (Figure 14b).  My comparison of average simulated site end-year results 

of the two vegetation types showed that only the average end-year charcoal storages were 

significantly different (p<0.001), with the dbf vegetation type tending to have more 

charcoal remaining in the system (Figure 14d).  I did not find significant differences 

between fires simulated for summer and winter seasons. 

 
Soil Charcoal Effects on Ecosystem Properties 
 

I did not find that the addition of charcoal to the soil C pool had any significant 

effects on the simulated PLAI or NEE.  I compared the charcoal-affected soil water 

content differences for simulations conducted on two different types of soil, and found 

that charcoal addition in sand-dominated soil slightly increased the soil water content, 

while charcoal addition in clay-dominated soil slightly decreased the soil water content 

(Figure 15).  However, the soil water changes due to charcoal addition were very small 

and in the order of 0.01-0.07 kg m-2.  
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Figure 14. The differences between fire effects for enf and dbf, using the site of WEB002 
with intense crown fire happened in 1956 as an example. For each variable, four 
simulations related to two vegetation types and two fire seasons (dbf-w-3: deciduous with 
intense crown fire happened in winter; dbf-s-3: deciduous with intense crown fire 
happened in summer; enf-w-3: evergreen with intense crown fire happened in winter; 
enf-s-3: evergreen with intense crown fire happened in summer) were shown. (a) 
Vegetation C (kg m-2). (b) PLAI value. (c) NEE anomaly (kg m-2 day-1), calculated by 
subtracting the baseline NEE. (d) Charcoal storage (kg m-2).   

 

 

Figure 15. The simulated soil water differences, as compared to the “no charcoal in soil” 
simulations, for simulations on sand-dominated soil and clay-dominated soil. The 
charcoal addition slightly increased soil water content for sand-dominated soil, while 
deceased soil water content for clay-dominated soil. 
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Discussion 
 
 

Model Modification 
  

The modified Biome-BGC 4.3 model simulated fire effects on different biomass 

pools according to the user defined fire severities.  This new version model provides a 

more mechanistic simulation of fire effects on vegetation C as compared to the previous 

model that simulated fire as a daily C loss process.  The Biome-BGC 4.3 model showed 

that biomass consumptions were exponentially increased with increased fire severity, as 

both the number of affected biomass pools and the CF scalar increased with increased fire 

severity.  In wildland fire, the severity for a single fire event varies due to the spatial 

heterogeneity of fire caused by the variations of fuel condition and topography.  

Therefore, in order to consider the overall fire effects in this study, all three severity 

levels fire simulations were assessed collectively.  Although I used a constant CF scalar 

for each SL in this study, the CF scalar may be different for each biomass pool in a single 

fire and strongly related to the surface-to-volume ratio of fuel. The CF scalar may also 

vary between different fire events due to differences in the prevailing climate conditions 

and conditions of available fuels.  Therefore, the CF scalar should be calibrated for site-

specific and fire-specific simulations in order to accurately model fire-affected biomass.  

In this study, I did not assess the fire effects on belowground root. Root, especially fine 

root, is a key component in site nutrient cycling and can be affected by intense fires 

(Ruess and others 2003).  Therefore, a future model need to consider the fire impacts on 

root and its feedback effects on ecosystem properties.  The new sub-model of vegetation 

regrowth after intense disturbance resulted in reasonable vegetation C recovery rates 

following fires. However, a more mechanistic regeneration process that includes the 
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sprouting from seeds and re-sprouting from both the aboveground and belowground 

vegetative parts might be needed in a future model version.   

In this study, charcoal production depended on the available biomass, fire severity, 

and the CF scalar.  However, other factors can affect the actual production of charcoal in 

a wildland fire, including the intensity, duration, and available oxygen during fire.  Even 

in the same fire, the charcoal production rates from different vegetation parts may be 

different (Nocentini and others 2010).  Stems tend to produce more charcoal, and leaves 

tend to combust completely.  Therefore, similar to the CF scalar, the charcoal production 

rate in a future model needs to be improved by considering all the influencing factors.  

Due to the relatively short simulation time range constrained by my field data, I 

did not include the simulation of charcoal decomposition in the Biome-BGC 4.3 model.  

The charcoal erosion loss process was primarily controlled by the amount of surface 

outflow in the Biome-BGC 4.3 model, which was closely related to the short-term 

precipitation patterns. The charcoal loss sub-model was calibrated on one study site 

according to the regional long-term average charcoal loss rate derived from the previous 

study.  The long-term data based calibration might not produce accurate short-term 

charcoal loss rates associated with individual precipitation event.  Therefore, more field-

measured data about the charcoal movement will be required to refine the parameter 

setting.  For the charcoal effects, I only examined the charcoal addition effect on soil 

available water in the Biome-BGC 4.3 model.  However, charcoal addition may also 

affect surface albedo, cation exchange capacity, and soil nutrients, which can be 

addressed in future Biome-BGC model study (Berglund, DeLuca, Zackrisson 2004; 

Lehmann and others 2011; Zackrisson, Nilsson, Wardle 1996a).  
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Fire Effects on Ecosystem Properties 
 

Significantly higher vegetation C losses predicted for moderate severity fires in 

comparison to low severity fires were due to modeled consumption of the stem biomass 

by moderate severity fires.  The low post-fire total vegetation C accumulation rates from 

both moderate and high severity fires were due to the slow allocation of assimilated C to 

stem pool.  Therefore, the simulated end-year vegetation C values for the recent fire 

group were significantly lower than the values of the old fire group.  By considering all 

24 simulations for each site together in the site comparison, the confounding effects of 

different fire severity, seasonality, and environmental characteristics were reduced.  The 

simulated site average vegetation C values for the three fire groups (Table 7) had similar 

group differences but slightly higher values than the field measured values of 5.42, 7.20, 

and 9.45 kg m-2 for the recent, old, and no fire group, respectively (Chapter 2).  The 

lower field measured vegetation C values can be attributed to the fact that field measured 

values did not include the underground biomass.  Therefore, the Biome-BGC 4.3 model 

simulated fire-affected site vegetation C changes were reasonable and compared 

favorably with the field measured values.  

The simulated PLAI recovered quickly with no significant difference of end-year 

values between the recent and old fire group.  This response can be attributed to the new 

leaf regeneration process I added in the Biome-BGC 4.3 model.  Leaf controls the 

photosynthesis rate.  The increase of PLAI after fire disturbance indicated the recovery of 

ecosystem to sequestrate C. A large decrease in C sequestration, indicated by the negative 

NEE anomaly values, was observed for several years after a high severity fire disturbance, 

until stand level photosynthesis returned to the pre-fire level (Conard and A. Ivanova 
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1997).  The slightly higher C accumulation rates shortly after higher severity fires, 

indicated by the higher NEE anomaly values, may be related to less stress of competition 

for resources in the post-fire plant regeneration process.  

 
 Simulated Charcoal Production and Loss 
 

The amounts of pre-fire available biomass were similar across the simulated sites, 

as all sites were started from steady mature states derived from the Biome-BGC 4.3 

“spin-up” runs.  Therefore, charcoal production was dominated by the fire severities, with 

the high severity fires producing significantly more charcoal. The higher charcoal loss 

rates after higher severity fires were caused by the increased amounts of outflow, which 

was related to the decreased canopy intercepted water losses due to the removal of 

canopy leaves by fire.  Higher simulated outflow removed more surface charcoal not 

mixed into the soil pool.  Simulated charcoal loss was greater for higher slopes which 

was consistent with findings in this woodland and the other ecosystems (Rumpel and 

others 2006; Rumpel and others 2009; Chapter 3).  I also found that initial charcoal loss 

rates (the charcoal loss rates for the first few years after the fire) varied for different sites 

with different fire occurrence years.  In the first few years following fire, most simulated 

fire-derived charcoal remained on the soil surface and was vulnerable for erosion.  

Therefore, the initial charcoal loss rates were closely related to site-specific precipitation 

patterns immediately following each fire.  

The differences of end-year soil charcoal for the recent and old fire sites were 

primarily due to the charcoal loss process.  The field-measured soil charcoal 

concentrations were 2.73 g C kg-1 soil for the recent fire group and 1.21 g C kg-1 soil for 

the old fire group (Chapter 3).  From the field-measured charcoal concentration values, 
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the charcoal storage values were calculated based on the average soil depths (0.49 m for 

the recent fire group and 0.43 m for the old fire group) and the soil bulk density (20 kg m-

3) used for the Biome-BGC 4.3 model simulations, with the estimated value of 0.027 kg 

m-2 for the recent fire group and 0.011 kg m-2 for the old fire group. The estimated 

charcoal storage values were very similar to the average simulated charcoal storage 

values of 0.028 kg m-2 for the recent fire group and 0.015 kg m-2 for the old fire group, 

indicating the accuracy of the Biome-BGC 4.3 model on predicting fire-derived charcoal 

storage changes.  

 
Effects of Vegetation Types and Fire Seasons  
 
 The faster accumulations of the simulated vegetation C for the enf vegetation type 

was potentially due to the fact that the evergreens did not need to shed leaves thus can 

accumulate C all year long.  The faster increases of the simulated PLAI of the dbf 

vegetation type than the enf immediately after fires was potentially due to the higher SLA 

values of the dbf (30 m2 kg-1) than the enf (12 m2 kg-1) used in the Biome-BGC 4.3 model.  

The default allocation processes of the newly assimilated C from leaf to the other plant 

parts are the same for the dbf and enf vegetation types in the Biome-BGC 4.3 model.  

Therefore, with the same amount of vegetation C (also leaf C) accumulated, the increase 

of simulated PLAI for the dbf vegetation type was higher than the enf.  The intra-annual 

variation patterns with a 5 years interval of the simulated PLAI for the enf vegetation 

type may be associated the regional precipitation pattern that related to large scale 

climate variation like the El Niño–Southern Oscillation (Ropelewski and Halpert 1986).  

The intra-annual variation was less clear for the simulated PLAI of the dbf, which might 

be attributed to the fact that the annual average PLAI values of dbf were strongly 
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influenced by the winter leaves shed.  Although the initial simulated charcoal production 

for the enf and dbf vegetation type were similar, there were significant differences of the 

simulated end-year charcoal storages between these two vegetation types, which can be 

attributed to the different charcoal loss rates caused by the outflow differences.  The 

simulated outflow of the dbf was less than the enf, primarily due to larger precipitation 

interception losses of the dbf as a result of larger leaf area (Matyssek 1986; Schulze 

1982).   

No significant differences were found between fires simulated for summer and 

winter season. In the Biome-BGC 4.3 model, the effects of fire seasonality were assessed 

by simulating fire disturbance on leaf C before or during the leaf growing season.  

However, the primary effects of fire seasonality were the differences in fuel consumption 

between seasons and the adaptions of plants to the timing of fire (Knapp, Estes, and 

Skinner 2009), both of which were not included in the current Biome-BGC 4.3 model.  

Future modifications of the model may include processes that estimate fire severities 

according to the prevailing climate and processes that can simulate the different adaption 

strategies of plants to different fire seasons.   

 
 Charcoal Effects on Ecosystem Properties 
 

The lack of modeled effects of charcoal addition on ecosystem properties may be 

attributed to the small changes (0.02%) that charcoal induced on site soil water holding 

capacity.  The effects of charcoal addition on soil water were different for different soil 

types, with increasing soil water content for sand-dominated soil and decreasing soil 

water content for clay-dominated soil.  Fire frequency has decreased over the last century 

in this woodland due to active fire suppression and ranching, but still with an estimated 
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regional-level fire return interval of 5.5 years (Murray and White, in review) and 

approximately 40-70 years of fire return interval at stand-level (Chapter 2).  The amount 

of charcoal in the soil may be higher for area with higher frequency of fire (MacKenzie 

and others 2008). Therefore, I suspect that the simulated charcoal effects may be larger in 

other sites with multiple historic fires, as compared to sites in this study that only had one 

recorded fire.    

 
Summary of Future Model Work 
 

This study increased the ability of the Biome-BGC model to mechanistically 

simulate the effects of different fire settings.  However, this is just the first step to 

mechanistically model fire effects on the wildland ecosystems. Further modifications to 

the model are required.  First, CF scalar values need to be better calibrated for specific 

fires by considering the prevailing climate during fires, the amount of available fuel, and 

the type of fuel, which will require more field-measured data on fire combustion. Also, 

the CF scalars should be dynamic for different biomass pools and need to be refined 

according to the conditions of fuel by using information such as the surface-to-volume 

ratio of fuel.  The post-fire regeneration process also needs to be improved to include re-

sprouting from both seeds and available vegetative parts. Second, the production and loss 

processes of charcoal need to be refined. Similar to the CF values, the production of 

charcoal should be related to fire severities, conditions of fuel, and available oxygen 

during fires.  More field data on charcoal movement will be needed to improve the sub-

model of charcoal loss.  Future modeling work also needs to consider the potential 

charcoal decomposition process if modeling is performed on a longer time range.  Last, 

this study has only explored the charcoal effects on soil water content.  The charcoal 
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effects on soil nutrient availability, soil cation exchange ability, and surface albedo can 

be addressed in a future model. 
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CHAPTER FIVE 
 

Conclusions 
 
 

From the field measurement from sites in BCNWR, I found that fire significantly 

reduced site C primarily due to the reduced tree density, with average AGBC values of 

5.25, 6.86, and 9.18 kg m-2 for the recent, old, and no fire group, respectively.  Fire has 

limited effects on soil C and N contents. I also found that fire affected community 

composition significantly, and therefore, it had been an important factor for maintaining 

Central Texas woodlands. The decreased fire frequency due to active fire suppression and 

ranching on the eastern Edwards Plateau over the last century threatens the health and 

persistence of certain endangered avian species within this woodland ecosystem. This 

poses an opportunity for future management to adopt prescribed fire as a potential 

management tool. Although the calculated habitat suitability index values for the GCW 

did not significantly differ between fire groups, I found increased oak recruitment 

associated with fires that occurred in low summer precipitation years. I suspect that fire 

may have a dual effect on habitat suitability.  Catastrophic wildfires significantly reduce 

regional C storage and can decrease habitat suitability, while moderate intensity fires in 

dense young juniper stands promote tree species diversity and increase habitat suitability. 

Therefore, I propose a flexible management policy involving both mechanical treatment 

and use of fire in the woodlands to achieve multiple management objectives of C 

sequestration and habitat restoration.    

Three different methods were used to derive the first estimates of soil charcoal 

concentration for this region, with an regional average value of 1.40 g C kg-1 soil 
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representing 2% of soil organic C.  As the soil C represents a major portion of total site C, 

BC in soil is important for C cycling in these woodlands.  BC can be used as a long term 

C sink to mitigate elevated atmospheric CO2 concentration.  There were significant 

differences of the soil charcoal concentrations between the fire-affected sites and non-fire 

sites, with charcoal concentrations decreasing trend over time that I attributed due to soil 

erosion.  I estimated the regional average annual soil charcoal loss rate to be about 4.7%, 

with highly variable rates potentially related to site topographic slope.  The BD NMR + 

model method predicted higher concentrations of charcoal with lower mixing model 

errors as compared to the CP NMR + model method.  The validation of PLSR calibration 

showed the ability of MIRS to predict the concentration of biomolecule components in 

soil with accurate calibration data from other prediction methods such as the BD NMR + 

model method.  For the prediction of charcoal using MIRS, I found the signature 

vibrational frequencies for charcoal were near 1581 and 1393 wavenumber (cm-1).  From 

all three methods, only the charcoal concentrations predicted by the BD NMR + model 

method showed the expected decreasing trend of soil charcoal concentrations with time 

since last fire.  Although charcoal concentrations estimated from the MIRS were not 

correlated with time since fire, it provided a cost-effective method to estimate average 

site charcoal.  

From modeling results of the modified Biome-BGC 4.3 model, I found that 

moderate and high severity fires can significantly reduce vegetation C.  The fire-affected 

PLAI and NEE anomaly values recovered quickly after fire disturbances.  Simulated 

charcoal production was strongly related to pre-assigned fire severity levels, with 

moderate and high severity fires producing significantly more charcoal than low severity 
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fires.  The loss rates of charcoal were found not only to be closely associated with slope 

values, but also may be related precipitation immediately following fires.  The Biome-

BGC 4.3 model can accurately simulate the storage changes of charcoal in this woodland 

ecosystem.  The two simulated types of vegetation resulted in only minor differences in 

response to fire.  The dbf vegetation type had smaller charcoal loss rates than the enf due 

to the lower outflow values caused by the larger precipitation interception losses.  

Charcoal additions into soil had very limited influences on the simulated ecosystem 

properties, as the simulated charcoal-affected soil water content changes were very small 

and insignificant.  This study increased the ability of the Biome-BGC model to 

mechanistically simulate the important ecosystem process of fire.  However, more 

modifications will be required to include detailed fire-fuel-ecosystem interaction 

processes.    
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