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ABSTRACT OF DISSERTATION

MAINTAINING FUEL TREATMENTS WITH PRESCRIBED FIRE IN 

PONDEROSA PINE FORESTS OF THE BLACK HILLS, SOUTH DAKOTA

Recent wildfires in ponderosa pine (Pinus ponderosa Dougl. ex Laws.) forests 

have increased efforts to create forest structures that reduce the risk of crown fire. In the 

Black Hills, these fuel-reduction treatments often result in a new cohort of ponderosa 

pine regeneration. If no action is taken, the efficacy of these fuel treatments eventually 

diminishes as the regeneration grows and creates a ladder fuel complex. In this 

dissertation, I examine the utility of using prescribed fire to control this regeneration. I 

also explore if restoration of historical forest structure would result in reduced crown fire 

risk.

Models that predict ponderosa pine regeneration mortality after dormant season 

fires in the Black Hills were developed. The models showed that tree size, crown 

damage, ground char severity, and basal char severity were important factors in 

predicting mortality. With these models, I examined the temporal susceptibility of 

regeneration to prescribed fire. I then examined the use of prescribed fire to maintain 

fuel treatments by evaluating the temporal dynamics of regeneration, surface fuel 

accumulation, and associated fire behavior under prescribed fire conditions for a 120-year 

time since fire  chronosequence. Current fire prescriptions and fuel loads were adequate

iii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



to maintain low densities of seedlings (<90 cm tall) if bums occurred every 10 to 15 

years, but bigger regeneration would not be susceptible. Bum intervals exceeding 15 

years allowed regeneration to attain sizes that reduced susceptibility to fire. Flame 

lengths exceeding 1-2 meters were required to obtain significant mortality. Achieving 

these flame lengths will require burning under drier weather conditions or fuel load 

augmentation.

Finally, I explore the idea that restoration of Black Hills historical forest structure 

results in reduced crown fire risk. Potential fire behavior of these forest structures was 

modeled under various weather conditions and fire return intervals. Simulation results 

suggested that the historical Black Hills landscape was shaped by a mixed-severity fire 

regime, indicating that restoration of some historical Black Hills forest structures would 

be in conflict with the goals of fuel-reduction treatments. Furthermore, the simulations 

highlighted the importance of maintaining low densities of regeneration to limit crown 

fire initiation during a wildfire.

Michael A. Battaglia 
Department of Forest, Rangeland, 

and Watershed Stewardship 
Colorado State University 

Fort Collins, Colorado 80523 
Summer 2007
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CHAPTER 1: INTRODUCTION

The increase in the number and acres burned by wildland fires in the western 

United States over the past decade has prompted the federal government to develop a 

comprehensive strategy to reduce wildland fire risks to communities and the environment 

(Western Governors Association 2002, Stephens and Ruth 2005). Part of this strategy is 

1) to reduce the risk of unintended wildland fire by reducing hazardous fuels; and 2) to 

restore fire-adapted ecosystems in a way that will provide sustainable environmental, 

social, and economic benefits. To implement this strategy, the National Fire Plan requires 

that sound science be used as a basis for management. Therefore, the first goal of my 

dissertation was to provide managers with scientifically based data that would promote 

the use of prescribed fire to maintain fuel treatment effectiveness in ponderosa pine 

(Pinus ponderosa var. scopulorum Dougl. ex Laws.) forests of the Black Hills. My 

second goal was to identify historical stand structure characteristics that could be 

incorporated into fuel treatment prescriptions that would reduce crown fire risk and 

overstory mortality while concurrently restoring some elements of historical forest 

structure.

The reintroduction of fire into the Black Hills is an important first step in the 

restoration of this fire-adapted ecosystem. Historically, fire was a keystone ecological 

process that shaped the structure and composition of ponderosa pine communities in the 

Black Hills of South Dakota. On average, these fires burned along the ponderosa pine- 

prairie ecotone every 10 to 20 years and every 20 to 35 years in the interior ponderosa
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pine forests (Brown and Sieg 1996,1999, Brown et al. 2000, Brown 2003). These 

periodic fires reduced surface fuels, regulated forest densities and age structure, and 

shaped tree morphology by pruning lower branches. However, since EuroAmerican 

settlement in the 1870’s, most fire has been excluded and suppressed.

Fire suppression combined with the extensive management of the Black Hills 

with shelterwood harvesting has resulted in large contiguous areas of dense and young 

even-aged forests (DeBlander 2002). The increase in the densities of smaller size classes 

has decreased the canopy base height of current forests and has increased the canopy bulk 

density. More available fuel in the overstory at lower heights has led to a situation where 

surface fires can be transported into the overstory trees and initiate crown fire at lower 

wind speeds. Similar changes have been quantified in ponderosa pine forests of Arizona 

and have resulted in a shift in the predominance of fire behavior from surface fires to 

crown fires (Fule et al. 2002, Fule et al. 2004). This increase in crown fire behavior in 

ponderosa pine forests has prompted managers to establish fuel-reduction treatments in 

an effort to reduce the risk of crown fire.

Recent treatments to reduce crown fire hazard in the Black Hills National Forest 

include mechanical treatments and prescribed fire to reduce surface fuel loadings and 

crown fire potential by eliminating ladder fuels and reducing canopy bulk density. The 

typical treatment is to thin the overstory basal areas to around 11 to 14 m2 ha'1 and 

prescribe bum the area in the dormant season to reduce the surface fuels that have 

accumulated. While the initial treatment may reduce crown fire risk in the short term, the 

long-term outcome of these treatments is unknown. Under the proposed treatment 

conditions, prolific ponderosa pine natural regeneration is likely, up to several thousand
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seedlings per hectare, due to abundant seed crops and favorable climatic conditions 

during the growing season (Shepperd and Battaglia 2002). This regeneration will quickly 

grow and increase canopy bulk density, decrease canopy base height, and subsequently 

increase the risk of crown fire. Therefore, sustainability of forest stand structures that are 

more resilient to crown fire will require the control of ponderosa pine regeneration.

The successful use of prescribed fire to control ponderosa pine regeneration in the 

Black Hills will require specific knowledge about the levels of fire-related damage that is 

associated with mortality. Current ponderosa pine mortality models were developed 

using data collected from trees > 5 cm dbh (diameter at breast height; 1.37 m) with 

datasets that had average diameters exceeding 20 cm dbh (Wyant et al. 1986, Saveland 

and Neuenschwander 1990, Regelbrugge and Conard 1993, Stephens and Finney 2002, 

McHugh and Kolb 2003, Keyser et al. 2006, Sieg et al. 2006, Thies et al. 2006). Use of 

these models to predict seedling (<137 cm tall) and sapling (0.25 to 10 cm dbh) mortality 

under prescribed burning conditions may produce erroneous predictions. In Chapter 2 ,1 

develop logistic regression models that predict post-fire mortality of ponderosa pine 

seedlings and saplings based on regeneration size and direct fire effects for the Black 

Hills. This process further allowed me to identify factors that contribute to fire-induced 

mortality of these small trees.

With information about the susceptibility of ponderosa pine seedling and saplings 

to fire, I examined the utility of using prescribed fire as a technique to control 

regeneration densities to promote fuel treatment effectiveness over time in Chapter 3. 

First, I quantified the time it took for a seedling or sapling to reach a certain height and/or 

diameter. This information was important for two reasons. First, knowledge of height

3
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growth rates allows managers to determine how long it takes before regeneration 

connects the surface fuel complex to the overstory fuels. Second, since the susceptibility 

of ponderosa pine to fire may change with tree size, it is important to know when to use 

fire to effectively cause mortality. My second objective in Chapter 3 was to quantify the 

post-fire fuel accumulation rates over a 120-year chronosequence in the Black Hills.

Fires cannot bum without fuel, so understanding when there is enough fuel to carry a fire 

and produce the fire intensity required to cause regeneration mortality is important. With 

the fuel accumulation data, I then used BehavePlus (Andrews et al. 2005) to estimate the 

potential flame lengths that would occur over time. These flame lengths were combined 

with the seedling/sapling susceptibility data to estimate when prescribed fire could be 

used to cause mortality in ponderosa pine regeneration and when other treatments will be 

required to successfully maintain fuel treatment effectiveness.

In Chapter 4 ,1 explore the idea that restoration of Black Hills historical forest 

structure results in reduced crown fire risk. In southwestern ponderosa pine ecosystems, 

restoration of historical ponderosa pine forest structure has been demonstrated to be 

compatible with fuel reduction treatment goals (Fule et al. 2001, Fule et al. 2002, Fule et 

al. 2004). However, the appropriateness of applying the southwestern restoration model 

to ponderosa pine forests of other geographical regions has been questioned (Shinneman 

and Baker 1997, Baker and Ehle 2001, Shepperd and Battaglia 2002, Brown 2003,

Veblen 2003, Baker et al. 2006) because of the differences in fire frequency, fire 

behavior, and historical forest structure between the regions. In Chapter 4 ,1 model the 

potential fire behavior of published reconstructed early settlement Black Hills ponderosa 

pine forest structures (Brown and Cook 2006) under various weather conditions and fire
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return intervals. I use this information to explore how fire frequency and subsequent fire 

behavior affect stand development. I also use this information to identify historical stand 

characteristics that were associated with low crown fire risk. If any do exist, these 

characteristics could be incorporated into fuel treatment prescriptions to reduce the risk of 

crown fire while concurrently restoring some elements of historical forest structure.

5
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CHAPTER 2: PREDICTING MORTALITY OF PONDEROSA PINE 

REGENERATION AFTER PRESCRIBED FIRE IN THE BLACK HILLS,

SOUTH DAKOTA

Abstract

Reduction of crown fire hazard in ponderosa pine (Pinus ponderosa var. 

scopulorum Dougl. ex Laws.) forests in the Black Hills of South Dakota often focuses on 

the removal of overstory trees to reduce canopy bulk density. Within several years after 

treatment, dense ponderosa pine regeneration establishes and eventually increases crown 

fire risk. The use of prescribed fire to control ponderosa pine regeneration density is 

hampered by the lack of knowledge of fire-induced mortality threshold values for 

seedlings (<1.4 m tall) and saplings (0.1 to 5 cm diameter at breast height (dbh)). This 

study was initiated to assess fire-related mortality factors of ponderosa pine seedlings and 

saplings on several prescribed bums across the Black Hills. Plots were established in 

several bum units after the first postfire growing season to measure crown volume 

scorch/consumption, basal scorch, and ground char for each seedling/sapling. Logistic 

regression was used to model the probability of ponderosa pine seedling/sapling mortality 

and to determine threshold values based on tree size and direct fire effects. Tree size, 

crown damage, ground char severity, and basal char severity were all important factors in 

the prediction of mortality. Observed mortality was high for seedlings but was only 30 to 

50% for sapling-sized trees. This low level of sapling mortality suggests that managers 

need to alter their burning windows and bum under drier conditions if  sapling mortality is
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an objective. Alternatively, managers can add more activity fuels to create a more 

intense fire in order to use fire as a tool to reduce ponderosa pine sapling densities. 

Introduction

Reduction of crown fire hazard in ponderosa pine (Pinus ponderosa var. 

scopulorum Dougl. ex Laws.) forests in the Black Hills of South Dakota often focuses on 

the removal of overstory trees to reduce canopy bulk density. While the initial treatment 

may reduce crown fire risk in the short-term, the long-term outcome of these treatments 

is unknown. Prolific ponderosa pine natural regeneration at densities up to several 

thousand seedlings per hectare is likely to occur in the Black Hills within several years 

post-treatment (Shepperd and Battaglia 2002, Battaglia 2007), which will subsequently 

increase the risk of crown fire. Therefore, sustainability of forest stand structures that are 

more resilient to crown fire will require the control of ponderosa pine seedling 

regeneration at low densities. Prescribed fire may be used to achieve this goal; however, 

the severity of direct fire effects needed to induce certain levels of mortality is unknown. 

While the ability to predict individual tree mortality in large ponderosa pine trees has 

been well studied (Wyant et al. 1986, Saveland and Neuenschwander 1990, Regelbrugge 

and Conard 1993, Stephens and Finney 2002, McHugh and Kolb 2003, Keyser et al. 

2006, Sieg et al. 2006, Thies et al. 2006), fire-induced mortality threshold values for 

ponderosa pine seedlings (<1.4 m tall) and saplings (0.25 to 10 cm dbh) are limited 

(Harrington 1987, 1993, van Mantgem and Schwartz 2004). In this paper we explore the 

utility of developing logistic regression models based on postfire observations to predict 

first year postfire mortality of individual ponderosa pine seedlings and saplings.

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reducing the density of regeneration to reduce wildfire hazard and promote 

residual tree vigor is often desired in pine ecosystems where natural regeneration is 

abundant. Mechanical thinning of regeneration in these stands is often not economically 

feasible in the Black Hills. However, the application of prescribed fire could potentially 

be used to achieve this management objective since it has been used to thin dense young 

stands in several pine ecosystems (Morris and Mowat 1958, Wooldridge and Weaver 

1965, Waldrop and Lloyd 1988, Harrington 1987, 1993).

Ponderosa pine seedlings and saplings are thought to be more susceptible to low- 

intensity prescribed fires because they have thinner bark and lower crowns than their 

larger diameter counterparts. These two factors increase the probability of multiple fire- 

induced injuries. It is the cumulative effects of these injuries to the foliage and cambium 

that contributes to small tree mortality (van Mantgem and Schwartz 2004).

Low crown base heights increase the probability of crown scorch during a fire due 

to the proximity o f the foliage to the flame (van Wagtendonk 1983). Several studies in 

ponderosa pine trees > 5 cm dbh have demonstrated a strong positive relationship 

between crown damage by fire and subsequent mortality (Wyant et al. 1986, Harrington 

1987,1993, Regelbrugge and Conrad 1993, Stephens and Finney 2002, McHugh and 

Kolb 2003, van Mantgem and Schwartz 2004, Thies et al. 2006, Keyser et al. 2006, Sieg 

et al. 2006). Other studies have shown that in general, larger diameter ponderosa pine 

trees can survive proportionally greater crown damage than smaller trees (Lynch 1959, 

Wyant et al. 1986, Harrington 1987, 1993, Stephens and Finney 2002, McHugh and Kolb 

2003, Keyser et al. 2006, Sieg et al. 2006). The crown damage mortality thresholds in

13
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these studies were often dependent on tree diameter or bark thickness and the 

presence/absence of other fire-related injuries.

As the live crown reaches heights beyond the reach of flames, heat damage from 

flaming and smoldering combustion to basal cambial tissue also becomes an important 

factor to consider (Peterson and Arbaugh 1986, 1989, Ryan et al. 1988, Ryan and 

Frandsen 1991, Stephens and Finney 2002). Bark thickness and thermal resistance 

combined with fire intensity and duration determines the extent of cambium damage 

(Ryan and Frandsen 1991, van Mantgem and Schwarz 2003). Although small diameter 

(<15 cm dbh) ponderosa pine trees possess some bark thermal resistance (van Mantgem 

and Schwarz 2003), fire-related cambial damage in these small trees has been associated 

with postfire mortality (Lynch 1959, Wyant et al. 1986, Stephens and Finney 2002, 

McHugh and Kolb 2003, van Mantgem and Schwartz 2004, Thies et al. 2006, Keyser et 

al. 2006). Cambial damage by itself has not been shown to predict mortality of 

ponderosa pine trees >5 cm dbh in prescribed bums; however, the inclusion of this 

variable with crown injury has improved mortality models (Wyant et al. 1986, Stephens 

and Finney 2002, McHugh and Kolb 2003, Thies et al. 2006).

Heating of the soil from surface fuel and forest floor consumption can damage the 

fine root system (Frandsen and Ryan 1986, Dumm 2003, Smith et al. 2004, Hart et al. 

2005) and contribute to tree mortality (Swezy and Agee 1991, Stephens and Finney 

2002). In areas where duff is completely consumed by fire, heat pulses into the upper 

layers of the mineral soil can reach temperatures lethal to roots and soil biota (Hartford 

and Frandsen 1992). Because root damage is inherently difficult to assess without 

excavation (Ryan 1983, Swezy and Agee 1991), the amount of charred ground is often

14
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used as a surrogate measure (Ryan and Noste 1985). Measures of ground char severity or 

fuel consumption in conjunction with other damage variables (crown and cambial 

damage) has been shown to both enhance (Swezy and Agee 1991, Stephens and Finney 

2002, Sieg et al. 2006) or be insignificant (McHugh and Kolb 2003, Thies et al. 2006) in 

the prediction of mortality in ponderosa pine trees >5 cm dbh.

The successful use of prescribed fire to reduce ponderosa pine seedling and 

sapling densities requires specific knowledge of fire-induced mortality thresholds and 

predictive models developed with empirical data from these size classes. Most ponderosa 

pine mortality models were developed using data collected from trees > 5 cm dbh with 

datasets that had average diameters exceeding 20 cm dbh. Use of these models to predict 

seedling (<137 cm tall) and sapling (0.25 to 10 cm dbh) mortality under prescribed 

burning conditions may produce erroneous predictions. Giving managers the ability to 

accurately predict regeneration mortality will allow the development of bum 

prescriptions to meet specific density reduction objectives and greatly enhance the ability 

to maintain specific forest conditions through time. The specific purpose of this paper 

was to develop logistic regression models to predict postfire mortality of ponderosa pine 

seedlings and saplings in the Black Hills. This process further allowed the identification 

of factors that contribute to fire-induced mortality of these small trees. Providing these 

tools will greatly enhance the application of prescribed fire in the Black Hills ponderosa 

pine ecosystem and potentially save critical funds currently devoted to mechanical 

treatment of fuels and stocking control.

15
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Methods

Logistic regression models were developed to model the probability of seedling or 

sapling mortality within the first postfire growing season. Logistic regression models are 

useful for predicting the probability of an occurrence, {i.e. live or dead tree) based on 

predictor variables such as crown damage or tree size. Also, logistic regression analysis 

does not require normally distributed values. Logistic regression analysis is an accepted 

technique to model fire-related mortality and has been successfully used in prescribed 

bum (Ryan and Reinhardt 1988, Ryan and Frandsen 1991, Harrington 1993, Stephens 

and Finney 2002, McHugh and Kolb 2003, Thies et al. 2006) and wildfires (Regelbrugge 

and Conrad 1993, Keyser et al. 2006, Sieg et al. 2006).

Study sites

The Black Hills is an isolated forested geologic uplift located in southwest South 

Dakota and northeast Wyoming that extends 200 km from north to south and 100 km 

from east to west (Shepperd and Battaglia 2002). Elevations in the Black Hills range 

from 1,000 m to 2,207 m and are approximately 300 to 1,200 m above the surrounding 

Great Plains. The increased elevation results in an orographically induced microclimate 

that increases precipitation. Annual average precipitation ranges from 41 cm in the south 

to 74 cm in the north. Most of the precipitation occurs from April to August, with May 

and June receiving 33% of annual precipitation (Driscoll et al. 2000). Annual average 

temperature ranges from 2.9° to 9° C. The frequent rain showers during the early 

growing season in combination with warm temperatures are conducive to prolific natural 

ponderosa pine regeneration (Shepperd and Battaglia 2002). Ponderosa pine dominates 

85% of the forested land base (DeBlander 2002) and is found at all elevations, soil types,
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and aspects. It can be found mixed with white spruce (Picea glauca [Moench] Voss) and 

aspen (Populus tremuloides Michx.) in the moister, higher elevations.

This study was conducted within the Black Hills on National Forest, Wind Cave 

National Park, and Mt. Rushmore National Monument public lands. Postfire mortality of 

ponderosa pine seedlings and saplings were measured on four dormant season prescribed 

fires and one dormant season wildfire. Sampling was limited to dormant season fires for 

several reasons. Harrington (1987, 1993) documented higher mortality in growing 

season fires than in dormant season fires for similar levels of crown scorch. These 

differences in mortality were attributed to the physiological state of the trees. Therefore, 

models to predict mortality during prescribed fire conditions should occur when trees are 

in a dormant physiological state. We also limited our sampling to dormant season fires 

because that is the time period when prescribed fire is applied in the Black Hills.

Sampling was limited to fires that occurred within a year of the following 

growing season to ensure fire-related damage measurements were captured before 

needles abscised or understory vegetation recovery made it difficult to determine ground 

severity. Because of this time limit and logistical constraints, our sampling was limited 

to the few prescribed fires that occurred within the Black Hills from Fall 2005 to Spring 

2006. The only exception was the Medicine prescribed bum which occurred in the Fall 

of 2004 and sampled in summer 2005.

Medicine prescribed fire

The Medicine prescribed fire was located on the Mystic Ranger District, Black 

Hills National Forest about 10 km west southwest of Hill City, South Dakota 

(approximately 43° 56’ 17” N, 103° 42’ 28” W) within the central crystalline core
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(Shepperd and Battaglia 2002). The Medicine bum unit was 728 ha in size. The 

vegetation was dominated by ponderosa pine stands with overstories ranging from 15 to 

41 cm dbh with substantial densities of seedlings (<137 cm tall). Surface fuel models 

consisted of a spatial mosaic of fuel model 1, 2, and 9 (Anderson 1982). The Medicine 

prescribed fire was burned on two separate dates: October 19, 2004 and November 18, 

2004. Bums were carried out within the bum prescription and were representative of 

operational bums (Table 2.1).

Rankin Tower prescribed fire

The Rankin Ridge prescribed bum was located in the northwestern portion of 

Wind Cave National Park (approximately 43° 37’ 50” N, 103° 28’ 56” W) within the red 

valley geomorphological feature (Shepperd and Battaglia 2002). The bum unit was 500 

hectares and consisted of ponderosa pine forest and mixed-grass prairie. Surface fuel 

models consisted of a spatial mosaic of fuel model 1 and 2 (Anderson 1982). The bum 

occurred on October 25, 2005 and was carried out within the bum prescription 

representative of operational bums (Table 2.1).

Horse Nugget prescribed fire

The Horse Nugget prescribed fire was located on the Mystic Ranger District, 

Black Hills National Forest about 9 to 13 km north of Hill City, South Dakota 

(approximately 44° 01 ’ 16” to 44° 03’ 11” N, 103° 34’ 16” to 103° 34’ 40” W) within the 

central crystalline core geomorphological feature (Shepperd and Battaglia 2002). The 

bum unit was approximately 600 ha in size. The vegetation was dominated by ponderosa 

pine stands with overstories ranging from 15 to 41 cm dbh with substantial densities of 

seedlings (<137 cm tall) and saplings (0.25 to 10 cm dbh). Surface fuel models consisted
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of a spatial mosaic of fuel models 2, 9, and 11 (Anderson 1982). The Horse Nugget 

prescribed fire was ignited on three separate dates: October 28, 2005, November 1, 2005, 

and November 2, 2005. Bums were carried out within the bum prescription and were 

representative of operational bums (Table 2.1).

Bullock prescribed fire

The Bullock prescribed fire was located on the Mystic Ranger District, Black 

Hills National Forest about 10 km northeast of Hill City, South Dakota approximately 

44° 00’ 47” N, 103° 32’ 26” W) within the central crystalline core geomorphological 

feature (Shepperd and Battaglia 2002). The Bullock bum unit was 1,000 ha in size. The 

area was a mix of ponderosa pine stands with overstories ranging from 15 to 41 cm dbh 

with limited regeneration and large open areas with ponderosa pine seedling/sapling 

encroachment. Surface fuel models consisted of a spatial mosaic of fuel model 1 and 9 

(Anderson 1982). The Bullock prescribed fire was ignited on January 24, 2006 and 

carried out within the bum prescription and was representative of operational bums 

(Table 2.1).

Lafferty Gulch wildfire

The Lafferty Gulch (Mount Rushmore 1) wildfire was located on 39 ha in the 

northeastern portion of Mount Rushmore National Monument (approximately 43° 53’

20” N, 103° 26’ 19” W) within the central crystalline core geomorphological feature 

(Shepperd and Battaglia 2002). The wildfire was ignited as a result of a pile bum 

operation on February 26, 2006 and burned until March 3, 2006. Although it was 

classified as a wildfire, weather conditions during the wildfire were similar to those of 

other prescribed bums (Table 2.1) and bole char heights up to 7.5 m were also similar.
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The overstory was dominated by ponderosa pine with the majority of diameters from 15 

to 41 cm dbh. The areas also had some large (30 to 60.5 cm dbh) diameter ponderosa 

pines. The majority of the area burned had been mechanically treated in 2003 to remove 

ponderosa pine saplings < 15 cm dbh and resulted in a residual density of 91 saplings ha‘ 

\  Surface fuels in the area consisted of a spatial mosaic of fuel model 2 and 9 (Anderson 

1982).

Plot setup

Although sample design and layout differed between the sites, plot sampling 

procedures were identical. The design and layout differed because the Medicine bum, 

which occurred in the Fall 2004, was part of a separate study to investigate the 

relationship between fire behavior and seedling mortality. Since fire behavior was to be 

measured, random plots were established before the prescribed bum. Two other sites 

were included in that study but due to logistical problems, they were not burned. The 

other four sites measured in the current study were measured with transects with a 

random starting point.

Medicine prescribed fire

Using aerial photographs taken in 2002 of the Medicine bum unit, potential study 

sites were identified based on overstory coverage and presence of ponderosa pine 

regeneration. Each potential site was visited for ground truthing and delineated with 

GPS, ensuring that ponderosa pine regeneration was present and the site was 

homogeneous based on overstory coverage, regeneration, and fuel model. Areas less 

than 0.5 hectare were not considered. Five study sites, ranging from 0.5 to 2 hectares in 

size were established within the 728 ha bum unit. Elevations of these study sites ranged
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from 1900 to 1975 m. Five randomly located plots were established within each of the 

study sites. Fire behavior was monitored during the October 19, 2004 prescribed fire 

using a video camera and flame heights were estimated for 15 of the 25 plots. At each 

plot, a post with 0.15 m intervals was used as a reference point to measure flame height. 

Flame height (H, m) was converted to flame length (L, m) using the following equation:

L = {H [sin (90 - p) ]}/[sin (0 -  p) [eq. 2]

where, P is the measured slope angle and 0 is the angle of the flame from the 

horizontal. A mean flame angle of 50° was used for the conversion in eq. 2 following 

Kobziar et al. (2006).

Rankin Tower, Bullock, and Horse Nugget prescribed fires

Transects 200 m long were established on each bum unit in the 2006 growing 

season. The starting point of each transect was randomly generated within the Bullock 

(n=l) and Horse Nugget (n=5) prescribed bum perimeters. Elevations for the Bullock 

transect was approximately 1600 m and ranged between 1630 to 1770 m for the Horse 

Nugget transects. In the Rankin Tower prescribed bum, the starting point of two 

transects were placed on permanent monitoring plots that were already established by 

Wind Cave National Park staff, while the other three transects were randomly 

established. Elevations for the Rankin Tower transects ranged from 1400 to 1480 m. The 

direction of each transect was randomly chosen and a plot (n=5 per transect) was 

established every 50 m along each transect.

Lafferty Gulch wildfire

Before the wildfire, National Park Service staff had set up randomly selected plots 

within the Lafferty Gulch mechanical fuel reduction project for monitoring purposes.
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Several of these monitoring plots burned in the wildfire. The starting point of four 

transects were placed on an original fuel reduction project monitoring plot. The direction 

of each transect was randomly chosen and a plot (n=5 per transect) was established every 

50 m along each transect. An additional seven fire mortality plots were established at the 

location of other original fuel reduction project monitoring plots within the bum 

perimeter. Elevations for transects and monitoring plots ranged between 1400 and 1450 

m.

Data collection

A nested plot design consisting of a 2-m radius circular plot to sample ponderosa 

pine seedlings (trees<137 cm tall) located within a larger circular plot to sample saplings 

(tree 0.25 to 10 cm dbh) was used on all sites. The larger sapling plot was 5-m in radius 

on the Medicine site and 15-m radius on the Rankin Tower, Bullock, Horse Nugget, and 

Lafferty Gulch study sites. We increased the radius size for the Rankin Tower, Bullock, 

Horse Nugget, and Lafferty Gulch because it was found that a 5 m radius on the 

Medicine bum was not large enough to measure enough saplings. Ponderosa pine 

seedlings were categorized into 5 height size classes (0.1 to 15.2 cm; 15.2 to 45.7 cm; 

45.7 to 76.2 cm; 76.2 to 106.7 cm; and 106.7 to 137 cm). Seedling density, mortality, and 

fire-induced mortality were measured on the 2-m radius plot for each study site. 

Ponderosa pine saplings (0.25 to 10 cm dbh) were categorized into 4 diameter size 

classes (0.25 to 2.54 cm; 2.54 to 5.1 cm; 5.1 to 7.6 cm; and 7.6 to 10.2 cm). Sapling 

density, mortality, and fire-induced damage were assessed on each of the larger sapling 

plots.
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Fire damage variables were measured for each seedling and sapling on a plot. 

Percent of pre-fire live crown volume scorched (CVS) and percent of live crown volume 

consumed (CVC) were visually assessed to the nearest 5% by viewing the tree from all 

sides (Peterson 1985). Crown scorch was defined as foliage that experienced color 

change as a result of fire (Keyser et al. 2006), but which was not consumed (Ryan 1982). 

This included singed foliage as defined by McHugh and Kolb (2003). Crown 

consumption was defined as foliage consumed by active combustion and was determined 

by the presence of needle fascicles on small branches to indicate that branches had 

supported live foliage before the fire (McHugh and Kolb 2003, Sieg et al. 2006). Total 

crown volume damaged (CVD) was calculated by adding CVS+CVC (McHugh and Kolb 

2003, Sieg et al. 2006).

Basal char severity was used to estimate cambial damage following criteria 

established by Ryan (1983) and utilized by several recent studies (McHugh and Kolb 

2003, Sieg et al. 2006, Thies et al. 2006, Hood and Bentz in press). The percentage of the 

basal circumference on the first 5 cm above the ground was assessed with the following 

criteria: 0 = none, no evidence of flame having contacted the bole and no charring or 

darkening of the bole; 1 = light, light scorch or char on edges of bark plates; 2 = 

moderate, bark is uniformly black with the possible exception of the inner depths of the 

prominent fissures, but bark character is still discemable; 3 = heavy, bark is deeply 

charred, but not necessarily to the wood and surface characteristics have been lost. We 

assumed that heat sufficient to cause moderate or heavy basal char severity would kill the 

cambium (Thies et al. 2006). A basal char severity class was calculated based on the 

summation of the percentage of the bole that had moderate or heavy basal char severity.
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Basal char severity classes were: 0 if the summation of moderate and heavy basal char = 

0; 1 if  the summation of moderate and heavy basal char was >0 and <25%; 2 if the 

summation of moderate and heavy basal char was >25 and <50%; 3 if the summation of 

moderate and heavy basal char was >50 and <75%; and 4 if the summation of moderate 

and heavy basal char was >75%.

Ground surface char severity was used to indirectly estimate damage to root 

systems (Swezy and Agee 1991, McHugh and Kolb 2003, Sieg et al. 2006, Thies et al. 

2006, Hood and Bentz in press). Ground char was measured under the dripline of the 

crown of each seedling and sapling using the criteria developed by Ryan (1983): 0 = 

none, no visible effect on soil; 1 = light, surface of litter and duff layers scorched or 

charred; 2 = medium, litter completely consumed and duff deeply charred or consumed, 

but the underlying mineral soil not visibly altered; 3 = high, litter and duff completely 

consumed.

Data analysis

Wilcoxon rank sum tests were used to test for differences (a=0.05) between live 

and dead trees morphological and fire-damage characteristics across all fires using PROC 

NPAR1WAY in SAS (SAS Institute 2001).

Logistic regression models were developed to model the probability of seedling or 

sapling mortality within the first postfire growing season. The logistic regression 

equation used to model tree mortality has the form: 

p m = 1/[1 + eXp( - ( / ? 0  + pxXx + ... + y & X n ))]  ,  (1)

Where Pm is the probability of tree mortality, /30, /?/, and fin, are regression coefficients, 

and Xi and X„ are representative independent variables. The logistic function provides a
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continuous estimate of the probability of mortality between 0 and 1, with 1 indicating a 

dead tree. We used a cutoff of 0.5 to signal mortality (Saveland and Neuenschwander 

1990, Keyser et al. 2006). If Pm < 0.5 then the tree was predicted live, otherwise it was 

predicted dead.

We used the tree morphological and fire-damage variables to predict tree 

mortality using PROC LOGISTIC in SAS (SAS Institute 2001). Only variables that were 

significantly different between live and dead trees (P<0.05) and were not strongly 

correlated (r<0.50) with other independent variables were used in the development of 

logistic regression models (McHugh and Kolb 2003, Thies et al. 2006). Separate models 

were developed for seedlings and saplings because the tree morphological measurement 

that differed by convention defines the two size classes {i.e. seedlings=height and 

saplings=dbh). Models were built using a random sample of -75% of the full data set 

[calibration data set (n=1280 for seedling models and n=T768 for saplings models)]. 

Predictability of significant models was assessed using the remaining -25% of the full 

data set to validate the models [validation data set (n-336 for seedling models and n=573 

for saplings models)] (Regelbrugge and Conard 1993, Keyser et al. 2006).

Exploratory models were developed using score and stepwise selection options 

(Hosmer and Lemeshow 2000). All independent variables and any biologically relevant 

interactions were included in the full model. The generalized Wald statistic with a x2 

distribution was used to test if model coefficients were different from zero (a=0.05).

Only variables and interactions that were found to have a P-value < 0.05 were kept in the 

model. The Hosmer-Lemeshow goodness of fit test was used to evaluate the fit of the 

final models (Hosmer and Lemeshow 2000). If a model is good, the Hosmer-Lemeshow
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test statistic will have a p-value>0.05 indicating that the model prediction does not 

significantly differ from the observed data. We also used the receiver operations 

characteristic (ROC) curve analysis (Saveland and Neuenschwander 1990, Hosmer and 

Lemeshow 2000) to evaluate the model’s ability to discriminate between dead and live 

trees. Models with ROC values between 0.70 and 0.80 have acceptable discrimination, 

ROC values between 0.80 and 0.90 have excellent discrimination, and ROC values >

0.90 have outstanding discrimination (Hosmer and Lemeshow 2000). For each model, we 

used the validation data set to assess the model’s prediction to the observed status of the 

tree and calculated the percentage of correctly classified trees.

Results

Seedlings

Of the 1310 seedlings surveyed, 86% were classified dead after the first growing 

season following fire. The percentage of seedlings that died decreased with seedling 

height (Figure 2.1a). Mortality of seedlings less than 46 cm tall was above 90% (Figure 

2.1a). Mortality of seedlings that were 107 to 137 cm tall was 56% (Figure 2.1a).

Dead seedlings were significantly shorter than the surviving seedlings (Table 2.2). 

Dead and live seedlings had similar crown volume scorch values, but dead seedlings had 

significantly higher crown volume consumption and total crown damage than live 

seedlings (Table 2.2). Cambial injury, as measured by basal char severity, was 

significantly higher for dead seedlings (Table 2.2). Damage to roots, as measured by 

ground char severity, was significantly higher around dead seedlings (Table 2.2).

Observed mortality was around 10% for seedlings at lower levels of crown 

damage, but a threshold was reached around 40% crown damage and mortality increased
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linearly (Figure 2.2a). Seedlings experiencing no ground char severity still had 60% 

mortality, but when ground char was present, observed mortality was >90% (Figure 

2.2b). Observed seedling mortality was >80% with no severe basal char and >95% with 

high levels of severe basal char (Figure 2.2c).

Logistic models fo r  seedlings:

Multivariate models that included seedling height, multiple fire damage variables, 

and flame height predicted mortality with the highest ROC values and accuracy (Table

2.3). In contrast to the sapling models, basal char severity and ground char severity were 

not highly correlated (r=0.42; p<0.0001), so both were included together during model 

development. Because there was no significant difference in crown volume scorch 

between live and dead seedlings (Table 2.2) we limited our model development to use 

only total crown volume damage (CVD) as our crown damage variable. Many one or 

two variable models that managers could use more readily in the field were attempted, 

but the majority of them failed to pass the Hosmer-Lemeshow goodness of fit test. For 

each of the significant models, coefficients for seedling height were negative indicating 

that shorter seedlings have a significant increase in the predicted probability of mortality. 

Coefficients for total crown damage (CVD), basal char (BC) severity, and ground char 

(GC) severity were all positive suggesting that increases in direct fire effects results in an 

increase in predicted probability of mortality.

The full model (four variables) using seedling height, CVD, GC severity, and BC 

severity explained the most variation (ROC=0.97) and had the highest accuracy (93%) of 

all the models developed (Table 2.3). This model suggests that seedling size, crown 

damage, impacts to surface roots, and cambial injury are all important factors in
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predicting mortality. To illustrate the relationship of these factors, two levels of BC 

severity: 0 to 25% and >75% were chosen to consider further. In general, as seedlings 

decreased in height, less crown damage, lower BC severity, and lower GC severity were 

associated with mortality (Figure 2.3). Levels of GC and BC severity influenced the 

amount of crown damage that was in turn associated with mortality (Figure 2.3). 

Predicted mortality was more sensitive to GC severity than BC severity. For example, at 

similar levels of BC severity, the amount of CVD associated with dead trees decreased 

substantially with an increase in GC severity (Figure 2.3). At similar levels of GC 

severity, the amount of CVD required to predict mortality also decreases with an increase 

in BC severity, but at a slower rate (Figure 2.3).

Using the fire behavior data from the 15 of the 25 plots on the Medicine 

prescribed bum, we developed a model that predicted seedling mortality based on 

observed flame height. This model had a ROC value of 0.90 and an accuracy of 92% 

(Table 2.3). The predicted probability of seedling mortality increased with flame height 

(Figure 2.4). Dead seedlings less than 60 cm tall were associated with flame heights of 5 

cm (Figure 2.4). Seedlings that were 90 cm tall required flame heights > 25 cm and 

seedlings that were 120 cm tall required flame heights > 45 cm to predict mortality 

(Figure 2.4).

Many one variable models were tested to predict seedling mortality. These often 

had acceptable ROC values, but failed the Hosmer-Lemeshow test for lack-of-fit. Only 

one model to predict seedling mortality was significant, had acceptable ROC values, and 

passed the lack-of-fit test. The GC severity model had an ROC of 0.72 and 78% 

accuracy (Table 2.3). This model predicted that the probability of seedling mortality
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increased as GC increased. However, this model predicted some seedling mortality when 

no ground char occurred, suggesting that other factors play a role in seedling mortality.

Saplings

Of the 2,341 saplings surveyed, 48% were classified as dead in the first growing 

season following fire. The percentage of saplings that died ranged from 32% to 59%, 

with lower mortality occurring at larger diameters (Figure 2.1b).

Dead saplings were significantly smaller in diameter than the surviving saplings 

(Table 2.2). Dead saplings also had significantly higher crown scorch, crown 

consumption, and total crown damage than live saplings (Table 2.2). Cambial injury, as 

measured by basal char severity, was significantly higher for dead saplings (Table 2.2). 

Damage to roots, as measured by ground char severity, was significantly higher around 

dead saplings (Table 2.2).

Observed sapling mortality was low up to about 65% crown damage and then 

mortality increased sharply (Figure 2.2a). Sapling mortality increased also with 

increased ground char severity (Figure 2.2b) and with basal char severity. However, 

observed sapling mortality was <40% until basal char severity >75% of the basal 

circumference and then mortality increased to 80% (Figure 2.2c).

Logistic models fo r  saplings'.

Multivariate models that included sapling dbh, multiple fire damage variables, 

and sapling density predicted mortality with the highest ROC values and accuracy (Table

2.4). Since BC severity and GC severity were correlated (r=0.66; p<0.0001) separate 

regression models were created for each variable. As with seedlings, one or two variable
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models that managers could use more readily in the field were attempted, but again, the 

majority of them also failed to pass the Hosmer-Lemeshow goodness of fit test. For each 

of the significant models, coefficients for dbh were negative indicating there is a 

significant increase in the predicted probability of mortality of saplings of smaller 

diameters. Coefficients for crown damage (CVD or CVC), basal char (BC) severity, and 

ground char (GC) severity were all positive suggesting that increases in these direct fire 

effects results in a greater likelihood of mortality. Sapling density was also shown to be 

an important factor in the full model. Higher sapling density resulted in an increase in 

predicted probability of mortality.

The full model (four variables) using dbh, CVD, GC severity, and sapling density 

explained the most variation (ROC=0.97) and had the highest accuracy (92%) of all the 

models developed (Table 2.4). This model suggests that the effect of fire on ponderosa 

pine saplings is strongly linked to sapling size, crown damage, impacts to surface roots, 

and sapling density. The amount of CVD required to predict sapling mortality decreased 

as GC severity increased (Figure 2.5). Thresholds of CVD differed for each GC severity 

and sapling dbh (Figure 2.5). Sapling density also impacted these thresholds, but 

differences in the amount of CVD within a GC severity were within 5% (data not shown). 

Median sapling density (1160 TPH) across the study sites was chosen to illustrate the 

differences in damage required to predict mortality. For example, an area that 

experienced light GC required 85% CVD to predict a dead 2.5 cm dbh sapling and 95% 

CVD to predict a dead 5.0 cm dbh sapling, but saplings 7.5 and 10 cm dbh would still be 

predicted to survive with 100% CVD (Figure 2.5a and 2.5b). Predicted mortality for the 

7.5 cm and 10 cm dbh saplings required at least moderate levels of GC combined with 85
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to 95% CVD, respectively (Figure 2.5c and 2.5d). Mortality in saplings 2.5 to 5 cm dbh 

experiencing moderate GC required 75 to 80% CVD (Figure 2.5a and 2.5b), respectively.

The three-variable model using dbh, CVD, and BC severity class had a high ROC 

value (0.96) and an accuracy of 91% (Table 2.4), suggesting that cambial damage is an 

important predictor of mortality. In general, the amount of CVD required to predict 

mortality decreased as BC severity increased (Figure 2.6). Thresholds of CVD differed 

for the BC severity class and sapling dbh (Figure 2.6). Mortality of smaller dbh saplings 

required lower values of crown damage and cambial damage than larger dbh saplings. 

However, it still required at least 95% CVD with no BC severity and 70% CVD in 

conjunction with >75% BC to predict mortality in the 2.5 cm dbh saplings (Figure 2.6a). 

For saplings 10 cm dbh, a minimum of 90% CVD in conjunction with BC of 50 to 75% 

was required to predict sapling mortality (Figure 2.6d).

The multivariate model that included sapling dbh and CVC had a ROC of 0.71 

with an accuracy of 68% (Table 2.4). While this model was moderately successful in 

correctly predicting mortality, the ease of measuring these two variables in the field 

warrants their attention. The estimated probability of sapling mortality increases with an 

increase in CVC, but mortality thresholds at CVC<10% differ somewhat with dbh. 

However, if  40% of the crown is consumed, mortality is predicted for all sapling sizes.

The only significant univariate model developed was the GC severity model. The 

GC severity model had a ROC of 0.76 and an accuracy of 72% (Table 2.4). This model 

showed that saplings experiencing moderate to high GC had increased predicted 

probability of sapling mortality.
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Discussion

A survey of several prescribed fires and one dormant season wildfire in the Black 

Hills indicates that dormant season fire can be used to control ponderosa pine 

regeneration density. Fire-induced mortality of ponderosa pine seedlings (<137 cm tall) 

and saplings (0.25 to 10 cm dbh) requires different levels of damage depending on 

individual size. Logistic regression analysis indicated that tree size (height or dbh), 

crown damage, ground char severity, basal char severity, and density were all important 

factors in predicting mortality. Model accuracy was highest with the inclusion of at least 

3 of these variables suggesting that mortality is a result of multiple injuries. A model 

relating observed flame height to seedling mortality also indicated that shorter seedlings 

were more susceptible to taller flames. Understanding the mechanisms that promote fire- 

induced mortality in ponderosa pine regeneration will allow managers to effectively plan 

prescribed fires and assess their success in meeting bum plan objectives.

The significance of ponderosa pine tree size in predicting the probability of fire- 

induced mortality in seedlings and saplings in our study was not surprising since most 

other studies have reported a decrease in mortality with an increase in large tree diameter 

(Wyant et al. 1986, Harrington 1987, Saveland et al. 1990, Harrington 1993,

Regelbrugge and Conard 1993, Stephens and Finney 2002, McHugh and Kolb 2003, 

Keyser et al. 2006, Sieg et al. 2006). Tree size influences the susceptibility of foliage, 

cambium, and roots to fire damage. In terms of prescribed fires, where flame heights are 

often designed to be 0.25 to 1 meter tall, foliage of a seedling is highly susceptible. 

Saplings, with live crowns within the maximum range of prescribed flame heights, are at 

less risk for crown consumption, but still have foliage highly susceptible to crown scorch.
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Smaller trees have thinner bark which influences cambial heat resistance and increases 

susceptibility to girdling (van Mantgem and Schwartz 2003). A significant amount of 

fine root biomass is located in the upper 10 cm of the mineral soil (van Haverbeke 1963, 

Dumm 2003, Smith et al. 2004, Hart et al. 2005) and increases the susceptibility of 

seedlings and saplings to root damage and subsequent mortality.

Under prescribed burning conditions, our survey observed that mortality exceeded 

90% for ponderosa pine seedlings <46 cm tall, but as seedlings reached 137 cm tall, 

mortality decreased to 56% (Figure 2.1a). Sapling mortality also decreased as diameter 

increased, with only 32% of 7.5 to 10 cm dbh saplings succumbing to fire (Figure 2.1b). 

The higher mortality in the seedlings was in part due to convective heat and direct flame 

contact with the foliage. The logistic regression model developed from our observations 

of flame lengths on the Medicine prescribed bum predicted that mortality of a seedling 

less than 60 cm tall was associated with flames less than 5 cm (Figure 2.4). On average, 

observed flame lengths were at least 15 to 30 cm tall. This would have resulted in 

torching fire behavior within the seedling regeneration layer, high levels of crown 

consumption, and subsequently higher mortality rates. The taller seedlings (107 to 137 

cm), which had mortality rates of 56%, required flame lengths of about 45 cm to predict 

mortality (Figure 2.4). These flames lengths were observed at times during the fire, but 

likely mortality in these taller seedlings was a combination of crown damage and other 

fire-related damage (Table 2.3).

Unfortunately, we were unable to monitor flame lengths on the prescribed bums 

where saplings were sampled for this study, but we hypothesize that similar to the taller 

seedlings, taller flames would be required for crown consumption. We did observe some
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crown consumption in the sapling sized trees in our survey. Results from the reduced 

model that used only crown volume consumption and dbh to predict mortality in saplings 

suggested that small percentages of crown consumption resulted in higher mortality. 

Furthermore, the mortality threshold of crown consumption increased slightly with dbh. 

Accuracy of that model was only 68%, which suggests that while severe crown damage is 

important in saplings, the consideration of other fire-related damage, especially when 

crowns are only scorched, is warranted.

As the live crown reaches heights beyond the reach of direct flames, heat damage 

from flaming and smoldering combustion to cambial tissue also became an important 

factor in this study. Fire related cambial damage in small trees has been associated with 

postfire mortality in many studies (Lynch 1959, Wyant et al. 1986, Stephens and Finney 

2002, McHugh and Kolb 2003, van Mantgem and Schwartz 2004, Thies et al. 2006, 

Keyser et al. 2006). We indirectly measured cambial damage by examining the degree of 

basal char on the lower 5 cm of the seedling and sapling bole and calculating the 

percentage of the circumference that experienced moderate to high severity char (BC 

severity). While indirect measures of cambial damage by itself has not been shown to 

predict mortality of ponderosa pine trees >5 cm dbh in prescribed bums; the inclusion of 

this variable with crown injury was shown to improve model predictions in other studies 

(Wyant et al. 1986, Stephens and Finney 2002, McHugh and Kolb 2003, Thies et al.

2006) as well as this study (Table 2.3 and 2.4). For saplings, the amount of crown 

volume damage required to predict mortality decreased as BC severity increased and 

thresholds decreased with sapling dbh (Figure 2.6). Predicting mortality of smaller 

saplings required lower values of crown damage and cambial damage than larger
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saplings. For example, predicting mortality in a 2.5 cm dbh sapling, required at least 95% 

CVD with no BC severity compared to 70% CVD with >75% BC (Figure 2.6a). For 

saplings 10 cm dbh, a minimum of 90% CVD in conjunction with BC of 50 to 75% was 

required for predicting sapling mortality (Figure 2.6d). These results support the 

hypothesis put forth by van Mantgem and Schwartz (2004) that it is the additive effect of 

damage to different tree organs that results in tree death.

Our observation of increased seedling and sapling mortality with an increase in 

ground char severity also supports the multiple-injury hypothesis. Ground char severity 

is a surrogate measure o f duff consumption and subsequent fine root mortality (Ryan and 

Noste 1985, Swezy and Agee 1991). Seedlings in our study with no ground char had 

mortality levels of about 60% (Figure 2.2b), most likely due to crown damage. However, 

when there was ground char present, observed seedling mortality increased to above 

90%, regardless if ground char was light or high (Figure 2.2b). Sapling mortality also 

increased with an increase in ground char severity, but the severity of ground char 

determined the amount of mortality (Figure 2.2b).

Differences in seedling and sapling response to ground char severity may be a 

function of biomass allocation to roots. Ponderosa pine seedlings allocate over 50% of 

their biomass to roots whereas saplings only allocate about 11% (Grunkle and Retzlaff

2001). Most of the fine root biomass is located in the upper 10 cm of the mineral soil 

(van Haverbeke 1963, Dumm 2003, Smith et al. 2004, Hart et al. 2005) and it is at this 

depth that fine root and associated mycorrhizae biomass significantly decrease after low 

intensity prescribed fires (Swezy and Agee 1991, Dumm 2003, Smith et al. 2004, Hart et 

al. 2005). The combination of crown damage and some root mortality was enough to
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presumably impact the seedling’s water/nutrient uptake ability. However, it took higher 

amounts of ground char to impact the saplings (Figure 2.2b).

Measures of ground char severity or fuel consumption in conjunction with other 

damage variables (crown and cambial damage) has been shown to enhance prediction of 

mortality in ponderosa pine trees > 5 cm dbh in some studies (Swezy and Agee 1991, 

Stephens and Finney 2002, Sieg et al. 2006) but not in others (McHugh and Kolb 2003, 

Thies et al. 2006). In our study, in both the seedling and sapling mortality models, 

ground char severity was shown to be an important factor by itself or in conjunction with 

other damage variables in predicting mortality (Table 2.3 and 2.4). Mortality model with 

ground char severity alone had acceptable discrimination and accuracy of 72-78% (Table 

2.3 and 2.4). However, combining ground char severity with other fire damage variables 

and tree size increased the accuracy to over 90% (Table 2.3 and 2.4).

When ground char severity was combined with the other variables to predict 

seedling and sapling mortality, we found that ground char and basal char severity were 

highly correlated in the sapling observations, but not for the seedlings. This discrepancy 

in correlation between seedlings and saplings is likely a result of the fuel bed. Seedlings 

were often found in open gaps within the forest matrix or under low density overstories. 

Low density overstories typically have an herbaceous fuel bed (Shepperd and Battaglia

2002). In contrast, saplings were found under a gradient of overstory conditions with fuel 

beds that ranged from herbaceous fuels to needle litter and woody surface fuels. In areas 

with an herbaceous fuel bed, fires would move quickly with lower impacts on the surface, 

while still scorching the bole. In contrast, in areas with a needle and woody fuel bed, 

fires would move slower and have an impact on the ground and the bole simultaneously.
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Because of the high correlation in the saplings, basal char severity was not 

included in any of the ground char severity sapling models. Without basal char in the 

sapling model, the stepwise regression procedure determined that sapling density was a 

significant variable along with dbh, CVD, and ground char severity. Higher predicted 

probability of mortality with an increase in sapling density is likely due to a combination 

of lower tree vigor (Swezy and Agee 1991, van Mantgem et al. 2003) and higher needle 

litter fuel loadings. The higher needle fuel loads would increase the duration of fire and 

subsequently kill more roots and foliage.

Ground char and basal char severity were not strongly correlated in the seedling 

measurements so they were modeled together. In general, less damage was required to 

predict mortality as seedlings decreased in height (Figure 2.3 and 2.4). Levels of GC and 

BC severity also influenced the amount of crown damage required to predict mortality 

(Figure 2.3 and 2.4). These changes in thresholds highlight the susceptibility of seedlings 

to different damage pathways and give managers several options when designing bum 

prescriptions.

Conclusions

The sustainability of fuel reduction treatments in the Black Hills will require the 

control of ponderosa pine regeneration densities. Because mechanical thinning of small 

trees is not economical in the Black Hills, there is interest in using prescribed fire to 

maintain low regeneration densities. Traditionally, prescribed bums are written with the 

premise of limiting mortality. However, the use of prescribed bum to maintain low 

densities will require managers to plan bums that encourage mortality of small trees
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while limiting mortality of larger trees. Fire managers are looking for ways to achieve 

this goal.

The models developed in this study will aid managers in the planning stages of 

their prescribed bums. Our model that relates flame length and seedling height to 

mortality provides managers with benchmark flame lengths needed to predict mortality in 

seedlings (<137 cm tall). Future research is planned to identify fire behavior thresholds 

required to induce mortality in small diameter saplings. Observed mortality in the 

saplings 2.5 to 10 cm dbh in this study was 30-50%. This low level of mortality suggests 

that to kill saplings, managers need to alter their burning windows and bum under drier 

conditions. Alternatively, managers can add more activity fuels to create a more intense 

fire in order to use fire as a tool to reduce ponderosa pine sapling densities.
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Table 2.1: Ranges of fire weather data for each day of the prescribed fires and wildfire 
obtained from spot forecast or local remote access weather stations (RAWS).

Medicine Rankin
Tower Horse Nugget Bullock Lafferty

Gulch

Date 10/19/04; 10/25/05 10/28/05; 1/24/06 2/26/06 to
11/18/04 11/1-2/05 3/3/06

Air 15.5 to 
18.8Temperature

(°C)
5.5 to 11 13.3 to 19.4 7.2 to 10.5 -0.5 to 8.9

Relative 
Humidity (%) 29 to 48 21 to 30 24 to 40 26 to 33 31 to 48

Wind speed 
(km/hr) 4.8 to 11.2 1.6 to 8.1 Oto 12.9 3.2 to 4.8 1.6 to 8.1

Wind gusts 
(km/hr) 16.1 to 24.1 n/a 9.7 to 38.6 27.4 25.8

10-hr fuel 
moisture (%) 9 to 12 6 to 8 8 to 12 9 to 10 6 to 7

Source

1 A - ,  r r n r - K T  1 ^

Spot
forecast

WICA
RAWS1

BKF3
portable
RAWS2

BKF3
portable
RAWS2

MORU
RAWS3

‘43.5575N,-103.4914W 
244.0519N, -103.5778W 
343.8764N, -103.4575W
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Table 2.2: Mean characteristics of live and dead ponderosa pine seedlings (<137 cm tall) 
and saplings (0.25 to 10 cm diameter at breast height) for prescribed fires in the Black 
Hills of South Dakota. The P-value shows results of Wilcoxon rank sum test.

Variable Seedlings (n=1310) Saplings (n=2341)

Live Dead P-value Live Dead P-value

Height (cm) 66.9 43.2 <0.0001 N/A N/A N/A

dbh (cm) N/A N/A N/A 4.6 3.1 <0.0001

Crown Volume Scorched (%) 45 46.6 0.1625 38.1 80.0 <0.0001

Crown Volume Consumed (%) 0.56 51 <0.0001 0.18 16.4 <0.0001

Crown Volume Damaged (%) 45.6 97.5 <0.0001 38.3 96.4 <0.0001

Basal Char class 0.37 1.25 <0.0001 1.9 3.5 <0.0001

Ground Char severity class 0.35 0.9 <0.0001 1.4 2.3 <0.0001

Basal char severity (%moderate + %high) class rating (0, 0% Basal char severity; 1, >0% and <25% basal 
char severity; 2, >25% and <50% basal char severity; 3, >50% and <75% basal char severity; or 4, 75% 
basal char severity); Ground char severity class rating (0, unbumed; 1, light; 2, moderate; 3, high).
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Table 2.3: Logistic regression coefficients, -2 Log Likelihood ratio statistic (-2LL), receiver operating characteristic curve 
value (ROC), and overall rate of correctly predicting mortality for ponderosa pine seedlings (< 137 cm tall) following 
prescribed fires during the dormant season in the Black Hills of South Dakota. Model coefficients: HGT (cm) is seedling 
height; CVD, crown volume damage (scorch+consumption); CVC, crown volume consumption; GC, ground char severity 
class rating (0, unbumed; 1, light; 2, moderate; 3, high);); BC, basal char severity (%moderate + %high) class rating (0, 0% 
Basal char severity; 1, >0% and <25% basal char severity; 2, >25% and <50% basal char severity; 3, >50% and <75% basal 
char severity; or 4, 75% basal char severity). Regression coefficients are significant at *a=<0.0001, $ a=0.0003, § a=0.0001, 
and f  a=0.02.

Model Intercept HGT
(cm)

CVD
(%)

GC BC Flame
length
(cm)

-2LL H-L ROC %
correct

1. HGT, CVD, GC, 
BC

-2.7988* -0.0344* 0.0637* 1.668* 0.3609| 475.11 0.38 0.97 93

2. HGT, Flame length 2.3757* -0.0434* 0.0634* n/a 0.35 0.90 92

3. GC 0.2365t 1.563* 1179.11 0.70 0.72 78
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Table 2.4: Logistic regression coefficients, -2 Log Likelihood ratio statistic (-2LL), receiver operating characteristic curve 
value (ROC), and overall rate of correctly predicting mortality for ponderosa pine saplings (0.25 to 10 cm dbh) following 
prescribed fires during the dormant season in the Black Hills of South Dakota. Model coefficients: dbh (cm) is diameter at 
breast height; CVD, crown volume damage (scorch+consumption); CVC, crown volume consumption; GC, ground char 
severity class rating (0, unbumed; 1, light; 2, moderate; 3, high); BC, basal char severity (%moderate + %high) class rating (0, 
0% Basal char severity; 1, >0% and <25% basal char severity; 2, >25% and <50% basal char severity; 3, >50% and <75% 
basal char severity; or 4, 75% basal char severity); Sapling density (trees per hectare). Regression coefficients are significant 
at *a=<0.0001.

Model Intercept dbh
(cm)

CVD
(%)

CVC
(%)

GC BC Sapling
TPH

-2LL H-L ROC %
correct

1. DBH, CVD, GC, Sapling 
density

-10.299* -0.2984* 0.1012* 1.433* 0.00057* 802.0 0.61 0.97 92

2. DBH, CVD, BC -8.742* -0.2304* 0.0985* 0.6247* 864.9 0.14 0.96 91

3. DBH, CVC 0.0847 -0.1157* 0.1247* 2085.4 0.06 0.71 68

4. GC -2.196* 1.139* 2029.7 0.49 0.76 72



Figure captions

Figure 2.1: Observed percent mortality of ponderosa pine (a) seedlings (<137 cm tall) and

(b) saplings after dormant season fire by size class.

Figure 2.2: Observed percent mortality of ponderosa pine (open circles) seedlings (<137 

cm tall) and (closed circles) saplings after dormant season fire by a) total crown volume 

damage (scorch + consumption), b) Ground char severity, and c) Basal char severity.

Figure 2.3: Estimated mortality of ponderosa pine seedlings (<137 cm tall) predicted by 

crown volume damage, ground char severity, and basal char severity. Figures depict 

several combinations: (a and b) unbumed ground char with (a) 0 to 25% basal char 

severity and (b) >75% basal char severity; (c and d) light ground char with (c) 0 to 25% 

basal char severity and (d) >75% basal char severity; (e and f) moderate ground char with 

(e) 0 to 25% basal char severity and (f) >75% basal char severity; (g and h) high ground 

char with (g) 0 to 25% basal char severity and (h)>75% basal char severity. See Table 2.3 

for model form and statistics.

Figure 2.4: Estimated mortality of ponderosa pine seedlings (<137 cm tall) predicted by 

flame length (cm). See Table 2.3 for model form and statistics.

Figure 2.5: Estimated mortality of ponderosa pine saplings (a) 2.5 cm dbh, (b) 5 cm dbh,

(c) 7.5 cm dbh, and (d) 10 cm dbh predicted by crown volume damage, ground char
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severity (unbumed, light, moderate, and high), and sapling density of 1160 trees per ha-1. 

See Table 2.4 for model form and statistics.

Figure 2.6: Estimated mortality of ponderosa pine saplings (a) 2.5 cm dbh, (b) 5 cm dbh,

(c) 7.5 cm dbh, and (d) 10 cm dbh predicted by crown volume damage, and basal char 

severity (0%, 0 to 25%, 25 to 50%, 50 to 75%, and >75%). See Table 2.4 for model form 

and statistics.
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Figure 2.1: Observed percent mortality of ponderosa pine (a) seedlings (<137 cm tall) and
(b) saplings after dormant season fire by size class.
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Figure 2.2. Observed percent mortality of ponderosa pine (open circles) seedlings (<137 
cm tall) and (closed circles) saplings after dormant season fire by a) total crown volume 
damage (scorch + consumption), b) Ground char severity, and c) Basal char severity.
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Figure 2.3: Estimated mortality of ponderosa pine seedlings (<137 cm tall) predicted by 
crown volume damage, ground char severity, and basal char severity. Figures depict 
several combinations: (a and b) unbumed ground char with (a) 0 to 25% basal char 
severity and (b) >75% basal char severity; (c and d) light ground char with (c) 0 to 25% 
basal char severity and (d) >75% basal char severity;
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Figure 2.3 cont:. Estimated mortality of ponderosa pine seedlings (<137 cm tall) 
predicted by crown volume damage, ground char severity, and basal char severity. 
Figures depict several combinations: (e and f) moderate ground char with (e) 0 to 25% 
basal char severity and (f) >75% basal char severity; (g and h) high ground char with (g) 
0 to 25% basal char severity and (h)>75% basal char severity. See Table 2.3 for model 
form and statistics.
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Figure 2.5: Estimated mortality of ponderosa pine saplings (a) 2.5 cm dbh, (b) 5 cm dbh, 
(c) 7.5 cm dbh, and (d) 10 cm dbh predicted by crown volume damage, ground char 
severity (unbumed, light, moderate, and high), and sapling density of 1160 trees per ha-1. 
See Table 2.4 for model form and statistics.
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Figure 2.6: Estimated mortality of ponderosa pine saplings (a) 2.5 cm dbh, (b) 5 cm dbh,
(c) 7.5 cm dbh, and (d) 10 cm dbh predicted by crown volume damage, and basal char 
severity (0%, 0 to 25%, 25 to 50%, 50 to 75%, and >75%). See Table 2.4 for model form 
and statistics.
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CHAPTER 3: CAN PRESCRIBED FIRE BE USED TO MAINTAIN FUEL 

TREATMENT EFFECTIVENESS OVER TIME IN PONDEROSA PINE

FORESTS?

Abstract

To maintain fuel-reduction treatment effectiveness in ponderosa pine (Pinus 

ponderosa var. scopulorum Dougl. ex Laws.) forests of the Black Hills, the abundant 

natural regeneration must be controlled. In this paper we examine the utility of using 

prescribed fire as a technique to control regeneration densities to promote fuel treatment 

effectiveness over time. The temporal dynamics of ponderosa pine regeneration, surface 

fuel accumulation, and associated fire behavior under prescribed fire conditions was 

assessed over a 120-year time since fire  chronosequence in Black Hills ponderosa pine 

forests. With this information, the susceptibility of seedlings and saplings to the 

predicted fire behavior was assessed. Fuel treatments in ponderosa pine forests will lose 

their effectiveness within 20 to 30 years if  regeneration densities are not controlled. The 

ability to successfully use prescribed fire to maintain low regeneration densities is 

dependent on seedling/sapling size and the frequency of bums.

Current prescribed fire prescriptions and fuel loads are adequate to maintain low 

densities of ponderosa pine seedlings (<90 cm tall) if bums occur every 10 to 15 years. If 

bum intervals exceed 15 years, regeneration can attain sizes that reduce susceptibility to 

prescribed fire under typical operational weather conditions. After 20 to 25 years, 

ponderosa pine can reach sizes that will require flame length that exceed 1 to 2 meters to
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obtain significant mortality. Achieving these flame lengths will require burning under 

drier weather conditions to allow coarse woody debris (CWD) consumption to contribute 

to the fire intensity. Alternatively, managers can augment sites with activity fuels to 

increase fine fuel loadings to achieve flame lengths that will increase sapling 

susceptibility to fire, while burning when CWD fuel moistures are high to limit the 

potential for spotting. While the flames might kill sapling-sized trees, mature overstory 

trees could still maintain resiliency to fire.

Introduction

The goal of a fuel-reduction treatment is frequently to decrease the chance of 

crown fire in a stand during a wildfire. Mechanical thinnings are applied to reduce the 

horizontal and vertical continuity of canopy fuels. Sometimes mechanical treatments are 

followed by prescribed fire to reduce the surface fuel loadings associated with the 

thinning treatment. The reduction in canopy and surface fuels results in a lower risk of 

crown fire initiation and spread (Agee and Skinner 2005, Cram et al. 2006). However, 

fuel-reduction treatments have potential problems. For instance, if  treatments that reduce 

overstory density do not thin the smaller unmerchantable trees, the potential for passive 

crown fire is still present. Moreover, the partial removal of the overstory can increase 

growth of advance regeneration and decrease the time needed to connect the canopy and 

surface fuel complex (Keyes and Vamer 2006). Initial applications of prescribed fire used 

to reduce post-thinning surface fuels can subsequently lead to increased fuel loadings as a 

result of small tree mortality (Parsons 1978, Thomas and Agee 1986, Agee and Huff 

1987, Agee 2000, Stephens and Moghaddas 2005). Also, the partial removal of the 

overstory and/or the reduction of the forest floor layer with fire are known to promote the
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initiation of a new ponderosa pine (Pinus ponderosa var. scopulorum Dougl. ex Laws.) 

cohort (Shepperd and Battaglia 2002, Bonnet et al. 2005, Keyser 2007). New 

regeneration, acceleration of small tree growth rate and surface fuels may ultimately 

reduce the efficacy of the fuel reduction treatment. In this paper we explore the utility of 

using prescribed fire as a technique to maintain low densities of ponderosa pine 

regeneration to promote fuel treatment effectiveness over time.

In the Black Hills, favorable growing conditions and good seed crops often 

coincide and result in abundant natural ponderosa pine regeneration establishment, often 

exceeding 1000 seedlings ha'1 (Shepperd and Battaglia 2002). This establishment is 

often enhanced after mechanical treatments as a result of scarification or fire, both of 

which provide the mineral soil seedbed favored by ponderosa pine (Oliver and Ryker 

1990, Shepperd and Battaglia 2002, Bonnet et al. 2005, Shepperd et a l 2006). Once 

established, the time it takes a seedling to reach a height that connects the surface fuel 

complex to the canopy is important in determining when a fuel treatment loses its ability 

to reduce crown fire initiation. Furthermore, the susceptibility o f ponderosa pine to fire 

changes with tree size with smaller trees requiring lower values of crown damage, 

cambial damage, and root damage than larger trees (Battaglia 2007). These temporal 

differences in seedling and sapling susceptibility to fire highlight the importance of 

understanding the regeneration dynamics of ponderosa pine in the Black Hills when 

determining when to use fire to maintain the long-term effectiveness of a fuel treatment.

The ability to predict mortality based on potential fire behavior is important so 

managers can tailor bum prescriptions to meet their regeneration reduction/maintenance 

targets objectives (Johnson and Miyanishi 1995). Fire managers frequently use
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BehavePlus, a fire behavior simulation program (Andrews et al. 2005), to predict flame 

lengths and fireline intensity under various fuels, weather, and topographic scenarios. 

While mortality models such as FOFEM (Reinhardt 2003) and those included with 

BehavePlus do predict tree mortality based on flame length and fireline intensity (Van 

Wagner 1977), the equations used in these models were developed for trees > 10 cm 

diameter at breast height (dbh) and often over predict mortality in seedlings and saplings 

(Battaglia 2007). Direct measures of flame lengths during prescribed bums have been 

used to model mortality of ponderosa pine seedlings (<137 cm tall) in the Black Hills 

(Battaglia 2007) and the Sierra Nevada (van Wagtendonk 1983). In both studies, taller 

flame lengths were needed to increase the probability of seedling mortality as seedlings 

grew taller. However, models relating observed fire behavior to sapling-sized ponderosa 

pine mortality are still needed for better mortality estimates.

The amount of fuel available to bum influences the potential flame lengths during 

a fire. Therefore, documentation of fuel accumulation rates in fuel treatments maintained 

by fire is needed to determine if an area has enough fuel to re-bum with a prescribed fire 

to produce the desired flame lengths. Data on fuel accumulation rates after fire for the 

Black Hills is limited to one recent study investigating the recovery after a mixed- 

severity wildfire (Keyser 2007). In the low bum severity areas of that study, needle litter 

mass had recovered to 75% of the unbumed areas within 5 years (Keyser 2007). Fine (< 

7.62 cm diameter) and coarse (>7.62 cm diameter) woody debris had each recovered to 

approximately 40% of the unbumed areas. Longer term data is needed to determine 

whether surface fuels continue to accumulate or if  they reach an equilibrium state. In 

addition, fuel accumulation data from a variety of forest densities is needed because
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certain fuel loadings are known to increase with overstory density (Fule and Covington 

1994). Quantifying the temporal dynamics of fuel accumulation within a fuel treatment 

maintained by prescribed fire is needed to understand how potential fire behavior and 

seedling/sapling susceptibility might change over time.

While initial fuel reduction treatments may reduce crown fire risk in the short 

term, the abundant natural regeneration in the Black Hills poses a future management 

problem. The successful use of prescribed fire to maintain low regeneration densities will 

require a combined understanding of regeneration dynamics, surface fuel accumulation, 

fire behavior, and regeneration size susceptibility to fire. Our objectives were to (i) 

quantify growth rates of ponderosa pine seedling and sapling growth to determine how 

long it takes to reach a certain size (both height and diameter), (ii) quantify post-fire fuel 

accumulation rates, (iii) estimate potential fire behavior associated with the temporal 

changes in fuel loadings and (ivj determine the relationship between fire behavior and 

seedling/sapling mortality. With this information, we assess the potential of using 

prescribed fire to control ponderosa pine densities with potential surface fuel loadings 

and determine if  other treatments will be required to successfully maintain fuel treatment 

effectiveness.

Methods 

Study area

The Black Hills is an isolated forested geologic uplift located in southwest South 

Dakota and northeast Wyoming that extends 200 km from north to south and 100 km 

from east to west (Shepperd and Battaglia 2002). Elevations in the Black Hills range 

from 1,000 m to 2,207 m and are approximately 300 to 1,200 m above the surrounding
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Great Plains. The increased elevation results in an orographically induced microclimate 

that increases precipitation. Annual average precipitation ranges from 41 cm in the south 

to 74 cm in the north. Most of the precipitation occurs from April to August, with May 

and June receiving 33% of annual precipitation (Driscoll et al. 2000). Annual average 

temperature ranges from 2.9° to 9° C. The frequent rain showers during the early 

growing season in combination with the warm temperatures are conducive to prolific 

natural ponderosa pine regeneration (Shepperd and Battaglia 2002). Ponderosa pine 

dominates 85% of the forested land base (DeBlander 2002) and is found at all elevations, 

soil types, and aspects. It can be found mixed with white spruce (Picea glauca [Moench] 

Voss) and aspen (Populus tremuloides Michx.) in the moister, higher elevations.

Ladder fuel development

Sites within three fuel treatment areas (Buffalo, Lookout, and Medicine) on the 

Mystic Ranger District of the Black Hills that had canopy coverage < 40% and consisted 

of a broad range of ponderosa pine seedling and sapling sizes were sampled to determine 

seedling and sapling growth. Buffalo, a 182 ha unit, was located 21 km northeast of Hill 

City, South Dakota (approximately 44° 07’ N, 103° 32’). Lookout, a 223 ha unit, was 

located 24 km northwest of Hill City, South Dakota (approximately 44° 02’ N, 103° 50’). 

Medicine, a 728 ha unit, was located 9.7 km west southwest of Hill City, South Dakota 

east of Medicine Mountain (approximately 43° 55’ N, 103° 42’). These areas are 

representative of the geomorphological portion of the Black Hills known as the central 

crystalline core (Shepperd and Battaglia 2002).

Ten sampling points within each unit were located using a random number 

generator based on the UTM coordinates that fell within the sampling area. At each
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point, regeneration was classified into size classes based on height (0 to 15 cm, 15 to 46 

cm, 46 to 76 cm, 76 to 107 cm, and 107 to 137 cm) or diameter at breast height (dbh) if 

taller than 137 cm (0.25 to 2.54 cm, 2.54 to 5.1 cm, 5.1 to 7.62 cm, 7.62 to 10.2 cm and 

10.2 to 12.7) as defined by the Fire Effects Monitoring and Inventory Protocol (Lutes et 

al. 2006).

At each point, the closest ponderosa pine tree to the center of the plot in each size 

class was destructively harvested. Trees were harvested by cutting the tree as close to the 

root collar as possible with a bow saw or loppers. Total tree height was measured for 

each tree. A cross-section of the stem was cut and brought back to the lab for ring 

analysis to determine tree age. Cross-sections were surfaced and rings were counted to 

determine age. A total of 10 trees for each size class per treatment unit (n=3) were 

destructively sampled to determine an age-height relationship resulting in 30 trees per 

size class.

Fuel accumulation: Time Since Fire

A chronosequence of 22 sites with increasing time since fire (120 years) were 

selected from previously published fire history studies (Brown et al. 2000, Brown 2003) 

and GIS fire history maps of the Black Hills National Forest (BHNF). Sampling of 

recent (<15 years) fires were limited to prescribed fires. Locations of prescribed fires 

were obtained from local Forest Service district staff. Because the prescribed burning 

program on the BHNF before 1990 was limited, we sampled wildfires >15 years old that 

burned with low to moderate severity.

Within each fire perimeter, the BHNF resource information system (RIS) 

database was used to identify potential stands. This database contains information on
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stand structure, cover type, and habitat structural stage. Habitat structural stage (HSS) is 

an index of stand diameter (3 = 12.7 to 22.9 cm dbh; 4 = 22.9 to 35.6 cm dbh; 5 = >35.6 

inch dbh) and overstory canopy coverage (A=0 to 40%; B = 40 to 70%; C = >70%). 

Within each fire perimeter, a stand with HSS of 4A (open-canopied) and/or 4C (closed- 

canopied) was randomly chosen to sample. If there was only one HSS represented within 

a fire, that stand was measured. In some of the fires, both HSS 4A and 4C were not 

available so the HSS that was available was measured. In a few cases, a HSS 3C or 4B 

was measured as a surrogate for a 4C stand because the diameter or canopy coverage was 

at the upper limit of the classification. Because HSS 5 (mature) stands are limited in the 

Black Hills, only two were measured. The mature stands were located in the Black Elk 

Wilderness Area in the Upper Pine Creek Natural Area (Ryan et al. 1994) and in the 

Mount Rushmore National Monument. Selected potential sites were ground-truthed and 

either accepted or rejected based on evidence of burning and harvesting activity.

Evidence of burning was determined by the presence of char on trees and downed logs. 

Harvesting activity was assessed by the presence of recent stumps. Elevations of the sites 

ranged from 1450 to 1950 m (Table 3.1). Sites were dominated by ponderosa pine (Table 

3.2) with some sporadic aspen and bur oak (Quercus macrocarpa Michx.).

Within each time since fire  stand, fifteen sample points were randomly located 

using a random number generator based on UTM coordinates that fell within the stand. 

Surface fuels and forest floor depths were inventoried as described above for the fuel 

accumulation/overstory density experiment, except transect direction was determined 

randomly. Five stands were measured in the summer of 2004, three stands were measured 

in the summer of 2005, and 14 stands were measured in the summer of 2006.
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Overstory tree density was measured at all sites with a BAF 10 prism from the 

center of each sample point. Sapling and seedling densities were also sampled on sites 

measured in 2006 (n=14) using a nested plot design consisting of a 2 m radius circular 

plot to sample seedlings (trees < 137 cm tall) located with a larger circular plot to sample 

saplings (trees 0.25 to 10 cm dbh). Dead trees (snags) were also measured on sites 

sampled in 2006 using the same measurement protocols.

In five time since fire  stands, a 0.025 m PVC-ffame was used to collect litter and 

duff layers at the each sampling plane point to aid in the development of Black Hills 

specific bulk density estimates. Litter and duff layers were bagged separately and oven- 

dried at 65°C until weight loss stabilized. Litter and duff samples were weighed and then 

combusted at 400°C to obtain the organic matter weight of each sample. Bulk density of 

each litter and duff sample was calculated with the following equation:

Bulk density = Organic matter weight / (frame area * layer depth) [Eq. 1],

'i
where, bulk density is in kg m' , organic matter weight is in kg m' , layer depth is 

in m. For Black Hills ponderosa pine forests, needle litter bulk density is 60.71 + 3.1 kg 

m'3 and duff bulk density is 102.58 + 2.9 kg m'3.

Statistical analysis 

Ladder fuel development

Regression analysis was performed with PROC GLM (SAS Institute 2001) to 

determine a predictive relationship between tree age and height. Tree age and height was 

natural log transformed to fulfill normality and constant variance assumptions.
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Fuel accumulation: Time Since Fire

Time since fire  stands were placed into 10-year interval classes and summary 

statistics were calculated for fuel loadings, snag densities, and ladder fuel densities for 

each interval within a HSS using PROC MEANS (SAS Institute 2001). Significant 

differences among the sample means were not tested since stands were not replicated. To 

estimate fuel accumulation over time, gamma distributions combined with a power 

function were fit using PROC NLIN (SAS Institute 2001) for the average fine (sum of 1 

hour, 10 hour, and 100 hour fuels) fuels, sound >7.62 cm fuels, rotten >7.62 cm fuels, 

and total fuels (Hall et al. 2006). All regression analyses were checked for normality and 

constant variance assumptions. If assumptions were violated, data was natural log 

transformed and regression analysis and assumptions were tested.

Fire behavior and mortality: Time Since Fire

BehavePlus 3.0.2 (Andrews et al. 2005) was used to estimate fire behavior for the 

predicted fine (<7.62 cm) fuel loadings over time. To estimate surface fire behavior, 

BehavePlus requires inputs of 1 hour, 10 hour, and 100 hour fuel loadings. These fuel 

loadings were estimated by calculating the proportion of each size class that made up the 

total predicted fine fuel loading over time. These values were entered into BehavePlus to 

estimate potential flame lengths over time for the open- and closed-canopied forests. Fire 

behavior was calculated with average prescribed burning weather conditions commonly 

used on the Black Hills: 1 hour fuel moisture = 7%, 10 hour fuel moisture = 8%, 100 

hour fuel moisture =11%, midflame windspeed = 5 km/hr. Slope was set at 15%.
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Results

Ladder fuel development

In the Black Hills, a ponderosa pine seedling can grow up to 15 cm tall in 5 years 

(Figure 3.1a) and up to 76 cm tall within 7 to 8 years (Figure 3.1a). Within 15 years of 

establishment, ponderosa pines in the Black Hills can reach the threshold for dbh (Figure 

3.1b). Within 20 to 30 years, ponderosa pine saplings can range from 0.25 to 12.7 cm 

dbh (Figure 3.1b) and 2.2 to 4.3 meters tall (Figure 3.2).

Seedling and sapling densities in relation to time since fire  were only measured in 

summer of 2006, so the interpretation for the open-canopied stands is limited to fires that 

burned greater than 20 years ago, but spans the entire chronosequence for the closed- 

canopied stands.

Overall, ponderosa pine seedlings and saplings reestablish and contribute to the 

ladder fuel complex within 10 to 20 years post-fire (Table 3.3). Once established, this 

ladder fuel complex persists in the absence of fire and shifts from seedling- to sapling­

sized trees (Table 3.3). Seedling (<137 cm tall) and sapling (0.25 to 10 cm dbh) densities 

do vary with time since fire, but in general, total densities exceed several thousand ha'1 

(Table 3.3).

In open-canopied forests, seedling densities following fires that burned 20 to 49 

years ago were approximately 2000 to 2500 ha'1 (Table 3.3). Sapling densities were 

lower, averaging about 400 saplings ha'1 (Table 3.3). Seedling densities in the older fires 

were low (109 ha"1) and sapling density was approximately 300 ha'1 (Table 3.3).

Ponderosa pine seedling and sapling densities in the closed-canopied forests were 

abundant. Within 16 years post-fire, seedling densities exceeded 20,000 ha'1 and sapling
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densities were about 250 ha'1 (Table 3.3). Fires that burned 30 to 49 years ago, had 

seedling densities ranging from 6700 to 8000 ha"1 (Table 3.3), but older fires (67 to 89 

year old fires) had few seedlings or none at all (Table 3.3). Instead, these older fires had 

sapling densities ranging from approximately 150 to 600 ha'1 (Table 3.3). Sapling 

densities in the fires 40 to 59 years old were much higher, ranging from 950 to 2100 

saplings ha'1 (Table 3.3).

The mature stand in Mount Rushmore National Monument, which had not burned 

in 113 years, had high seedling and sapling densities. Seedling densities exceeded 6000 

ha'1 and saplings exceeded 2000 ha'1 (Table 3.3).

Snags

Since snags contribute to future surface fuel loadings, their presence and size 

distribution in a stand can impact the long-term effectiveness of a fuel treatment and 

provide future fuel for prescribed fires. Snag densities were only measured in the time 

since fire  stands measured in summer of 2006, so the interpretation for the open-canopied 

stands is limited to fires that burned greater than 20 years ago, but spans the entire time 

for the closed-canopied stands.

Snag densities of sapling-sized (0.25 to 10 cm dbh) ponderosa pines varied with 

time since fire and stand structure (Table 3.2). Sapling snag densities were lowest in the 

open-canopied forests, with 8 to 9 snags ha'1. Sapling snag densities in closed-canopied 

stands ranged from 0 to 132 snag ha'1 with the highest sapling snag densities in stands 

with >50 years since the last fire (Table 3.2). The mature stands had the highest sapling 

snag density with 254 snags ha'1 (Table 3.2).
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Ponderosa pine snags >10 cm dbh were greatest in stands that burned recently 

(within the last 30 years) and sustained 10 to 19 snags ha'1 >40 years postfire (Table 3.2), 

regardless of stand structure. Within the first 10 years after fire, snag densities of 

ponderosa pine>10 cm dbh averaged 164 snags ha'1 in closed-canopied forests (Table

3.2). In open-canopied forests, snag densities were greatest 20 to 29 years after the fire 

event (Table 3.2). However, most of the snags >10 cm dbh were less than 25 cm dbh 

(Table 3.2). Mature stands had 29 snags ha'1 >10 cm dbh (Table 3.2).

Snag densities of large diameter (>25 cm dbh) ponderosa pine trees was highest 

between 20 and 49 years after fire and were lowest in the most recent fires and older fires 

(Table 3.2). Snags densities ranged between 0 and 5 snags ha'1 in the most recent and 

oldest fires, but increased to 11 to 17 snags ha'1 in the middle-aged fires (Table 3.2). In 

the baseline forest, densities averaged 12 snags ha'1 (Table 3.2).

Surface fuel accumulation

Needle litter is a primary carrier of fire and its presence indicates that fire spread 

will be slow and flame lengths will be short relative to a grass fuelbed. The amount of 

needle litter available for consumption can also impact potential tree mortality, so an 

understanding of how much is present is also important. In general, open-canopied stands 

had shallower needle litter depth and lower needle litter mass than the closed-canopied 

stands (Table 3.4). Within the first 20 years post-fire, open-canopied stands had litter 

depths of 2.2 cm and mass of 12.9 Mg ha'1 (Table 3.4). Closed-canopied stands had 

slower accumulation within the first 10 years, with needle litter depth of 1.4 cm and mass 

of 8.4 Mg ha"1 (Table 3.4). However, after 10 years, needle litter mass in closed-canopied 

stands stabilized at about 15-16 Mg ha'1 and litter depth recovered to approximately 2.5
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cm (Table 3.4), both of which are similar to those observed in the mature (HSS 5) stands 

(Table 3.4).

The amount of duff available to smolder during a fire can influence the amount of 

root and cambial damage to a tree. In general, as time since fire increased, open- 

canopied stands had shallower duff depths and lower duff mass than closed-canopied 

stands (Table 3.4). In the first 29 years post-fire, open-canopied stands had duff depths 

ranging from 0.36 to 1.1 cm with duff mass ranging from 3.7 to 11.1 Mg ha'1 (Table 3.4). 

Duff depth and mass in the closed-canopied forests in the first 39 years post-fire ranged 

between 0.73 to 0.80 cm and 7.5 to 10.1 Mg ha'1, respectively (Table 3.4). Open- 

canopied stands never reached values observed in mature stands, but closed-canopied 

stands did within 100 years (Table 3.4).

The amount of fine woody fuels available for consumption influences flame 

lengths, rate of spread, and subsequent tree mortality during a prescribed bum. Fine 

woody debris patterns varied with stand structure, but time since fire explained between 

41 to 93% of the variability (Table 3.5). In open-canopied forests, fine woody fuel 

accumulation increased rapidly to approximately 11.6 Mg ha'1 within the first 25 years 

after fire and gradually decreased and stabilized around 4 Mg ha'1 (Figure 3.3). In 

contrast, the highest fine woody fuel loadings in the closed canopied forests occurred 

within 10 years after fire at approximately 6 Mg ha'1 (Figure 3.3). Within 19 years after 

fire, fine fuels stabilized at 4 Mg ha"1 (Figure 3.3).

Temporal dynamics of sound coarse woody debris (CWD) showed no significant 

pattern over time in either the open- or closed-canopied forests (Figure 3.4; Table 3.5). 

Open-canopied forests had sound CWD fuel loads that ranged from 1.6 to 11.0 Mg ha'1,
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with the majority of stands having 3 to 4 Mg ha'1. Closed-canopied forests had sound 

CWD fuels that ranged from 2.5 to 8.2 Mg ha'1 (Figure 3.4b), with most stands around 7 

to 8 Mg ha"1 (Figure 3.4b). In the mature forest, average sound CWD fuel was 15.2 Mg 

ha'1 (Figure 3.4); fuel loads that were much higher than those observed in either the open- 

or closed canopied forests.

Rotten CWD fuel accumulation did show a significant pattern with time since fire 

(Table 3.5), although the peak differed with stand structure. In open-canopied forests, 

rotten CWD peaked between 20 to 29 years after fire (Figure 3.5a). Rotten CWD ranged 

from 0.38 to 31.8 Mg ha’1, with fuels predicted to stabilize after 65 years at 

approximately 2.0 Mg ha'1 (Figure 3.5a). In closed-canopied forests, rotten CWD 

showed a gradual increase in fuel accumulation between 20 and 60 years postfire (Figure 

3.5b). Rotten CWD in closed-canopied forests were typically low (0 to 2 Mg ha'1), 

except for the fires between 40 (11.3 Mg ha'1) and 59 (8.1 Mg ha'1) years old (Figure 

3.5b). Rotten CWD fuel loads in the mature forest were similar to the other forests with 

average fuel loadings of 3.3 Mg ha'1 (Figure 3.5).

Overall, the sound and rotten CWD fuels made up the majority of total woody 

fuel loadings and followed the same temporal patterns of the rotten wood component 

(Figure 3.6). Open-canopied forests had total fuel loadings that ranged from 4.3 to 54.3 

Mg ha"1, with the majority of stands ranging from 8.5 to 11 Mg ha’1 (Figure 3.6a). 

Closed-canopied forests had total fuel loadings that ranged from 4.7 to 20.3 Mg ha'1, with 

the majority of stands between 12 and 13.5 Mg ha'1 (Figure 3.6b). Mature forests had 

higher total fuel loads than the open- or closed-canopied forests, with an average of 23.6 

Mg ha'1 (Figure 3.6).
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Fire behavior over time

Potential surface fire behavior over time during prescribed bums varied for the 

open- and closed canopied forests due to the differences in post-fire fine fuel 

accumulation (Figure 3.7). Over time, open-canopied forests had taller predicted flame 

lengths than the closed-canopied forests; except for the first 10 years post-fire (Figure 

3.7). In the first 5 years post-fire, closed-canopied forests had predicted flame lengths 

about 0.43 m, whereas open-canopied forests had flame lengths of 0.27 m (Figure 3.7). 

Within 10 years, open- and closed-canopied forests had flame lengths of 0.43 m. After 

15 years, flame lengths declined for the closed-canopied forests and stabilized at 0.27 m 

around 25 years post-fire (Figure 3.7). In contrast, after 15 years, flame lengths continued 

to increase in open-canopied forests and reached a maximum of 0.64 m at 20 years post­

fire. After 20 years, flame lengths declined gradually and stabilized at 0.27 m around 60 

years postfire (Figure 3.7).

Discussion

In ponderosa pine forests of the Black Hills, the potential to develop ladder fuels 

within a couple of decades after a fuel treatment is high if regeneration densities are not 

regulated. In the absence of mechanical or prescribed fire treatment, this ladder fuel 

complex remains and shifts from seedling- to sapling-sized trees. As these seedlings and 

saplings increase in height and diameter, their susceptibility to mortality during 

prescribed fire decreases. The situation is complicated by the temporal dynamics of 

surface fuel availability and the low-intensity fire behavior that is typical of prescribed 

fires. These factors impact the ability to use prescribed fire to regulate ponderosa pine 

seedling and sapling density. Overall, current prescribed fire prescriptions can be
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successful in regulating ponderosa pine seedlings, but higher fuel loads or burning when 

fuel moistures are lower will be needed to reduce high densities of saplings in Black Hills 

ponderosa pine forests.

The size distribution of ponderosa pine regeneration in fuel treatments over time 

is influenced by several factors and should be considered in the planning process. Site 

productivity and stand density can influence the rate at which a seedling or sapling 

reaches a certain size (Shepperd et al. 2006). This age-size differentiation was reflected 

in our study by the variability in tree age with seedling height and diameter, especially as 

trees reach 20 to 30 years old (Figure 3.1 and Figure 3.2). Seedling and sapling size 

distribution over time in a fuel treatment would also be influenced by the immediacy of 

regeneration establishment after treatment. Furthermore, the presence of any advance 

regeneration which was not mechanically thinned or killed in an initial prescribed fire 

would also provide for some size differentiation. These possible differences would be site 

specific and should be considered when future maintenance activities of fuel treatments 

are in the planning stage.

The temporal change in regeneration size distribution in fuel treatments will 

impact the potential for crown fire behavior and overstory mortality. With an assumption 

that regeneration establishes soon after a fuel treatment is implemented, the majority of 

regeneration within the first 10 years will be < 1 meter tall (Figure 3.1a, Figure 3.2, Table

3.3). Seedlings of this size would not likely transfer a surface fire to the overstory 

canopy during a wildfire. However, within 20 years of regeneration establishment, the 

probability of passive crown fire initiation does increase for two reasons. First, the size 

distribution of seedling regeneration can now span from <15 cm tall to 137 cm tall
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(Figure 3.1b and Figure 3.2; Table 3.3). Second, within 20 years, the seedlings that 

established immediately post-treatment have now reached diameters of 2.5 cm and are 

approximately 2 meters tall (Figure 3.1b and Figure 3.2). The presence of a continuous 

fuel strata from <15 cm to 2 meters would likely allow a surface fire to transfer into the 

crowns of the saplings and allow flames to heat the foliage of the overstory. Within 30 

years of regeneration establishment, the initial fuel treatment’s ability to reduce crown 

fire risk is diminished. Ponderosa pine regeneration size distribution could range from 

seedlings <15 cm tall to saplings that are 5 meters tall (Figure 3.1 and 3.2; Table 3.3).

This continuous fuel stratum would likely allow surface fire to transfer into the overstory 

and result in passive crown fire behavior under moderate weather conditions, but possibly 

active crown fire behavior if  windspeeds were extreme enough. As fuel treatments get 

older and are not maintained, regeneration will continuously establish until all growing 

space is occupied and eventually succumb to density-dependent mortality (Table 3.2) as 

observed in some of the older closed-canopied forests (Table 3.2). This highlights the 

necessity of mechanical and/or prescribed fire treatments to control ponderosa pine 

regeneration density in the Black Hills to reduce the risk of crown fire.

The use of prescribed fire to control ponderosa pine regeneration will require 

enough fine (<7.62 cm) fuel accumulation to carry a fire and produce intensities high 

enough to result in mortality. Although fine fuel loadings are often reduced by 50 to 70% 

(Thomas and Agee 1986, Sackett and Haase 1998, Fule et al. 2002, Fule et al. 2006) 

immediately after a prescribed fire, inputs from small tree mortality can aid in the 

recovery of these fuels. Thomas and Agee (1986) noted that within 5 to 10 years, fine 

fuels accumulated from the mortality of understory trees and recovered to 71% of the pre-
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bum levels in mixed conifer forests of Oregon. Parsons (1978) reported that fine fuels 

returned to pre-bum levels within 7 years in sequoia (Sequoiadendron giganteum [Lindl.] 

Buchh.)-mixed conifer forests, likely due to inputs from small tree mortality. In our 

study, we observed an increase in fine fuel loadings within 10 years post-fire, but stand 

structure influenced the magnitude and timing of the peak and stabilization in fuel 

loading. Within the first 10 years after fire, predicted total fine fuel loadings increased 

64% in open-canopied forests and 55% in closed-canopied forests compared to the 

baseline value observed in areas not burned for decades (Figure 3.3). However, within 25 

years post-fire, fine fuel loadings decreased in the closed-canopied forests to 

approximately pre-fire levels (Figure 3.3b), but continued to increase in the open- 

canopied forest with substantially higher fuels loads for several more decades (Figure 

3.3a). The temporal pattern in fine fuel load accumulation suggests that mortality and 

subsequent falling of the regeneration and small diameter trees occurs within a few years 

in the closed-canopied forests (Table 3.2), but is delayed for several years in open- 

canopied forests (Table 3.2). In addition, the continued increase in fine fuel loadings in 

the open-canopied forests is likely due to the initial death of lower branches from the fire 

and the gradual abscission of these branches over time. In later years, inputs from dead 

trees and branch breakage helps maintain stable fine fuels loadings for both forest 

structures (Lundquist 2007). The early differences in fine fuel accumulation rates for 

open-canopied and closed-canopied forests would result in different potential prescribed 

fire behavior over time and impact regeneration susceptibility to fire.

The success of using prescribed fire to control regeneration density in fuel 

treatments will be dependent upon the frequency of burning and overstory stand
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structure. We examined the temporal pattern of predicted flame lengths that were 

associated with fine fuel loadings (Figure 3.7) and predicted mortality of seedlings and 

saplings based on these flame lengths (Figure 3.8). Within the first 10 years, when most 

of the new regeneration is < 100 cm tall (Figure 3.1), seedlings < 90 cm tall would be 

highly susceptible to another prescribed fire in both open- and closed-canopied forests 

(Figure 3.9 a and b). Predicted flame lengths at 10 years since fire were approximately 

0.4 m (Figure 3.7) and would have resulted in torching fire behavior within the seedling 

regeneration layer with high levels of crown consumption and subsequently higher 

mortality rates (Battaglia 2007). If there were seedlings 120 cm tall present in the open- 

canopied stand, approximately 50% of them were predicted to die (Figure 3.9 a and b), 

likely due to less crown consumption (Battaglia 2007). The susceptibility of the advance 

regeneration that survived the initial treatment entry would depend on the sapling size. 

For instance, saplings up to 2.5 cm dbh would likely experience 50% mortality, but 

saplings > 2.5 cm dbh would be between 5 and 15% mortality (Figure 3.10 a and b).

If managers wait 15 years after a fuel treatment is implemented to prescribe bum 

they will need to consider the fuel dynamics within each overstory stand stmcture. In 

open-canopied forests, fine fuel loads are still accumulating (Figure 3.3a) and would 

result in taller flame lengths (Figure 3.7), but accumulation in the closed-canopied forests 

is beginning to decrease (Figure 3.3b). Both open- and closed-canopied forests would 

have seedlings that range in size from <15 cm tall to 137 cm tall and some smaller 

saplings (0.25 to 2.5 cm dbh) would be present (Figure 3.1). Prescribed fire would still 

be effective at reducing densities of seedlings in the open-canopied forest with predicted 

mortality exceeding 90% for seedlings <90 cm tall and 70% for the seedlings 120 cm tall
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(Figure 3.9a). Saplings up to 2.5 cm dbh in the open-canopied forests would also be 

susceptible to fire with approximately 50% predicted to die, but saplings > 2.5 cm would 

have only 5 and 15% mortality (Figure 3.10a). In contrast, potential for mortality in the 

closed-canopied forests after 15 years would start to decline. Although predicted 

mortality would still be >60% for the seedlings <90 cm tall, mortality would be <30% for 

seedlings >120 cm tall (Figure 3.9b) because the predicted flame lengths would not 

produce the intensity required to observe mortality (Figure 3.9b). Furthermore, 

regeneration that had reached dbh would not be susceptible to mortality by a prescribed 

fire in a closed-canopied forest (Figure 3.10b). The amount of fine fuel in the closed- 

canopied forest would not be enough to produce the intensities required to kill sapling­

sized trees under typical prescribed fire conditions.

Within 20 to 30 years after treatment, the size of ponderosa pine regeneration can 

range from seedlings <15 cm tall to saplings that are 12.7 cm dbh (Figure 3.1). Fine fuel 

loads in the closed-canopied forests are stable and predicted flame lengths are about 0.3 

m (Figure 3.7). Mortality for the sapling-sized ponderosa pine for these closed-canopied 

forests under current prescribed fire conditions is unlikely (Figure 3.10b). Seedlings <60 

cm tall would still be highly susceptible to prescribed fire, but less than 30% of seedlings 

120 cm tall would be susceptible (Figure 3.9b). Open-canopied forests continue to have 

enough fine fuel to successfully control seedling-sized ponderosa densities (Figure 3.9a), 

but saplings > 2.5 cm dbh still have predicted mortality less than 20% (Figure 3.10a). As 

treatments get older (>50 years) and fuels begin to stabilize for the open-canopied stands, 

seedlings will still be susceptible (Figure 3.10a), but saplings will not (Figure 3.10b).
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The flame lengths predicted from the BehavePlus simulations in the above 

examples does not take into account the total amount of heat produced by smoldering of 

litter, duff, or coarse woody debris. Smoldering of these fuels can damage tree roots and 

stem cambium independent of the flaming front (Hartford and Frandsen 1992) and has 

been shown to increase tree mortality (Ryan and Frandsen 1991, Swezy and Agee 1991, 

Stephens and Finney 2002). Because CWD is spatially variable in these forests, the 

effect of the combustion of these fuels would be localized. Furthermore, the total 

consumption of CWD fuels is unlikely due to the high fuel moisture (Knapp et al. 2005, 

Stephens and Moghaddas 2005) under typical prescribed fire conditions. However, if 

prescribed bums are implemented when fuel moisture of CWD is not high, the intensity 

produced by the combustion of these larger fuels could create localized mortality in 

sapling-sized trees.

The combustion of coarse woody debris during prescribed fires that were sampled 

by Battaglia (2007) is likely what contributed to the mortality of sapling-sized ponderosa 

pine trees in that study. Although the flame lengths and associated fuel loads for the 

areas surveyed were not known before the fires, average bole scorch heights on overstory 

trees were measured on each plot. These average bole scorch heights were used to 

estimate flame lengths (Cain 1984, Brown and DeByle 1987). Predicted flame lengths 

for the plots sampled in Battaglia (2007) ranged from 0.20 to 5.0 m and observed 

mortality increased with predicted flame length (Figure 3.11). No sapling mortality was 

observed at flame lengths <0.40 m, which is consistent with the findings of the current 

study. Observed mortality in saplings >2.5 cm dbh exceeded 50% when flame lengths >

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0.80 m tall (Figure 3.11), but for the >5.0 cm dbh saplings, flame lengths of 2.0 m were 

needed for any appreciable mortality (Figure 3.11).

Achieving flame lengths that will cause mortality in saplings > 2.5 cm may 

require prescribed bums to be carried out under drier conditions to allow some CWD 

consumption to contribute to fire intensity. Delayed death of pole-sized (10 to 25 cm 

dbh) trees from prescribed fire can serve as a source of future inputs of CWD for future 

prescribed fires. For instance, in the open-canopied forests, there were many snags >10 

cm dbh still standing in the open-canopied 20 to 29 year old fires (Table 3.2). These high 

numbers combined with the substantial increase in CWD loadings around 25 years 

(Figure 3.4a and 5a) suggests that fire-killed trees were still falling. CWD loadings are 

also expected to increase in the closed-canopied forests areas burned within the past 10 

years due to the high number of snags > 10 cm dbh still standing (Table 3.2). The 

contribution of fire intensity that CWD can provide should be considered when planning 

prescribed bums to maintain fuel treatments if mortality of saplings > 2.5 cm dbh is an 

objective.

An alternative to burning when fuel moistures are low enough to consume CWD 

is to increase the amount of fine fuels found on the forest floor. For example, current 

practice in the Black Hill is to whole-tree harvest. This process, which takes the entire 

tree off site and then piles the residual slash and bums it at the landing, is primarily used 

to reduce surface fuel loadings, and is very successful in reducing fire intensity.

However, if  the same area is to be prescribed burned in the future, whole-tree harvesting 

hinders the ability to effectively reduce ponderosa pine regeneration. Instead, lop and 

scattering the tops of trees would allow an increase in fine fuel loadings while keeping
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CWD fuel loadings at low levels. By leaving the tree tops as activity fuels, burning can 

still take place when CWD fuel moistures are high, but when the fine fuel moistures are 

low. Furthermore, having greater fine fuel loadings should increase the probability of 

mortality in the sapling-size classes.

Conclusions

Based on the relationships between seedling/sapling growth, fuel accumulation, 

and potential prescribed fire behavior, the use of fire to maintain low regeneration 

densities in fuel treatments will require some careful planning. Results from this study 

suggest that current prescribed fire prescriptions and fuel loads are adequate to maintain 

low densities of ponderosa pine seedlings if bums occur every 10 to 15 years. If 

managers wait longer than 15 years between bums, regeneration can attain sizes (dbh) 

that reduce its susceptibility to prescribed fire under typical operational weather 

conditions. After 20 to 25 years, ponderosa pine will require flame lengths created only 

by burning under weather conditions that increase the chance for spotting and possibly 

some overstory tree mortality. These weather conditions should be dry enough to allow 

CWD to contribute to the fire intensity. Alternatively, managers can augment sites with 

activity fuels to increase fine fuel loadings to achieve flame lengths that will increase 

sapling susceptibility to fire, but bum when CWD fuel moisture are high to limit the 

potential for spotting. While the flames might kill sapling sized trees, mature overstory 

trees would still maintain some resiliency to fire.
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Table 3.1: Prescribed fires and wildfires selected for the fuel accumulation time since fire 
(TSF) study across the Black Hills National Forest. Habitat structural stage (HSS) refers 
to stand diameter (3 = 12.7 to 22.9 cm dbh; 4 = 22.9 to 35.6 cm dbh; 5 = >35.6 inch dbh) 
and overstory canopy coverage (A=0 to 40%; B = 40 to 70%; C = >70%) as classified by 
the Black Hills National Forest (Shepperd and Battaglia 2002). Wildfires are signified by 
asterisks.

Fire TSF HSS Elevation (m) Location

Gordon 2 4A 1 5 0 0 - 1550
43°58’26”N,
103°30’36”W

Gordon 6 4A 1 6 0 0 - 1650 43°58’54”N,
103°32’00”W

Gordon 6 4A 1 7 0 0 - 1750 44°00’06”N,
103°33’39”W

Horse Creek 13 4A 1600
44°00’48”N,
103°32’30”W

Boundary* 21 4A 15 0 0 -1 5 6 0 44°26’12”N,
104°04’15”W

Vending Draw* 40 4A 1 6 0 0 - 1630 43°38’31”N,
103°40’54”W

Deadwood* 47 4A 1 4 5 0 - 1550
44°24’06”N,
103°43’31”W

McVey* 65 4A 1 6 0 0 - 1650 44°01’25”N,
103°33’02”W

Spring Creek* 80 4A 1450
44°00’09”N,
103°23’56”W

Medicine 2 4C 1900
43°55’43”N,
103°42’29”W

Medicine 4 4B 1 8 0 0 - 1950 43°55’56”N,
103°40’40”W

Gordon 7 4C 1 7 0 0 - 1750 43°59’22”N,
103°33’37”W

Horse Creek 14 3C 1 6 0 0 - 1650
44°00’58”N,
103°32’29”W

Cicero* 16 4C 1 6 5 0 - 1700 43°40’34”N,
103°31’33”W

Freeland Basin* 38 4C 1 4 5 0 - 1500
43°36’32”N,
103°40’54”W

Deadwood* 47 4B 1 4 5 0 - 1550 44023’51”N,
103°43’20”W

Big Elk* 57 4C 1450 44°15’08”N,
103°28’48”W

McVey* 67 4C 1600-1700 43°59’35”N,
103°32’46”W

Spring Creek* 80 4C 1 4 5 0 - 1500 43°59’59”N,
103°24’32”W

BHEF* 110 4C 1800 44°10’03”N,
103°38’54”W

Mt. Rushmore NM* 113 5 1 5 2 0 - 1630 43°52’53”N,
103°27’11”W

Upper Pine Creek 
NA* 118 5 1 6 6 0 - 1690 43°52’14”N,

103°30’47”W
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Table 3.2: Average (+ standard error of the mean) stand structural characteristics of 
stands measured for the fuel accumulation study after fire study across the Black Hills 
National Forest. Basal area and density area values are for live trees > 10 cm dbh. Snag 
densities are for Pinus ponderosa only and separated by size class. Snag densities were 
only measured in summer 2006 stands. N/a are for stands measured in summer 2004 and 
2005.

Time Since Fire 

(years)

Basal Area 

(m2/ha)

Trees per 

hectare

Snags ha'1 

0.25 to 10 cm

Snags ha'1 

> 10 cm

Snags ha'1 

> 25 cm

Open-canopied forests

<10 15.7 (0.9) 472 (41) n/a n/a n/a

10 to 19 10.7 (2.0) 259(64) n/a n/a n/a

20 to 29 7.7 (2)1 107 (34)1 8(8) 104 (37) 17(7)

40 to 49 13.2 (4.6) 251(63) 9(9) 19(4) 9(3)

60 to 69 19.9(1.6) 532 (98) n/a n/a n/a

80 to 89 15.6(1.3) 309 (34) 8(8) 10(10) 0

Closed-canopied forests

< 10 24.8 (2.4) 629(132) 11(7) 164 (77) 2(2)

10 to 19 28.2 (2.0) 1235 (437) 33 (26)4 13 (9)4 04

30 to 39 21.3(2.6) 504 (66) 0 49 (17) 12(5)

40 to 49 22.2(1.8) 237 (20) 17(17) 18(7) 11(4)

50 to 59 24.2 (2.1)2 994 (121 )2 132 (53) 15(10) 4(2)

60 to 69 23.7(1.7) 748 (108) 8(8) 15(9) 2(2)

80 to 89 25.4(1.4) 907(123) 91(82) 16(9) 0

110 to 119 26.0(3.1) 588 (134) n/a n/a n/a

Mature forests

110 to 119 26.4 (2.8)3 885 (335)3 254 (13i f  29(15)s 12 ( 5 f

Populus tremuloides: Basal Area 0.15 m /ha and 3 trees ha' .
2Populus tremuloides: Basal Area 2.1 m2/ha and 182 trees ha"1.
3Quercus macrocarpa: Basal Area 0.4 m2/ha and 21 trees ha"1.
4Snag densities for Cicero fire only.
5Snag densities for Mt. Rushmore National Monument only.

92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3.3: Average (+ standard error of the mean) live seedling (<137 cm tall) and 
sapling (0.25 to 10 cm dbh) ponderosa pine density (trees per hectare) for the intensively 
sampled stands measured in summer 2006 for the fuel accumulation study after fire study 
across the Black Hills National Forest.

Time Since <15 cm 15 to 76 cm 76 to 137 cm 0.25 to 2.5 2.5 to 5 cm 5 to 7.5 cm 7.5 to 10

Fire (years) height height height cm dbh dbh dbh cm dbh

Open-canopied forests

20 to 29
547 1258 765 189 99 82 49

(406) (530) (396) (90) (54) (36) (29)

40 to 49
438 1449 328 231 103 33 50

(274) (246) (55) (231) (103) (25) (50)

80 to 89 0 109 0
165 41 58 49

(109) (51) (20) (32) (24)

Closed-canopied forests

< 10 510
(510) 0 0 0 0 0

3
(3)

10 to 191 16347 13450 328 99 41 58 41
(5252) (3491) (275) (49) (33) (29) (23)

30 to 39 2078 5522 383 8 25 17 25
(565) (1678) (177) (8) (18) (11) (18)

40 to 49 984 4866 875 832 115 17 8
(544) (1815) (449) (266) (47) (17) (8)

50 to 59 0 492 930 1277 362 321 206
(338) (473) (272) (94) (78) (61)

60 to 69 0 0 0 41
(16)

8
(8)

66
(27)

49
(29)

80 to 89 0 0 55
(55)

99
(54)

198
(89)

173
(69)

74
(54)

Mature forests

110 to 1192 2653 3715 1013 1105 538 291 138
(1239) (1664) (395) (384) (187) (122) (50)

Regeneration densities for Cicero fire only.
Regeneration densities for Mt. Rushmore National Monument only.
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Table 3.4: Average (+ standard error of the mean) forest floor depth and mass for the fuel 
accumulation study after fire study across the Black Hills National Forest.

Time Since Fire Litter depth Litter mass Duff depth Duff mass

(years) (cm) (Mg ha"1) (cm) (Mg ha"1)

Open-canopied forests

< 10 2.1 (0.1) 12.9 (0.7) 0.68 (0.1) 7.0 (1.2)

10 to 19 2.2 (0.2) 12.9 (1.4) 0.36 (0.1) 3.7 (0.9)

20 to 29 1.4 (0.4) 8.2 (2.6) 1.1 (0.2) 11.1 (1.6)

40 to 49 1.7 (0.2) 10.5(1.1) 0.41 (0.3) 4.2 (3.1)

60 to 69 2.2 (0.1) 13.3 (0.4) 0.96 (0.1) 9.9 (1.3)

80 to 89 1.7 (0.2) 10.3(1.2) 0.87 (0.1) 8.9 (1.4)

Closed-canopied forests

< 10 1.4 (0.3) 8.4 (2.0) 0.80 (0.3) 8.2 (3.0)

10 to 19 2.7 (0.3) 16.3(1.8) 0.98 (0.5) 10.1 (5.5)

30 to 39 2.5 (0.3) 15.1 (1.9) 0.73 (0.2) 7.5 (2.2)

40 to 49 2.6 (0.4) 15.7(2.1) 0.29 (0.1) 3.0 (1.7)

50 to 59 2.3 (0.4) 13.9(2.5) 1.4 (0.3) 14.8 (2.7)

60 to 69 2.2 (0.2) 13.6(1.3) 1.0 (0.2) 10.4(1.7)

80 to 89 2.4 (0.2) 14.7(1.3) 1.0 (0.2) 10.6 (2.0)

110 2.7 (0.1) 16.4 (0.9) 1.6 (0.1) 16.8(1.3)

Mature forests

110 to 119 2.6 (0.1) 16.0 (0.7) 1.7 (0.6) 17.1 (6.5)
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Table 3.5: Regression coefficients for fuel accumulation of woody debris after prescribed 
fires and wildfires for each habitat structural stage (HSS).
The model form: Fuel load (Mg h a 1) = (TSF/ X) “-1 * (e'TSF/ x)l X + b*TSFc.

Fuel type HSS X a b c r SE

Fine (<7.62 cm) 

Woody Debris
4A 4.068 5.276 3.762 -0.0015 0.93 1.41

(Mg ha'1)
4C 1.798 3.999 3.999 0.0087 0.41 1.09

Sound Coarse

(>7.62 cm) 4A n/a n/a n/a n/a NS n/a

Woody Debris

(Mg ha'1) 4C n/a n/a n/a n/a NS n/a

Rotten Coarse

(>7.62 cm) 4A 4.680 4.824 -3.65E+22 -32.525 0.91 0.65

Woody Debris

(Mg ha'1) 4C 8.414 5.580 -1.171 -518.9 0.45 3.35

Total Woody 4A 5.244 4.564 2.340 0.0621 0.88 0.46

Debris (Mg ha'1)

4C 11.923 4.378 2.973 0.0796 0.78 0.16
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Figure captions

Figure 3.1: Age distribution of ponderosa pine seedling (a) and sapling (b) sampled in the 

interior montane region of the Black Hills National Forest. Each shaded box covers the 

25 th to 75 th percentile of the distribution; dotted line is the mean and the solid line 

represents the median. Whiskers denote the 10th and 90th percentiles. Dots represent the 

5th and 95th percentiles.

Figure 3.2: Data and regression relationship between seedling/sapling height and age for 

Black Hills ponderosa pines less than 50 years old growing in the interior montane 

region.

Regression: Height (m) =exp( -4.2206 + 1.6727 (In age)).

Figure 3.3: Temporal dynamics of fine woody (0 to 7.62 cm diameter) fuel loadings for 

(a) 4A: open-canopied forests and (b) 4C: closed-canopied forests. Mature forests (5) 

values are presented in both graphs to serve as baselines. Values with error bars are time 

periods that had more than one stand measured and represent the standard error of the 

mean. Black lines represent the trend predicted by the statistical model (Table 3.5).

Figure 3.4: Temporal dynamics of sound woody (> 7.62 cm diameter) fuel loadings for 

(a) 4A: open-canopied forests and (b) 4C: closed-canopied forests. Mature forests (5) 

values are presented in both graphs to serve as baselines. Values with error bars are time 

periods that had more than one stand measured and represent the standard error of the 

mean.
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Figure 3.5: Temporal dynamics of rotten woody (> 7.62 cm diameter) fuel loadings for 

(a) 4A: open-canopied forests and (b) 4C: closed-canopied forests. Mature forests (5) 

values are presented in both graphs to serve as baselines. Values with error bars are time 

periods that had more than one stand measured and represent the standard error of the 

mean. Black lines represent the trend predicted by the statistical model (Table 3.5).

Figure 3.6: Temporal dynamics of total woody (0 to >7.62 cm diameter) fuel loadings for 

(a) 4A: open-canopied forests and (b) 4C: closed-canopied forests. Mature forests (5) 

values are presented in both graphs to serve as baselines. Values with error bars are time 

periods that had more than one stand measured and represent the standard error of the 

mean. Black lines represent the trend predicted by the statistical model (Table 3.5).

Figure 3.7: Temporal dynamics of surface fire flame lengths under typical prescribed fire 

weather conditions for open-canopied (solid line) forests and closed-canopied (dashed 

line) forests based on predicted fine fuel loadings and BehavePlus simulations. Dead fuel 

moistures were 7% for 1-h, 8% for 10-h, and 11% for 100-h. Midflame windspeed was 

set at 5 km/hr and slope was set at 15%.

Figure 3.8: Probability of mortality of ponderosa pine seedlings as predicted by logistic 

regressions developed from prescribed bums on the Black Hills National Forest 

(Battaglia 2007). The seedling model was based on observed flame lengths and 

associated mortality.
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Figure 3.9: Temporal dynamics of the predicted %mortality of ponderosa pine seedlings 

for (a) open-canopied and (b) closed-canopied forests based on predicted flame lengths 

associated with fine fuel loading accumulation.

Figure 3.10: Temporal dynamics of the predicted %mortality of ponderosa pine saplings 

for (a) open-canopied and (b) closed-canopied forests based on predicted flame lengths 

associated with fine fuel loading accumulation.

Figure 3.11: Observed mortality of ponderosa pine saplings across several prescribed 

fires with the Black Hills of South Dakota (Battaglia 2007). Flame lengths were predicted 

from average bole scorch heights on each plot.
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Figure 3.1: Age distribution of ponderosa pine seedling (a) and sapling (b) sampled in the 
interior montane region of the Black Hills National Forest. Each shaded box covers the 
25th to 75th percentile of the distribution; dotted line is the mean and the solid line 
represents the median. Whiskers denote the 10th and 90th percentiles. Dots represent the 
5th and 95th percentiles.
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Figure 3.2: Data and regression relationship between seedling/sapling height and age for 
Black Hills ponderosa pines less than 50 years old growing in the interior montane 
region.
Regression: Height (m) =exp( -4.2206 + 1.6727 (In age)).
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Figure 3.3: Temporal dynamics of fine woody (0 to 7.62 cm diameter) fuel loadings for 
(a) 4A: open-canopied forests and (b) 4C: closed-canopied forests. Mature forests (5) 
values are presented in both graphs to serve as baselines. Values with error bars are time 
periods that had more than one stand measured and represent the standard error of the 
mean. Black lines represent the trend predicted by the statistical model (Table 3.5).
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Figure 3.4: Temporal dynamics of sound woody (> 7.62 cm diameter) fuel loadings for 
(a) 4A: open-canopied forests and (b) 4C: closed-canopied forests. Mature forests (5) 
values are presented in both graphs to serve as baselines. Values with error bars are time 
periods that had more than one stand measured and represent the standard error of the 
mean.
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Figure 3.5: Temporal dynamics of rotten woody (> 7.62 cm diameter) fuel loadings for 
(a) 4A: open-canopied forests and (b) 4C: closed-canopied forests. Mature forests (5) 
values are presented in both graphs to serve as baselines. Values with error bars are time 
periods that had more than one stand measured and represent the standard error of the 
mean. Black lines represent the trend predicted by the statistical model (Table 3.5).
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Figure 3.6: Temporal dynamics of total woody (0 to >7.62 cm diameter) fuel loadings for 
(a) 4A: open-canopied forests and (b) 4C: closed-canopied forests. Mature forests (5) 
values are presented in both graphs to serve as baselines. Values with error bars are time 
periods that had more than one stand measured and represent the standard error of the 
mean. Black lines represent the trend predicted by the statistical model (Table 3.5).

104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0.7
Open
Closed0.6

0.5
'S
g) 0.4
o
^  03<D
B
£  0.2
[Jh

0.0
0 10 20 30 40 50 60 70 80 90 100

Time Since Fire (years)

Figure 3.7: Temporal dynamics of surface fire flame lengths under typical prescribed fire 
weather conditions for open-canopied (solid line) forests and closed-canopied (dashed 
line) forests based on predicted fine fuel loadings and BehavePlus simulations. Dead fuel 
moistures were 7% for 1-h, 8% for 10-h, and 11% for 100-h. Midflame windspeed was 
set at 5 km/hr and slope was set at 15%.
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Figure 3.8: Probability of mortality of ponderosa pine seedlings as predicted by logistic 
regressions developed from prescribed bums on the Black Hills National Forest 
(Battaglia 2007). The seedling model was based on observed flame lengths and 
associated observed mortality.
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Figure 3.9: Temporal dynamics of the predicted %mortality of ponderosa pine seedlings 
for (a) open-canopied and (b) closed-canopied forests based on predicted flame lengths 
associated with fine fuel loading accumulation.
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Figure 3.10: Temporal dynamics of the predicted %mortality of ponderosa pine saplings 
for (a) open-canopied and (b) closed-canopied forests based on predicted flame lengths 
associated with fine fuel loading accumulation.
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Figure 3.11: Observed mortality of ponderosa pine saplings across several prescribed 
fires with the Black Hills of South Dakota (Battaglia 2007). Flame lengths were predicted 
from average bole scorch heights on each plot.
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CHAPTER 4: POTENTIAL FIRE BEHAVIOR IN EARLY SETTLEMENT 

BLACK HILLS PONDEROSA PINE FORESTS: IMPLICATIONS FOR FUEL

TREATMENT DEVELOPMENT

Abstract

Restoration of pre-EuroAmerican (historical) settlement ponderosa pine (Pinus 

ponderosa Dougl. ex Laws.) forest structure is often suggested as a way to reduce the risk 

of crown fire. Historical ponderosa pine forests of the montane Black Hills were a 

mosaic of multi-cohort patches of various densities and structure types. Restoration of 

these forest structures may be in conflict with the fuel treatment objective of lower crown 

fire risk. In an effort to develop fuel treatments with elements of historical forest 

structure, we modeled the potential fire behavior of dendrochronological reconstructed 

historical Black Hills ponderosa pine forest structures under various weather conditions 

and fire return intervals. Our simulations indicated that historical forest structures of the 

Black Hills were capable of supporting surface fire, passive crown fire, and active crown 

fire, but passive crown fire was most likely the dominant fire behavior type. Weather 

conditions associated with fire behavior determined the size of trees that were likely to be 

killed and the structural and spatial characteristics of resulting forests. Our results 

substantiate several lines of evidence which suggest that the historical Black Hills 

landscape was shaped by a mixed-severity fire regime which created a landscape mosaic 

of multi-cohort patches o f various densities and structure types. Based on our 

simulations of potential fire behavior in historical Black Hills ponderosa pine forests,
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ecological restoration of historical forest structure will not always be compatible with 

fuel reduction treatment goals. However, there were some historical stand structures that, 

when burned under extreme weather conditions, had low active crown fire risk, moderate 

tree mortality, and short flame lengths. These structures could serve as guidelines for 

fuels reduction treatments if the incorporation of historical forest structures into fuel 

reduction treatments is a management objective.

Introduction

Recent large-scale wildfires in western ponderosa pine forests has increased 

efforts to restore pre-EuroAmerican (historical) ponderosa pine Pinus ponderosa var. 

scopulorum Dougl. ex Laws.) forest structure with the goal of reducing the risk of crown 

fire. Such treatments have often been modeled after ponderosa pine forests of the 

southwest which burned with low-severity surface fires every 3 to 12 years and resulted 

in open, park-like forests (White 1985, Fule et al. 1997, Covington and Moore 1994, 

Covington et al. 1997, Mast et al. 1999, Fule et al. 2004). However, ponderosa pine 

forests of the Black Hills of South Dakota burned less frequently, every 10 to 35 years 

(Brown and Sieg 1996, 1999, Brown et al. 2000, Brown 2003, Wienk et al. 2004). These 

fires are hypothesized to have consisted of surface, passive crown fire, and active crown 

fire (Shinnemann and Baker 1997, Ehle and Baker 2003, Brown 2003, Lentile et al.

2005, Brown and Cook 2006, Baker et al. 2007). The combination of longer fire intervals 

and mixed fire behavior resulted in a landscape that was a mosaic of multi-cohort patches 

of various densities and structure types (Brown and Cook 2006). Therefore, restoration 

of some historical Black Hills forest structures may be in conflict with the fuel treatment 

objective of lower crown fire risk if these forest structures promoted crown fires. In this

112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



paper, we examine the potential fire behavior of historical Black Hills ponderosa pine 

forests. Specifically, we explore the role of fire frequency intervals, weather, and fire 

behavior had on the trajectory of forest demography and structure. We then identify 

historical stand characteristics that could be restored while maintaining the low crown 

fire risk desired by managers to be incorporated into fuel treatment prescriptions for 

Black Hills ponderosa pine forests.

Historical descriptions (Ludlow 1875, Newton and Jenney 1880, Graves 1899, 

Dodge 1965), photographs (Graves 1899, Progulske, 1974, Grafe and Horsted 2002), and 

dendrochronological reconstructions (McAdams 1995, Brown and Cook 2006) of the 

Black Hills landscape provide some evidence that the Black Hills was subject to a mixed- 

severity fire regime. Mixed-severity fire regimes result in landscapes that have a complex 

matrix of patches on the landscape that include unbumed patches, patches of low 

intensity surface fires, moderate severity patches which burned as surface and passive 

crown fires killing 1/3 to 2/3 of the vegetation, and high severity patches where most of 

the vegetation is killed (Agee 2005). Historical descriptions of post-fire areas on the 

Black Hills landscape ranged from large percentages of old trees injured at the base by 

fire to large tracts of timber destroyed (Ludlow 1875, Newton and Jenney 1880, Graves 

1899, Dodge 1965). Damage by fires included a full range of severity; total mortality, 

mortality limited to the small second growth, or little injury (Graves 1899). Graves 

(1899) often commented that forest continuity was broken by fire and the blanks were 

filled with young growth or that forests were interrupted by open parks and burnt tracks. 

Photographs in the 1890’s USGS survey report show multi-storied forests, forests with 

heavy surface fuels, dense sapling regeneration, and second growth even-aged forests
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(Graves 1899). Dendrochronological reconstructions suggest a diverse landscape mosaic 

of non-forested patches and open stands of few large trees to quite dense stands with 

many similar-sized and -aged trees (Brown and Cook 2006). Across the landscape, a 

fine-scale mosaic of dense and open forests within 100 m of each other (Brown and Cook 

2006) was imbedded within a coarse-scale mosaic of forests varying in age, density, and 

structure. This mosaic of forest structures and openings is consistent with a landscape 

that developed under a mixed-fire severity fire regime.

The potential for dense, multi-cohort forest structures to have developed in 

historical Black Hills ponderosa forests is in part due to the prolific ponderosa pine 

regeneration under a range of climatic conditions and post-fire environments. The 

favorable average growing season climate in the Black Hills (Shepperd and Battaglia 

2002) often allows up to several thousand ponderosa pine seedlings per hectare to 

establish (Graves 1899, Lentile 2004, Bonnet et al. 2005, Battaglia 2007, Keyser 2007). 

Pulses of copious tree recruitment during pluvial periods also contributed to dense, multi­

cohort forest structure (Brown 2006). Even under droughty conditions, regeneration rates 

within the 2000 Jasper fire perimeter ranged from 376 to 506 seedlings ha'1 in unbumed 

areas (Lentile 2004, Bonnet et al. 2005) and 660 to 1125 seedlings ha'1 in burned areas 

near unbumed edges (Lentile 2004, Bonnet et al. 2005). The successful and continuous 

recruitment of regeneration under various climatic conditions in conjunction with the 10- 

35 year fire return interval allowed time for ponderosa pine to reach sizes and densities 

that may have contributed to passive and/or active crown fire behavior.

Fuel reduction treatments are designed to decrease potential flame lengths, reduce 

potential crown fire initiation (passive crown fire) and spread (active crown fire), reduce
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landscape level fire severity, and increase the safety of suppression personnel during a 

wildfire (Finney 2001, Agee and Skinner 2005). Many studies have demonstrated that 

fuel reduction treatments are effective at reducing fire behavior and severity during a 

wildfire (Pollet and Omi 2002, Wilmes et al. 2002, Finney et al. 2005, Raymond and 

Peterson 2005, Cram et al. 2006, Moghaddas 2006), although small acreage (less than 

100 ha) or old (>10 to 15 years) fuel treatments may be ineffective under very extreme 

weather conditions (Finney et al. 2003). The goals of fuels reduction treatments are often 

achieved by reducing surface fuel loadings, increasing canopy base height, and reducing 

canopy bulk density (Agee and Skinner 2005, Cram et al. 2006). In some ponderosa pine 

ecosystems, the structural outcomes of fire hazard reduction and ecological restoration 

treatments may correspond, while in others they may be incompatible (Veblen 2003, 

Schoennagel et al. 2004, Platt et al. 2006).

Restoration of historical forest structure in southwest ponderosa pine ecosystems 

has been demonstrated to be compatible with achieving fuel reduction treatment goals. In 

this low-intensity, surface fire dominated ecosystem, ecological restoration often focuses 

on recreating historical forest structure by conserving old trees, thinning dense post­

settlement trees, and reintroducing surface fire (Covington et al. 1997, Moore et al. 1999, 

Fule et al. 2001, Fule et al. 2002, Fule et al. 2006). Several studies in these ecosystems 

have demonstrated that historical forest structures do result in a reduction in passive and 

active crown fire potential (Fule et al. 2001, Fule et al. 2002, Fule et al. 2004), flame 

lengths (Fule et al. 2001, Fule et al. 2002), fire intensity (Fule et al. 2001, Fule et al. 

2002), and tree mortality (Fule et al. 2001, Fule et al. 2002).
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The appropriateness of applying the southwestern restoration model to ponderosa 

pine forests of other geographical regions has been questioned (Shinneman and Baker 

1997, Baker and Ehle 2001, Shepperd and Battaglia 2002, Brown 2003, Veblen 2003, 

Baker et al. 2006) because of the differences in fire frequency, fire behavior, and 

historical forest structure between the regions. Restoring a full suite of historical forest 

structure in Black Hills ponderosa pine may not result in reduced crown fire hazard since 

crown fires may have been a part of the historic fire regime. Instead, we propose that 

certain elements of historical forest structure that are associated with low crown fire risk 

could be implemented into fuel treatments prescriptions to reduce overall fire risk at 

landscape scales. In this paper we model potential fire behavior of historical Black Hills 

ponderosa pine forest structures under various weather conditions and fire return 

intervals. Specifically, we use this information to (i) explore how fire frequency and 

subsequent fire behavior affect stand development, and (ii) identify historical stand 

characteristics that were associated with low crown fire risk.

Methods 

Study area

The Black Hills is an isolated forested geologic uplift located in southwest South 

Dakota and northeast Wyoming that extends 200 km from north to south and 100 km 

from east to west (Shepperd and Battaglia 2002). Elevations in the Black Hills range 

from 1,000 m to 2,207 m and are approximately 300 to 1,200 m above the surrounding 

Great Plains. The increased elevation results in an orographically induced microclimate 

that increases precipitation. Precipitation and temperature patterns differ along 

elevational and latitudinal gradients. In general, northern locations and higher elevations
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receive more precipitation and are cooler than the southern and lower elevation areas 

(Driscoll et al. 2000). Annual average precipitation ranges from 41 cm in the south to 74 

cm in the north. Most of the precipitation occurs from April to August, with May and 

June receiving 33% of annual precipitation (Driscoll et al. 2000). Annual average 

temperature ranges from 2.9° to 9° C. The frequent rain showers during the early 

growing season in combination with the warm temperatures are conducive to prolific 

natural ponderosa pine regeneration (Shepperd and Battaglia 2002). Ponderosa pine 

dominates 85% of the forested land base (DeBlander 2002) and is found at all elevations, 

soil types, and aspects. It can be found mixed with white spruce (Picea glauca [Moench] 

Voss) and aspen (Populus tremuloides Michx.) in the moister, higher elevations. 

Historical forest structure data: Trees > 10 cm dbh in 1900

The reconstructed pre-EuroAmerican settlement forest structure data was obtained 

from Brown and Cook (2006). A detailed description of the field collection and 

laboratory analysis is reported in Brown and Cook (2006). The reconstructed data was 

collected from 112 randomly chosen plots across the range of precipitation gradients in 

current Black Hills forest structure. At each plot, the n-tree distance sampling method 

(Jonsson et al. 1992, Lessard et al. 2002) was used to collect data on the nearest 30 pre­

settlement trees to plot center. Remnant and living trees were classified as pre-settlement 

trees if they were not “blackjacks” or were at least 30 cm dbh (diameter breast height). 

Blackjack trees are typically young trees with dark bark. In the Black Hills, it has been 

observed to take about 75 to 100 years for ponderosa pine bark to change from a dark to 

buff or orange color (Brown and Cook 2006). Living tree diameters were measured at 10 

cm (diameter at sample height: dsh) and at dbh. On remnant trees, diameters were only
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measured at the 10 cm height and were supplemented with decay status (presence of 

bark, heartwood, and sapwood). Historical dbh ca. 1900 for individual living and remnant 

trees was determined using a regression equation based on the relationship of dbh to dsh 

in living trees (Brown and Cook 2006; dbh = dsh * 0.8645 (n=567; r2=0.95). Historical 

dbh ca. 1900 for stumps measured in the plots were calculated based on the state of decay 

and assumed time of harvest. Based on cross-dated stump data (Brown 2003), it was 

assumed that stumps with only heartwood present were living around 1900. For these 

stumps, a conversion was applied based on the ratio of heartwood diameter to total tree 

dbh in living trees (Brown and Cook 2006). For stumps missing bark, it was assumed that 

the trees were harvested within the past few decades. Dbh was estimated as the sapwood 

diameter + (sapwood diameter * 0.1 for estimated bark width). The dbh in 1900 was then 

calculated using the conversion regression.

Tree density by diameter size class (5 cm intervals) for each plot ca. 1900 was 

then calculated. At each plot, the radius was calculated as the distance from plot center to 

center of the farthest tree measured. Plot area was determined as a circular plot of the 

calculated radius with a bias correction (Moore 1954, Lessard et al. 2002, Lynch and 

Wittwer 2003). Slope corrections were applied to plots with over 10% slope (-60% of all 

plots) to account for variation in tree basal areas with increasing slopes. The maximum 

plot size was 0.5 ha, but most plots were about 0.25 ha (Brown and Cook 2006). 

Historical forest structure data: Trees < 10 cm in 1900

Precise measurement of sapling-sized trees (0 to 10 cm dbh) ca. 1900 was 

difficult to reconstruct since any mortality of those trees would likely not be in the 

remnant record (i.e. decomposition) or could have been misidentified as blackjacks and
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not measured. Seedling/sapling density ca. 1900 was estimated based on current 

seedling/sapling density-stand basal area relationships developed from Rocky Mountain 

FSVEG 2005 data for ponderosa pine forests of the Black Hills. FSVEG provides stand 

inventory information which includes stand density by diameter class, topographic 

features, stand productivity, and other useful data for each stand in a region. For each 

stand basal area, the median seedling density (<2.54 cm dbh) was calculated. Only 

stands (n=5,570) that were ground surveyed and had more than 5 plots representing a 

basal area were used to determine the relationship.

Using the stand basal area to median seedling/sapling density relationship 

seedling/sapling density ca. 1900 was estimated for three fire return interval scenarios 

(10-yr, 20-yr, and 30-yr). First the basal area of each stand in 1890 (10-yr fire interval), 

1880 (20-yr fire interval), and 1870 (30-yr fire interval) was estimated. To do this, forest 

growth was simulated for each stand reconstruction 30 years into the future (1900 to 

1930) using the Forest Vegetation Simulator (FVS), Central Rockies variant (Van Dyck 

2000). FVS is an individual-tree, distance-independent, empirically based model of forest 

growth and yield. For each stand, a regression analysis was performed to determine the 

relationship between basal area and year. With this relationship the basal area in 1890, 

1880, and 1870 was estimated. Based on the predicted basal area for these years, the 

seedling/sapling density-stand basal area relationship was used to estimate the seedling 

regeneration for 1890, 1880, and 1870. Once the seedling regeneration density was 

determined for those years, the amount of seedling/sapling regeneration that would have 

been present in the historical 1900 forest understory based on the fire return interval 

scenarios was calculated. For example, in the 10-yr fire return interval scenario, the
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predicted stand basal area in 1890 was used to predict the seedling density that would 

have accumulated from 1890 to 1900 and be present in 1900. For a 30-yr fire return 

interval, regeneration density for 1870,1880, and 1890 was calculated and summed to 

predict the seedling density that would have been present in 1900.

Once seedling density for each stand and fire return interval scenario was 

determined, seedling/sapling dbh and height distribution was estimated. FVS was used to 

grow four regeneration density scenarios (202.5,243, 283, and 324 seedlings per hectare) 

with the average site index (19 m) of the historical reconstructed stands. Each scenario 

was simulated for 10, 20, and 30 years and the distribution of dbh and height for each 

regeneration density and time interval was examined. Regeneration density was not a 

factor in determining the proportion of seedling/saplings within a dbh or height class 

within a time interval; however, time interval was an important factor. The proportions 

for each time interval were assigned to the seedling density values within each fire return 

interval scenario to give an estimate of seedling/sapling dbh and height size ca. 1900. 

FVS model runs: Stand development, fire behavior, and fire effects

The FVS Central Rockies variant was used to simulate stand development (Van 

Dyck 2000) for 100 years for the different fire return interval (10, 20, and 30 years) and 

weather (80th, 90th, and 97th) scenarios.

The fire and fuels extension (FFE) to FVS was used to calculate crown fuel loads. 

FFE-FVS calculates canopy bulk density (CBD) and canopy base height (CBH), 

parameters important for modeling crown fire behavior. CBD of a stand is calculated as 

the maximum 4.5 m deep running mean of CBD for layers 0.3 m thick. This method is 

thought to be more realistic than assuming a uniform vertical distribution of canopy fuel
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(Scott and Reinhardt 2001). CBH is calculated based on the lowest height above which a 

minimum of 0.011 kg m' of available canopy fuel is present (Scott and Reinhardt 2001).

FFE-FVS selects fire behavior fuel models (Albini 1976, Anderson 1982) using a 

logic-based decision process which is based on the accumulation of woody fuels over 

time (Reinhardt and Crookston 2003). Instead of allowing FFE-FVS to choose the fuel 

model in 1900, initial fuel models were selected based on time since fire and stand 

development. We assumed a fuel model 2 (Anderson 1982) for the 10-year fire return 

interval scenario because fine herbaceous fuels would be the primary fire carrier due to 

the length of time it would take in the Black Hills to accumulate enough needle biomass 

to change the primary fire carrier (Battaglia 2007). For the 20-year fire return interval we 

assumed a fuel model 5 (Anderson 1982) because the ponderosa pine regeneration 

density in the understory would be similar to the fire behavior associated with shrub fuel 

complexes (Battaglia 2007). For the 30-year fire return interval, we assumed a fuel 

model 9 (Anderson 1982) because enough of the long needles from the ponderosa pine 

overstory and saplings would have accumulated to serve as the primary fire carrier 

(Battaglia 2007). Fire behavior fuel models after the initial decade was chosen by FFE- 

FVS because we could not anticipate the amount of fuel accumulation after fire-induced 

tree mortality.

For each scenario, seedling establishment was added at the beginning of each 

decade based on the seedling/sapling density-stand basal area relationship discussed 

earlier. SDImax, a FVS keyword that specifies the maximum stand density index 

important for determining stand mortality, was set at 1112 [metric units]. Density-related
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mortality was set to begin at 55% SDI and maximum density was set at 80% SDI. In 

addition, a stagnation effect was implemented when SDI > 70% of maximum SDI.

FireFamily Plus, a statistical software program that imports weather data and 

allows analysis of fire-related variables (Bradshaw and Brittain 1999), was used to 

construct three fire weather scenarios. Weather data (1966 to 2004) was obtained from 

the Custer, SD weather station to determine the 80th (moderate), 90th (high), and 97th 

(extreme) percentile weather conditions for July 1 through September 30 (Table 4.1), the 

historical fire season (Brown and Sieg 1996, 1999, Brown 2003). Wind speeds provided 

by the weather databases are based on a single daily windspeed observation and are often 

a 10-minute average. Since wind speeds much higher can occur at the station during 

other times of the day, Scott (2003) suggests that a value that represents the near 

maximum 1-minute average windspeed or a value based on expert knowledge should be 

used. A wind conversion chart developed by the National Oceanic and Atmospheric 

Administration (NOAA) was used to convert the 10-minute average windspeed to the 

probable maximum 1-minute windspeed.

Wildfire and its effects in each stand were simulated for each fire return interval 

and weather scenario (80th, 90th, and 97th) using the SIMFIRE keyword (Reinhardt and 

Crookston 2003). Wildfires were assumed to only bum 75% of the stand area because 

historical fires probably burned patchy due to local environmental and topographic 

variability. For the 10-yr fire return interval, a wildfire was simulated every decade at the 

beginning of each simulation cycle. For the 20-yr fire return interval, a wildfire was 

simulated every 20 years. For the 30-yr fire return interval, a wildfire was simulated 

every 30 years. FFE-FVS uses equations from FOFEM to predict tree mortality
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(Reinhardt et al. 1997). FFE-FVS predicted flame lengths and scorch heights based on 

Rothermel’s fire behavior model (Rothermel 1972, Andrews 1986). Fire behavior during 

the simulated wildfires was predicted using equations developed by Rothermel (1972), 

Van Wagner (1977), and Scott and Reinhardt (2001). Potential fire behavior (keyword: 

POTFIRE) was also assessed for each stand within each of the scenarios by decade.

Potential fire behavior, crowning index, and flame lengths were also predicted for

tPieach stand by decade under 97 percentile weather conditions. The crowning index is the 

6.1 m windspeed required to sustain an active crown fire (Scott and Reinhardt 2001). 

Statistical analysis

Potential fire behavior for the 100 year simulation was assessed for each fire 

return interval and weather scenario. For each decade, FFE-FVS provides an estimate for 

the potential fire behavior type (surface, passive crown fire, or active crown fire) that 

occurred for a simulated fire or potential fire. Proc FREQ (SAS Institute 2001) was used 

to determine the percentage of fire type for each decade within each scenario. The 

average flame length, average scorch height, and average CBH was calculated for each 

scenario by fire behavior type for the last 60 years of the simulation.

Mortality associated with fire behavior type was assessed for the last 60 years of 

the simulation. For each stand in a scenario, the average mortality of each dbh size class 

by fire behavior type was calculated. Mortality data was arcsin square-root transformed 

for statistical analysis. We used t-tests for normally distributed data or Wilcoxon rank 

sum tests for nonnormal data to determine if  there were significant differences (a-0.05) 

in mortality of each dbh size class between fire behavior types for each scenario.
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To assess stand structure sustainability, we calculated the relative density and the 

quadratic mean diameter of trees > 13 cm dbh for each scenario. We chose to limit our 

analysis to trees > 13 cm dbh because the accuracy of the initial dendrochronological 

reconstruction data for trees < 13 cm dbh was unknown. The difference in relative 

density and quadratic mean diameter of trees > 13 cm dbh at the beginning of the 

simulation and the average relative density and quadratic mean diameter of trees > 13 cm 

dbh for the last 60 years was calculated for each stand in each scenario. Proc FREQ 

(SAS Institute 2001) was used to examine the distribution of average relative density and 

quadratic mean diameter of trees > 13 cm dbh for the last 60 years of each scenario.

• fhActive crown fire risk under 97 percentile weather conditions was assessed for 

each fire return interval and weather scenario for the last 60 years of each simulation.

The crowning index was averaged for each stand over the 60-year period within a 

scenario. Stands with a crowning index > 80.5 km h"1 were classified as low risk, 

moderate risk from 40.2 to 80.5 km h '1, and high risk = < 40.2 km h '1 (Fiedler et al.

2004). Proc FREQ (SAS Institute 2001) was used to determine the percentage of each 

risk category for each scenario. Averages for potential flame length, percentage basal 

area mortality, and total volume mortality for fires burning under 97th percentile weather 

conditions was also calculated for each scenario.

We used R (version 2.4.0) to perform a non-parametric classification and 

regression tree (CART) technique (Jain and Graham 2004, Lentile et al. 2006a) to 

explore relationships between historical stand structure attributes and potential for active 

crown fire behavior under 97th percentile weather conditions. CART does not require 

normally distributed data and is useful for non-linear response data (Breiman et al. 1984).
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CART detects interactions, identifies thresholds, and maximizes homogeneity within a 

classification. We used CART to produce a decision tree where each branch is split into 

mutually exclusive subsets based on a decision rule to generate predictions of low, 

moderate, or high risk for active crown fire based on the dependent variables. Forest 

structure characteristics at the top of the classification tree indicate a stronger relationship 

to active crown fire risk type than characteristics at the bottom of the tree.

Results

Potential fire behavior

Potential fire behavior was simulated for a 100 year period, but we limited our 

estimates of fire behavior and effects after the FVS model equilibrated (the last 60 years 

of the simulations). The potential fire behavior of historical ponderosa pine forests 

consisted of surface and passive crown fire (Figure 4.1). The predominance of fire 

behavior type was dictated by fire return interval and weather conditions.

Fire behavior in stands that developed under a 10-year fire return interval was

t l iresponsive to weather conditions. Under 80 percentile weather conditions, surface fire 

occurred in 40% of stands and passive crown fire occurred in 60% of stands (Figure 

4.1a). Average flame lengths for surface fires were 1.05 m and 1.14 m for passive crown 

fires (Table 4.2). Passive crown fire increased to 76% of stands under 90th percentile 

weather conditions (Figure 4.1b) and to 92% under 97th percentile weather conditions 

(Figure 4.1c). Under 90th percentile weather conditions, average flame lengths for surface 

fires were 1.59 m and 1.96 m for passive crown fires (Table 4.2). Average flame lengths 

increased to 2.33 m for surface fires and 3.20 m for passive crown fires under 97th 

percentile weather conditions (Table 4.2).
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Fire behavior in stands that developed under a 20-year fire return interval was 

dominated by passive crown fire for all three weather scenarios (Figure 4.Id, e, and f). 

Under 80th percentile weather conditions, 85% of stands experienced passive crown fire 

(Figure 4.1d). Average flame lengths for surface fires were 0.77 m and 1.02 m for passive 

crown fires under 80th percentile weather conditions (Table 4.2). Passive crown fire

fhoccurrence increased to 98% under 90 percentile weather conditions (Figure 4. le) and 

100% under 97 percentile weather conditions (Figure 4.If). Average flame lengths were

tPi th2.04 m for 90 percentile weather conditions and increased to 5.06 m under 97 

percentile weather conditions (Table 4.2).

Stands that developed under a 30-year fire return interval experienced surface fire 

and passive crown fire (Figure 4.1g, h, and i). Surface fire occurred 30% and passive 

crown fire occurred 70% (Figure 4.1g) under 80th percentile weather conditions. Average 

flame lengths were 0.68 m during a surface fire and 1.03 m during a passive crown fire 

(Table 4.2). Under more extreme weather conditions, passive crown fire was common 

(Figure 4.1h and i). Under 90th percentile weather conditions, passive crown fire 

occurred over 91% of the time (Figure 4.1h). Average flame lengths during a surface fire 

were 0.69 m and 2.06 m during a passive crown fire (Table 4.2). Passive crown fire 

occurred 99% of the time under 97th percentile weather conditions (Figure 4. li) with 

average flame lengths of 6.3 m (Table 4.2).

The risk for active crown fire in historical Black Hills ponderosa pine forests 

varied among the three fire return interval scenarios (Figure 4.2). Stands that developed 

under a 10-year fire return interval were the least likely to sustain an active crown (Figure 

4.2a, b, and c). However, the risk for active crown fire in stands that developed under a
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20-year or 30-year fire return interval varied and was dependent upon weather conditions 

(Figure 4.2 d-i). The majority of stands that developed under 80th percentile weather 

conditions for the 20- or 30-year fire return interval had low active crown fire risk 

(Figure 4.2d and g), although, 20% and 40% of stands did have moderate active crown 

fire risk, respectively. Under 90th percentile weather conditions, low and moderate active 

crown fire risk was similar (Figure 4.2e and h). At 97th percentile weather conditions, the 

majority of stands were at moderate risk for active crown fire (Figure 4.2f and i), 

although 14% of stands in the 30-year fire return intervals were rated at high risk for 

active crown fire (Figure 4.2i).

Mortality associated with fire behavior:

Weather, fire behavior, and tree size all influenced fire-induced tree mortality. 

Fires caused high mortality of trees < 10 cm dbh, regardless of fire behavior or weather 

scenario (Figure 4.3). In trees > 10 cm dbh, mortality decreased with tree size, but the 

magnitude of mortality was influenced by fire behavior and weather conditions.

Mortality was generally higher in stands experiencing passive crown fire than stands 

experiencing surface crown fire across all diameter classes (Figure 4.3).

Mortality in stands experiencing surface fire decreased with tree size (Figure 4.3). 

Surface fires often killed 72 to 76% of all trees < 10 cm dbh, regardless of fire return 

interval or weather scenario. In general, surface fires killed 27 to 36% of trees 10 to 20 

cm dbh, 13% to 17% of trees 20 to 30 cm dbh, 6 to 10 % of trees 30 to 40 cm dbh, and < 

4% of trees > 40 cm dbh (Figure 4.3 a and 4.3b). Surface fire was severe to trees in 

stands with a 10-year fire return interval under 97th percentile weather conditions. In
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these stands, 91% of trees 10 to 20 cm dbh, 56% of trees 20 to 30 cm dbh, and 8 to 13% 

of trees >30 cm dbh died (Figure 4.3c).

Mortality in stands experiencing passive crown fire also decreased with tree size, 

but the mortality size threshold was influenced by fire return interval and weather 

conditions. Similar mortality (-75%) in trees < 10 cm dbh was observed for each 

weather condition and fire return interval (Figure 4.3). Under 80th percentile weather 

conditions, mortality of trees 10 to 20 cm dbh ranged between 39 to 45% but increased to 

70 to 76% under 90th and 97th percentile weather conditions (Figure 4.3). Three patterns 

emerged in tree sizes > 20 cm and < 50 cm dbh: 1) low mortality (6 to 22%) under 80th 

percentile weather conditions (Figure 4.3a, d, and g), 2) lower mortality in stands with 

10-year fire intervals versus 20- or 30-year intervals under 90th percentile weather 

conditions (Figure 4.3b versus Figure 4.3e and h), and 3) high mortality (68 to 75%) for 

trees <50 cm dbh under 97th percentile weather conditions, regardless of fire return 

interval (Figure 4.3c, f, and i). In trees >50 cm dbh, mortality was 5 to 9% for all stands 

under 80th percentile weather conditions (Figure 4.3a, d, and g) and stands with a 10-year 

fire return interval under 90th percentile weather (Figure 4.3b). Mortality in trees >50 cm 

dbh increased to 20 to 23% for stands with 20- or 30-year fire return intervals under 90th 

percentile weather conditions (Figure 4.3f and i). Under 97th percentile weather 

conditions, mortality of trees > 50cm dbh increased to 42 to 64% in the 10-year fire 

return interval stands (Figure 4.3c) and 66 to 71% in the 20- and 30-year fire return 

interval stands (Figure 4.3f and i).
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Impacts on stand structure

The frequency distribution of relative density of trees >13cm (RD>i3Cm) and 

quadratic mean diameter of trees >13cm (QMD>i3Cm) over 100 years of simulation 

revealed different patterns for each scenario (Figure 4.4 and 5; Table 4.3). Four patterns 

emerged (Table 4.3): 1) a decrease in RD>i3Cm and an increase in QMD>i3Cm; 2) a 

decrease in RD>i3Cm and a decrease in QMD>i3cm; 3) no change in RD>i3Cm and a decrease 

in QMD>i3Cm; and 4) an increase in RD>i3Cm and a decrease in QMD>i3Cm.

hi stands with a 10-year fire return interval, the majority of stands developing 

under 80th and 90th percentile weather conditions had RD>i3Cm between 0 to 20% (Figure 

4.4a and b) and QMD>i3Cm of 55 to 75 cm (Figure 4.5a and b). Average RD>i3Cm 

decreased to 9.7% and average QMD>i3Cm increased to 59.5 cm for the 80th percentile 

weather condition (Table 4.3). Average RD>i3Cm decreased to 7.9% and average 

QMD>i3Cm increased to 61.2 cm for the 90th percentile weather condition (Table 4.3). In 

contrast, the majority of stands under 97th percentile weather conditions had RD>i3Cm 0 to 

10% (Figure 4.4c). QMD>i3cm showed greater variation with some stands above 55 cm 

dbh, but the majority of stands had QMD>i3Cm between 15 and 45 cm dbh (Figure 4.5c). 

Average RD>i3Cm decreased to 2.6% and average QMD>i3Cm decreased to 35.1 cm (Table 

4.3).

For stands with a 20-year fire return interval, the distribution of RD>i3Cm and 

QMD>i3Cm shifted to the lower values as weather became more extreme (Figure 4.4 d, e, 

and f; Figure 4.5 d, e, and f). Under 80th percentile weather conditions, average RD>i3Cm 

was similar (19.1%) to initial values, but average QMD>i3CTn decreased slightly to 40.0 

cm (Table 4.3). RD>i3Cm ranged between 10 to 30% (Figure 4.4d) and QMD>i3cm ranged
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between 25 and 65 cm dbh (Figure 4.5d). Under 90th percentile weather conditions, the 

majority of stands had RD>i3Cm between 10 and 20% (Figure 4.4e) with QMD>i3Cm 

between 15 and 65 cm dbh (Figure 4.5e). Average RD>i3Cm decreased to 13.5% and 

average QMD>i3Cra decreased to 37.5 cm (Table 4.2). Under 97th percentile weather 

conditions, average RD>i3Cm decreased to 10.9% and average QMD>i3Cm decreased to 18.2 

cm (Table 4.3). The majority of stands had RD>i3Cm of 10% (Figure 4.5f) and QMD>i3Cm 

less than 25 cm dbh (Figure 4.5f).

For stands with a 30-year fire return interval, RD>i3Crn ranged between 10 and 

40% under 80th and 90th percentile weather conditions (Figure 4.4g and h), with an 

average RD>i3Cm of 31% and 25%, respectively. QMD>i3cm ranged between 15 and 65 

cm dbh, but the majority of stands had a QMD>i3cni of 25 cm dbh (Figure 4.5 g and h). 

Under 97th percentile weather conditions, RD>i3Cm ranged between 10 and 30% (Figure 

4.5i) with no change in average RD>i3Cm (Table 4.2). However, the majority of these 

stands had QMD>i3cm between 15 and 25 cm dbh, with an average QMD>i3Cm of 23.5 cm 

(Table 4.2).

Structural characteristics associated with active crown fire risk

Classification tree analysis for active crown fire risk under 97th percentile weather 

conditions indicated that stand density index (SDI), quadratic mean diameter (QMD), and 

canopy base height (CBH) were important factors in determining the potential risk of an 

active crown fire (Figure 4.6).

Stands that were associated with low active crown fire risk were: 1) closed- 

canopied forests with low densities of seedlings/saplings and moderate canopy base 

heights; 2) open- to closed-canopied forests with low densities of seedlings/saplings; and
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3) very open forests. In stands with SDI between 319.3 and 450, low active crown fire 

risk was predicted if  QMD > 6.8 cm and CBH < 7.2 m (Figure 4.6). In stands with SDI 

between 139.5 and 319.3, low active crown fire risk was predicted if  QMD > 6.5 cm 

(Figure 4.6). Low active crown fire risk was also predicted for stands with SDI < 139.5 

(Figure 4.6).

Stands that were associated with moderate active crown fire risk were: 1) dense 

forests with low densities of seedlings/saplings; 2) closed-canopied forests with low 

densities of seedlings/saplings and tall canopy base height; and 3) open- to closed- 

canopied forests with high densities of seedlings/saplings. In stands with SDI > 450 

moderate active crown fire risk was predicted if QMD > 6.8 cm (Figure 4.6). In stands 

with SDI between 319.3 and 450, moderate active crown fire risk was predicted if QMD 

> 6.8 cm and CBH > 7.2 m (Figure 4.6). In stands with SDI between 139.5 and 319.3, 

moderate active crown fire risk was predicted if  QMD < 6.5 cm (Figure 4.6).

Stands that were associated with high active crown fire risk were closed-canopied 

forests with high densities of seedlings/saplings. Stands with SDI >319.3 and QMD <

6.8 cm were at high risk of active crown fire (Figure 4.6).

Overall accuracy of active crown fire risk classification was 80%. Low and high 

risk for active crown fire was predicted with 87 -  88% accuracy. Moderate risk for 

active crown fire was classified correctly 60% of the time.

Discussion

Our simulation results of potential fire behavior of historical ponderosa pine 

forests of the Black Hills and the resulting structures are consistent with conditions 

associated with a mixed-severity fire regime (Agee 1998, Baker et al. 2007). Historical
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forest structures of the Black Hills were capable of supporting surface fire, passive crown 

fire, and active crown fire, but passive crown fire was the dominant fire behavior type. 

The historic prevalence of passive crown fire is attributed to the regeneration success of 

ponderosa pine in the Black Hills which resulted in multi-storied stands with low canopy 

base heights. Passive crown fire initiation is a function of surface fire intensity, forest 

canopy base height, and foliar moisture of tree crowns (Van Wagner 1977). Stands with 

a high density of seedlings and saplings require less surface fire intensity to ignite the 

foliage because of the shorter canopy base heights. In our simulations, stands that burned 

every 10 years under 80th and 90th percentile weather conditions killed the ponderosa pine 

regeneration before it could establish, resulting in stands with high canopy base heights 

and reduced probability of passive crown fire initiation. In contrast, stands that were 

modeled to burned every 20 or 30 years would allow time for ponderosa pine 

regeneration to reach sizes and densities that perpetuated the passive crown fire cycle. In 

some cases, the model projected passive crown fires in stands with tall canopy base 

heights. These fires occurred under model scenarios with high windspeeds and low 

foliage moistures, emphasizing the importance of considering the influence extreme 

weather conditions can have on fire behavior.

Weather conditions during a fire can also influence the severity of that fire. 

Ponderosa pine fire-induced mortality is size dependent. Greater amounts of crown 

damage are required to kill a tree as its diameter increases (Wyant et al. 1986, Ryan and 

Reinhardt 1988, Regelbrugge and Conard 1993, Stephens and Finney 2002, McHugh and 

Kolb 2003, Keyser et al. 2006, Sieg et al. 2006, Battaglia 2007). The amount of crown 

damage is, in turn, influenced by the interaction of crown base height and flame lengths.
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tinIn our simulations, flame lengths were less than 1 m in height under 80 percentile 

weather conditions for both surface and passive crown fires (Table 4.2). These resulted in 

mortality of seedlings, saplings, and some poles, but the larger diameter trees remained 

intact (Figure 4.3a, d, and g). These flames were not high enough to inflict enough crown 

damage to kill the overstory trees, as indicated by the simulated scorch heights of less 

than 6 m (Table 4.2). In contrast, under 97th percentile weather conditions, simulated 

flame lengths for passive crown fires ranged between 3.2 and 6.3 m with scorch heights 

ranging from 26.2 to 48.5 m (Table 4.2) resulting in projected high mortality across all 

diameter size classes and a loss of overstory trees (Figure 4.3c, f, and i).

Surface fires can also result in severe effects (Ryan et al. 1988, Raymond and 

Peterson 2005, Lentile et al. 2006b). In our simulations, surface fires that occurred under 

97 percentile weather conditions had flame lengths of 2.3 m and scorch heights up to 20 

m (Table 4.2), resulting in high mortality of trees <40 cm dbh (Figure 4.3c). The 

projected tree mortality in surface and passive crown fire under different weather 

conditions highlights the importance of considering both fire behavior and fire severity 

when discussing historical fire regimes.

The differences in projected mortality among different tree sizes under various 

weather and fire frequency scenarios resulted in stands with divergent development 

trajectories. In our simulations, forests that burned every 10 years under 80th and 90th 

percentile weather conditions resulted in open-canopied forests with large diameter (60 

cm dbh) trees (Table 4.3; Figure 4.4a and b; Figure 4.5a and b). Including extreme 

weather conditions in the projections resulted in meadows, patches of young dense 

saplings/poles, or savannas of very few large diameter overstory trees (Table 4.3; Figure
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4.4c; Figure 4.5c). These simulated forest structures are consistent with Graves’ 

descriptions of lower elevation ponderosa pine forests along the prairie-woodland 

ecotone (Graves 1899) which burned every 10 to 12 years (Brown and Sieg 1999, Wienk 

et al. 2004). Graves described these forests as stands with old veterans scattered among 

the younger crop (Graves 1899:116), large diameter trees mixed with second-growth 

poles (Graves 1899: 108, 116, 129), even-aged sawtimber-sized forests (Graves 1899: 

129), and forests of young, scrubby saplings about 40 to 50 years old (Graves 1899: 108).

Our simulations are also consistent with Graves’ description of historical forest 

structures that he observed in the interior portions of the Black Hills (Graves 1899). Tree 

ring evidence indicates these forests burned every 20 to 35 years (Brown and Sieg 1996, 

1999, Brown et al. 2000, Brown 2003). In our simulations, stands that burned every 20 

or 30 years resulted in multi-storied and even-aged stands, but the density and the size 

distribution of the trees were dependent upon the weather conditions and fire frequency. 

When we modeled a 20 year fire interval under 80th or 90th percentile weather conditions, 

open- to closed-canopied, multi-storied stands with tree sizes ranging from poles to large 

sawtimber resulted (Table 4.3; Figure 4.4d and e; Figure 4.5d and e). Modeling under 

extreme weather conditions produced open, even-aged pole-sized forests (Table 4.3; 

Figure 4.4f; Figure 4.5f).

Increasing the fire interval to 30 years under 80th and 90th percentile weather 

conditions resulted in closed-canopied, fully-stocked, multi-storied stands (Table 4.3; 

Figure 4.4g and h; Figure 4.5g and h). On average, these stands would have high 

densities of pole-sized trees in the midstory compared to stands that burned every 20 

years, but they would still maintain a large sawtimber overstory component. Increasing
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the fire return interval to 30 years under 97th percentile weather conditions produced 

open- to closed-canopied stands consisting of mostly pole-sized trees with scattered large 

sawtimber trees in the overstory (Table 4.3; Figure 4.4i; Figure 4.5i). Each of these 

simulated forest structures, again, is consistent with Graves’ descriptions of interior 

ponderosa pine forests of the Black Hills (Graves 1899). He described both open- 

canopied and closed-canopied multi-cohort forests. These multi-cohort forests had a 

mixture of old veterans, poles, and saplings. Some forests also contained a mixture of 

large diameter veteran trees with poles (Graves 1899: 114, 123-125, 132, 136, 141, 145) 

or saplings (105) while others had a mixture of all three size classes (Graves 1899: 105, 

109-110,130,132,135-136,141,144, 149,151,156,161-162). There were also 

descriptions of forests dominated by pole-sized trees with scattered veterans (Graves 

1899: 108, 110, 131,141, 142, 145-146,155-156) or pole-sized trees mixed with young 

trees (Graves 1899: 122). In some cases, forests were even-aged (Graves 1899: 111, 122, 

124,162).

Across the historical landscape, a fine-scale mosaic of dense and open forests 

within 100 m of each other was imbedded within a coarse-scale mosaic of forests varying 

in age, density, and structure (Brown and Cook 2006). Fires that occurred under 

moderate weather conditions contributed to the fme-scale mosaic of forest structure on 

the historical Black Hills landscape. Although superposed epoch analysis indicates that 

regional fire years between 1596 and 1900 in the Black Hills were significantly dry years 

and that non-fire years were significantly wet years (Brown 2006), detailed contemporary 

fire records from the Custer weather station indicate that lightning-ignited fires have 

occurred even under relatively wet periods. From 1970 to 2005, between 60 and 270
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fires burned annually somewhere in the Black Hills, regardless of climatic conditions. 

While the majority of these fires were relatively small in size (0.08 to 4.0 ha), the 

potential of their size to increase was overwhelmed by fire suppression activities. 

Historically, these fires would likely have burned much larger acreages over the growing 

season until a weather event, fuel availability, or topographic features limited spread. Our 

simulations suggest that under moderate weather conditions these surface and passive 

crown fires would have maintained the same heterogeneous, multi-aged forest structure 

on a stand and regional level as suggested by Brown and Cook (2006).

While passive crown fire was likely a common event in historical Black Hills 

ponderosa pine forests, our simulations showed that the potential for active crown fire 

was low to moderate (Figure 4.2). To sustain an active crown fire the wind speed must 

be great enough to push the torching flame toward an adjacent tree crown to preheat the 

foliage to the ignition point. In addition, there must be enough crown biomass (e.g. 

canopy bulk density) to transport the flame from one crown to another and sustain the 

crown fire (Van Wagner 1977). In our simulations, stands that burned every 10 years 

required sustained windspeeds that exceeded 80.5 km h '1 in order to sustain an active 

crown fire. This was due to the lack of ladder fuels and low canopy bulk density. In 

contrast, stands that burned every 20 or 30 years had a low to moderate probability of an 

active crown fire due to their greater relative density, presence of ladder fuels, and 

increased canopy bulk density. The model projected that these longer fire return interval 

stands would require sustained windspeeds of 40.2 to 80.5 km h '1 to maintain an active 

crown fire event. The rarity of having sustained winds at such high levels in the Black 

Hills combined with the fine-scale heterogeneity of forest structure would have limited
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the frequency and extent of active crown fires on the historical Black Hills landscape, but 

obviously would not have precluded them.

When extreme weather historically did coincide with fire ignition, the resulting 

fires were large in extent, interacted with the fine-scale structure mosaic, and contributed 

to the coarse-scale mosaic across the landscape. This maybe illustrated by the Jasper fire 

which burned in the Black Hills under extremely dry and windy conditions (Benson and 

Murphy 2003) resulted in a complex bum mosaic of low, moderate, and high severity 

patches on the landscape (Lentile et al. 2005, Lentile et al. 2006a). These differences in 

bum severity varied with pre-fire forest structure and slope (Lentile et al. 2006a). Stands 

with low density of large trees (average stand diameter > 24 cm dbh) on gentle slopes 

burned at low or moderate bum severity, but steeper slopes resulted in high bum severity. 

Stands with a high density of large trees or many small trees also burned at high severity 

(Lentile et al. 2006a). These differences in bum severity resulted in the coarse-scale 

mosaic of charred hillsides, open parks, broken forests, even-aged stands, old veterans 

scattered among younger trees, and multi-aged forests; structures that are consistent with 

historical descriptions by Graves (1899). It is unlikely that large stand-replacing crown 

fires were a dominant disturbance that shaped the historical Black Hills landscape. 

Instead, the Black Hills landscapes was likely governed by a mixture of frequent low to 

moderate surface and passive crown fires. This created multi-cohort ponderosa pine 

forests punctuated with infrequent moderate to high severity crown fires as suggested for 

ponderosa pine forests of the Colorado Front Range (Brown et al. 1999, Veblen et al. 

2000, Huckaby et al. 2001, Ehle and Baker 2003) and the Northern Rockies (Barrett 

1988, Amo et al. 1995, 1997, Baker et al. 2007).
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Fuel treatments

Based on our simulations of potential fire behavior in historical Black Hills 

ponderosa pine forests, ecological restoration of historical forest structure will not always 

be compatible with fuel reduction treatment goals. Fires that would occur under extreme 

weather in many of the simulated historical forest structures fires would have tall flame 

lengths (Table 4.4), high mortality (Table 4.4), and moderate to high risk of active crown 

fires (Figure 4.2). Fortunately, there were some historical stand structures with low 

active crown fire risk, moderate tree mortality, and short flame lengths under extreme 

weather conditions that could be used as a guideline for restoration/fuels reduction 

treatments.

Low active crown fire risk can be achieved in stands with RD ranging from 12.5 

to 29% if QMD >6.5 cm, otherwise risk for active crown fire increases to moderate 

(Figure 4.6). While these stands are relatively open, this result highlights the importance 

of maintaining low densities of seedling/sapling regeneration in order to maintain the 

longevity of fuel reduction treatments in the Black Hills. Low active crown fire risk can 

also be also achieved in stands with RD that is optimal for timber production (29% to 

40.5%) if QMD > 6.8 cm and average canopy base height <7.2 m (Figure 4.6). Active 

crown fire risk increases to moderate if  canopy base height > 7.2 m. This seems 

counterintuitive since having a taller canopy base height often results in lower crown fire 

initiation. However, stands with tall canopies and high tree density increases canopy 

bulk density to levels that puts the stand at risk for an active crown fire. This suggests 

that both ladder fuels and fuels within the upper canopy stratum should be considered 

when implementing a fuels reduction treatment. Finally, low active crown fire risk can be
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achieved in stands containing trees of any size when RD < 12.5% (Figure 4.6) due to low 

canopy bulk densities.

Some historical stand structures were prone to moderate to active crown fire. 

Stands currently having these structures should be treated in areas where risk of crown 

fire needs to be reduced. Our simulations suggest that in stands intended for timber 

production (RD > 29%), managers should keep QMD > 6.8 cm to avoid high risk of 

active crown fire (Figure 4.6). Closed-canopied stands with QMD < 6.8 cm have high 

densities of saplings and consequently high canopy bulk densities and low canopy base 

heights which make them conducive to active crown fire spread (Figure 4.6) and high 

severity burning (Lentile et al. 2006a). Although dense stands (RD > 40.5%) with QMD 

> 6.8 cm are at moderate risk for active crown fire (Figure 4.6), they were found to bum 

with high severity during the Jasper wildfire (Lentile et al. 2006a). This suggests that 

maintaining stands at moderate active crown fire risk does not necessarily equate to low 

fire severity. As these stands grow to sawtimber size, they are still at moderate risk of 

active crown fire due to high canopy bulk density.

Another goal of a fuels reduction treatment is to modify fire behavior enough to 

increase the effectiveness of fire suppression activities (Agee et al. 2000). In our extreme 

weather simulations, the stands structures that resulted from 20- and 30-year fire return 

intervals and 80th percentile weather conditions scenarios had predicted flame lengths 

(Table 4.4) conducive to containment with handlines and direct attack by firefighters 

(Rothermel 1983) and low active crown fire risk (Figure 4.2). Fires with flame lengths 

between 1.2 m and 2.4 m are too intense for direct attack, but bulldozers, pumpers, and 

retardant aircraft can be effective in attacking a fire (Rothermel 1983). Our simulations

139

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



indicated that stands which developed under 20- and 30-year fire return intervals and 90th 

percentile weather conditions had predicted flame lengths (Table 4.4) within the range for 

equipment to be effective and were also at low to moderate active crown fire risk (Figure 

4.2). These open- to closed-canopied, multi-storied stands (Figure 4.4 and 4.5; Table 4.3) 

were the most prevalent forest structures described by Graves (1899), suggesting that 

these forest structures were quite resilient to infrequent, extreme weather events (Holling 

1973).

Fires with flame lengths greater than 2.4 m present serious containment problems 

because of the high potential for torching, spotting, and crowning behavior (Rothermel 

1983). Stand structures similar to those that developed under our simulated 20- or 30-year 

fire return interval and 97th percentile weather conditions would have serious containment 

problems (Table 4.2) and be at moderate to high active crown fire risk (Figure 4.2) due to 

a high density of sapling and pole-sized trees (Figure 4.4 and 4.5; Table 4.3). Stands 

which developed under a 10-year fire return interval were projected to have low active 

crown fire risk (Figure 4.2) due to low canopy bulk density. These stands would also 

have serious containment problems (Table 4.4), because windspeeds would not be 

reduced in the open understory. Such stand structures could also increase the potential 

for spot fires, increase fire extent, and fire damage depending upon the spatial 

arrangement of stand structures on the landscape.

Our simulations, dendrochronological reconstructions (Brown and Cook 2006), 

and historical inventories (Graves 1899) all provide evidence that the Black Hills 

landscape was influenced by a mixed-severity fire regime and likely consisted of a 

diverse assortment of stand structures, densities, and tree sizes. Fuel reduction treatments
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and/or restoration treatments should therefore attempt to create a patchy distribution of 

diverse forest structures across the Black Hills landscape instead of implementing 

uniform targets (Stephens and Fule 2005). To be effective, these treatments should be 

larger than the stand scale, ranging in sizes of 50 to 500 ha (Agee and Skinner 2005, 

Stephens and Fule 2005). Currently, the Black Hills landscape is dominated by large 

contiguous areas of even-aged forests, with only 2% of the forest land area nonstocked 

(DeBlander 2002). Current basal areas of these forests are similar to historical basal 

areas, but average tree size has decreased substantially (Brown and Cook 2006) with the 

majority of trees < 40 cm dbh (DeBlander 2002). Trees <40 cm dbh are more susceptible 

to fire damage (Keyser et al. 2006), so retention of large diameter trees in fuel reduction 

treatments and across the landscape is encouraged (Agee and Skinner 2005) to ensure 

tree survival and to aid in the emulation of historical forest structure. We further suggest 

that the creation of large openings with mechanical treatments and/or prescribed fire is 

warranted to serve as natural fuel breaks, similar to those found on the historical 

landscape. As with any fuels reduction treatment that utilizes mechanical treatments, 

surface fuels left after harvest will need to be treated with prescribed fire or other 

measures to ensure the effectiveness of the treatment (Agee and Skinner 2005, Cram et 

al. 2006). Empirical studies are also needed to verify the effectiveness of these treatments 

in reducing fire behavior and mortality under a range of weather conditions. In addition, 

a better understanding of the spatial interaction of fuel reduction treatments is needed to 

reduce the potential for large conflagrations.
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Conclusion

Our simulations indicate that historical forest structures of the Black Hills were 

capable of supporting surface fire, passive crown fire, and active crown fire, but passive 

crown fire was most likely the dominant fire behavior type. Weather conditions 

associated with fire behavior determined the size of trees that were likely to be killed and 

the structural and spatial characteristics of resulting forests. Our projections further show 

that interactions among weather and fire behavior resulted in diverse forest structures 

across the historical landscape of the Black Hills. Our results substantiate several lines of 

evidence which suggest that the historical Black Hills landscape was shaped by a mixed- 

severity fire regime (Lentile et al. 2005, Baker et al. 2007) which created a landscape 

mosaic of multi-cohort patches of various densities and structure types (Graves 1899, 

Brown and Cook 2006). However, restoration of the full suite of historical Black Hills 

forest structures will not result in reduced crown fire risk and mortality in all cases. Our 

results do suggest that it may be possible to create fuel reduction treatments that reduce 

crown fire risk and mortality while concurrently restoring some elements of historical 

forest structure.

Criticism of fuel reduction/forest restoration treatments on public lands 

(Shinnemann and Baker 1997, Schoennagel et al. 2004, Platt et al. 2006, Baker et al. 

2007) is often fueled by the knowledge that fire behavior in some forests is not outside 

the historic range of variability. While these criticisms may have an ecological basis, 

they ignore many social and political realities including the existence of a wildland-urban 

interface, human safety, and multiple-use mandates. Although passive and active crown 

fire was a component of the historical fire regime of the Black Hills, the considerable
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amount of private land dispersed within the National Forest boundaries and the 

substantial focus on timber production in the Black Hills limits the reintroduction of 

crown fire. Instead, management activities within the wildland urban interface and other 

areas of the forest will more likely focus on fire risk reduction. However, fire risk 

reduction activities do not necessarily have to preclude ecological processes. Instead, 

elements of historical forest structure identified in this study that lowered crown fire risk 

could be incorporated into areas where resources were at highest risk. While this may not 

fully restore the ecological integrity of the system, we must be cognizant of the social and 

political issues and work with the human dimension of this problem.
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Table 4.1: Percent weather conditions for the Custer, SD weather station, 1964 to 2004 
used for wildfire simulations.

Weather parameter 80th
percentile

90th
percentile

9 7 th
percentile

1 -h fuel moisture (%) 6 . 6 5.9 4.4

1 0 -h fuel moisture (%) 8.3 7.3 5.5

1 0 0 -h fuel moisture (%) 11.4 10.3 8 . 2

Herbaceous fuel moisture (%) 72.6 62.3 47.9

Woody fuel moisture (%) 1 1 2 1 0 1 . 8 88.5

Temperature (°C) 30.0 31.1 33.3

Probable maximum 1-minute windspeed 
(km h '1)

2 1 24 30.6

159

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 4.2: Predicted average flame length (m), average scorch height (m) and associated 
average canopy base height (m) for surface and passive crown fires in historic Black Hills 
ponderosa pine stands developing with a 1 0 -yr, 2 0 -yr, and 30-yr fire return interval under 
80th, 90th, and 97th percentile weather conditions. Numbers in parentheses are + standard 
error of the mean. Predicted values represent the fire behavior and effects that occurred 
under the associated weather scenario.

80lh percentile 90111 percentile 97111 percentile

Fire
Interval
(years)

Fire
Behavior

CBH
(m)

Flame
Length
(m)

Scorch
Height
(m)

CBH
(m)

Flame
Length
(m)

Scorch
Height
(m)

CBH
(m)

Flame
Length
On)

Scorch
Height
(m)

10 Surface 8.06
(0.69)

1.05
(0.02)

4.9
(0.08)

14.7
(0.19)

1.59
(0.04)

10.8
(0.26)

16.7
(1.41)

2.33
(0.12)

20.1
(1.1)

Passive 0.94
(0.04)

1.14
(0.02)

5.4
(0.06)

1.12
(0.05)

1.96
(0.02)

13.2
(0.13)

1.19
(0.06)

3.20
(0.01)

26.2
(0.11)

20 Surface 1.40
(0.35)

0.77
(0.01)

3.8
(0.05)

n/a n/a n/a n/a n/a n/a

Passive 0.76
(0.02)

1.02
(0.02)

5.9
(0.18)

0.74
(0.02)

2.04
(0.04)

15.2
(0.34)

0.68
(0.01)

5.06
(0.01)

40.7
(0.66)

30 Surface 0.94
(0.02)

0.68
(0.01)

3.3
(0.06)

0.93
(0.02)

0.69
(0.01)

3.5
(0.11)

n/a n/a n/a

Passive 0.87
(0.01)

1.03
(0.04)

6.2
(0.33)

0.84
(0.14)

2.06
(0.07)

15.5
(0.51)

0.67
(0.01)

6.3
(0.23)

48.5
(1.6)
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Table 4.3: The average relative density and quadratic mean diameter of trees >13 cm and 
the change in these variables for historic Black Hills ponderosa pine stands burned at 
different fire return intervals (10-, 20-, and 30-year) and weather percentiles (80th, 90th, 
and 97th) over a 100 year simulation. Numbers in parentheses are + standard error of the 
mean.

80th percentile 90th percentile 97th percentile

Fire
Interval
(years)

Variable Initial
(SEM)

Average
(SEM)

Average
Change

Average
(SEM)

Average
Change

Average
(SEM)

Average
Change

10 RD
(%)

19.0
(1.2)

9.7
(0.8) -9.3 7.9

(0.9) -11.1 2.6
(0.6) -16.4

QMD
(cm)

41.8
(1.2)

59.5
(1.2) +17.7 61.2

(1.3) +19.4 35.1
(1.7) -6.7

20 RD 19.0 19.1 +0.1 13.5 -5.5 10.9 -8.1
(%) (1.2) (0.7) (0.7) (0.3)

QMD
(cm)

41.8
(1.2)

40.0
(1.3) -1.8 37.5

(1.5) -4.4 18.2
(0.2) -23.6

30 RD
(%)

19.0
(1.2)

31.0
(0.6) +12.0 25.0

(0.8) +6.0 18.9
(0.5) -0.1

QMD
(cm)

41.8
(1.2)

33.3
(1.3) -8.5 34.0

(1.3) -7.8 23.5
(0.7) -18.3
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Table 4.4: Predicted average flame lengths, percent average basal area mortality, and 
average volume (m3) mortality (+ standard error of the mean) for a fire burning under 97th 
percentile weather conditions for stands that developed under 80th, 90th, and 97th 
percentile weather conditions and 10-, 20-, and 30-year fire return intervals.

80th percentile 90“' percentile 97111 percentile

Fire
Interval
(years)

Flame
length

(m)

M ortality
BA
(%)

Mortality
Volume

(m3)

Flame
length

(m)

Mortality
BA
(%)

Mortality
Volume

(m3)

Flame
length

(m)

Mortality
BA
(%)

Mortality
Volume

(m3)

2.68 73.6 25.3 2.78 74.7 19.6 3.11 86.3 1.6
(0.04) (2.3) (1.5) (0.04) (2.3) (1.4) (0.03) (2.5) (0.2)

0.98 34.7 9.5 1.92 61.0 13.2 4.20 98.8 11.8
(0.02) (1.8) (0.3) (0.03) (2.5) (0.4) (0.06) (0.05) (0.4)

0.94 33.5 14.5 1.76 54.6 22.9 4.90 97.0 31.7
J u

(0.02) (1.2) (0.4) (0.05) (1.8) (0.5) (0.14) (0.35) (0.9)
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Figure captions

Figure 4.1: Average potential fire behavior (solid=surface fire; hatched=passive crown 

fire) for historic Black Hills ponderosa pine forest stands (n=l 12) for stands developing 

with a 10-yr, 20-yr, and 30-yr fire return interval under 80th, 90th, and 97th percentile 

weather conditions as predicted by FFE-FVS. Potential fire behavior was calculated for 

the last 60 years of the 1 0 0  year simulation.

Figure 4.2: Frequency distribution for the active crown fire risk under 97th percentile 

weather conditions for historic Black Hills ponderosa pine forests developing with a 10- 

yr, 20-yr, and 30-yr fire return interval under 80th, 90th, and 97th percentile weather 

conditions. Risk was assessed for the last 60 years of the 100-year simulation. Active 

crown fire risk was based on the Crowning Index, the 6.1 m windspeed required to 

sustain an active crown fire, for 97th percentile weather conditions. Low risk = >80.5 

km/hr, Mod risk = 40.2 to 80.5 km/hr, and High risk = < 40.2 km/hr (Fiedler et al 2004).

Figure 4.3: Potential mortality (+ standard error of the mean) by fire type (surface, 

passive, or active crown fire) of historic Black Hills ponderosa pine forests for stands 

developing with a 10-yr, 20-yr, and 30-yr fire return interval under 80th, 90th, and 97th 

percentile weather conditions as predicted by FFE-FVS. Significant differences (p<0.05) 

of mortality among dbh size class for each fire behavior type within a fire return 

interval/weather scenario are designated by an asterisk.
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Figure 4.4: Frequency distribution for the average relative density of trees>13 cm for the 

last 60 years of the 100-year simulation of historic Black Hills ponderosa pine forest 

stands (n=l 12) developing with a 10-yr, 20-yr, and 30-yr fire return interval under 80th, 

90th, and 97th percentile weather conditions.

Figure 4.5: Frequency distribution for the average quadratic mean diameter of trees>13 

cm for the last 60 years of the 100-year simulation of historic Black Hills ponderosa pine 

forest stands (n=l 1 2 ) developing with a 1 0 -yr, 2 0 -yr, and 30-yr fire return interval under 

80th, 90th, and 97th percentile weather conditions.

Figure 4.6: Classification tree for estimating risk of active crown fire based on stand 

attributes of historic Black Hills ponderosa pine forests under 97th percentile weather 

conditions. SDI is the Stand density index and is defined as the number of trees per 

hectare stands would have if the trees had an average size of 25.4 cm DBH. CBH = 

canopy base height (m), QMD = quadratic mean diameter (cm), Low = low active crown 

fire risk (>80.5 km/hr), Moderate = moderate active crown fire risk (40.2 to 80.5 km/hr), 

and High = high active crown fire risk (<40.2 km/hr). Values greater than the presented 

value classify to the right, lesser values classify to the left.
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Figure 4.1: Average potential fire behavior (solid=surface fire; hatched=passive crown 
fire) for historic Black Hills ponderosa pine forest stands (n=l 12) for stands developing 
with a 10-yr, 20-yr, and 30-yr fire return interval under 80th, 90th, and 97th percentile 
weather conditions as predicted by FFE-FVS. Potential fire behavior was calculated for 
the last 60 years of the 1 0 0  year simulation.
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Figure 4.2: Frequency distribution for the active crown fire risk under 97th percentile 
weather conditions for historic Black Hills ponderosa pine forests developing with a 10- 
yr, 20-yr, and 30-yr fire return interval under 80th, 90th, and 97th percentile weather 
conditions. Risk was assessed for the last 60 years of the 100-year simulation. Active 
crown fire risk was based on the Crowning Index, the 6.1 m windspeed required to 
sustain an active crown fire, for 97th percentile weather conditions. Low risk = >80.5 
km/hr, Mod risk = 40.2 to 80.5 km/hr, and High risk = < 40.2 km/hr (Fiedler et al 2004).
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Figure 4.3: Potential mortality (+ standard error of the mean) by fire type (surface, 
passive, or active crown fire) of historic Black Hills ponderosa pine forests for stands 
developing with a 10-yr, 20-yr, and 30-yr fire return interval under 80th, 90th, and 97th 
percentile weather conditions as predicted by FFE-FVS. Significant differences (p<0.05) 
of mortality among dbh size class for each fire behavior type within a fire return 
interval/weather scenario are designated by an asterisk.
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Figure 4.4: Frequency distribution for the average relative density of trees>13 cm for the 
last 60 years of the 100-year simulation of historic Black Hills ponderosa pine forest 
stands (n=l 1 2 ) developing with a 1 0 -yr, 2 0 -yr, and 30-yr fire return interval under 80th, 
90th, and 97th percentile weather conditions.
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Figure 4.5: Frequency distribution for the average quadratic mean diameter of trees>13 
cm for the last 60 years of the 100-year simulation of historic Black Hills ponderosa pine 
forest stands (n=l 12) developing with a 10-yr, 20-yr, and 30-yr fire return interval under 
80th, 90th, and 97th percentile weather conditions.
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Figure 4.6: Classification tree for estimating risk of active crown fire based on stand 
attributes of historic Black Hills ponderosa pine forests under 97th percentile weather 
conditions. SDI is the Stand density index and is defined as the number of trees per 
hectare stands would have if the trees had an average size of 25.4 cm DBH. CBH = 
canopy base height (m), QMD = quadratic mean diameter (cm), Low = low active crown 
fire risk (>80.5 km/hr), Moderate = moderate active crown fire risk (40.2 to 80.5 km/hr), 
and High = high active crown fire risk (<40.2 km/hr). Values greater than the presented 
value classify to the right, lesser values classify to the left.
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CHAPTER 5: CONCLUSIONS

The results of my dissertation provide a scientific basis for the development and 

maintenance of fuel-reduction treatments in ponderosa pine forests of the Black Hills.

In Chapter 2 ,1 successfully developed models that predicted seedling and sapling 

mortality based on fire related damage variables. I identified fire-related damage 

thresholds that were associated with mortality for each regeneration size class. These 

models also provide evidence that mortality of ponderosa pine seedlings and saplings is a 

result of cumulative injuries to the crown, roots, and cambium. The use of these models 

will aid managers in determining if treatment objectives were met.

Traditionally, prescribed bums are written with the premise of limiting mortality. 

However, the use of prescribed bum to maintain low densities will require managers to 

plan bums that limit survival of small trees while limiting mortality of larger trees. The 

model developed in Chapter 2 that predicts seedling mortality based on associated flame 

lengths should aid managers in the planning stages of prescribed bums. This model 

provides benchmark flame lengths that are required to increase the probability of 

mortality based on seedling height. A similar model for saplings is currently in 

development, but plots were recently burned in Fall 2006 and a growing season is needed 

to elapse before the data is ready.

In Chapter 3 ,1 used the models developed in Chapter 2 to examine the temporal 

susceptibility of ponderosa pine seedling and saplings to prescribed fire in an effort to 

maintain fuel treatments over time. Based on the relationship between seedling/sapling
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growth, fuel accumulation, and potential prescribed fire behavior, the use of fire to 

maintain low regeneration densities in fuel treatments will require some careful planning. 

This study indicated that if ponderosa pine regeneration is not controlled, the 

effectiveness of a fuel treatment is diminished within a couple of decades. As time 

elapses, the new regeneration cohort grows to sizes that require greater fire-related 

damage to cause mortality. However, the amount of fuel available to bum under typical 

prescribed fire conditions does not produce the required flame lengths to cause mortality 

in the sapling-sized ponderosa pine trees. Current prescribed fire prescriptions and fuel 

loads are adequate to maintain low densities of ponderosa pine regeneration if bums 

occur every 10 to 15 years. However, if managers wait longer than 15 years between 

bums, regeneration can attain sizes that require weather conditions that will allow coarse 

woody debris to contribute to the fire intensity. Alternatively, managers can augment 

sites with activity fuels to increase fine fuel loadings to achieve flame lengths that will 

increase sapling susceptibility to fire, but bum when coarse woody debris (CWD) fuel 

moisture are high to limit the potential for spotting. While the flames might kill sapling­

sized trees, mature overstory trees would still maintain some resiliency to fire.

Data for a study that examines the relationship between fuel loadings, fire 

behavior, and sapling mortality is pending. Unfortunately, as with most prescribed fire 

research studies, the researcher is at the mercy of the bum window. Although that study 

was installed in the summer of 2005, only one of the two blocks has been burned by the 

Fall of 2006. Data collected this summer should yield some useful information for the 

site burned in Fall of 2006. The other study site will hopefully bum in the Fall of 2007.
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In Chapter 4, the simulation results of the potential fire behavior of historical 

ponderosa pine forests of the Black Hills confirmed the importance of maintaining low 

densities of ponderosa pine regeneration. The simulations indicated that stands which 

burned every 1 0  years killed the ponderosa pine regeneration before it could establish, 

resulting in stands with high canopy base heights and reduced probability of passive 

crown fire initiation. In contrast, stands that were modeled to burned every 20 or 30 

years would allow time for ponderosa pine regeneration to reach sizes and densities that 

perpetuated the passive crown fire cycle. These results are consistent with the findings in 

Chapter 3, which shows that fuel treatment effectiveness would diminish within 20 to 30 

years if regeneration is not controlled.

Chapter 4 also addressed the issue of historical fire behavior in Black Hills 

ponderosa pine forests. The simulations substantiated several lines of evidence which 

suggest that the historical Black Hills landscape was shaped by a mixed-severity fire 

regime which created a landscape mosaic of multi-cohort patches of various densities and 

structure types. This indicates that the restoration of the full suite of historical Black Hills 

forest structures would not always result in reduced crown fire risk and mortality. With a 

classification tree analysis, I was able to identify some historical stand structure attributes 

that would be compatible with fuel-reduction treatment objectives. Again, these fuel 

treatments would need to maintain low densities of ponderosa pine regeneration to 

prevent crown fire initiation.

The overall goal of my dissertation was to provide managers with scientifically 

based information that would promote prescribed fire as a tool to maintain fuel treatments 

in Black Hills ponderosa pine forests. My conclusions suggest that ponderosa pine
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regeneration densities must be controlled to maintain fuel treatment effectiveness over 

time. Prescribed fires should occur frequently, every 10 to 15 years, in order to 

effectively reduce seedling densities. If longer intervals are used, fires will need to be 

more intense in order to reduce the densities of the sapling-sized trees. Restoration of 

some structural elements of historical forest structure is compatible with fuel treatment 

objectives, but it will still be important to control ponderosa pine regeneration.

175

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


