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ABSTRACT 

 

Grasslands and other types of grass dominant ecosystems account for the 

majority of global fire events. Under climate change towards less humid and 

extended hot and dry periods, vulnerability of grass dominated ecosystems to a fire 

is projected to increase. Fire behavior is one of the key factors for understanding fire 

patterns and effects. This small-scale grass-fire experiment sought to explain how 

fire behavior properties of two bunchgrass species respond to increase in fuel 

density and composition. Although the results confirmed that higher fuel load and 

increased percentage of cheatgrass abundance leads to the increase in total mass 

consumption, rate of consumption and flame length, the relation with the decrease 

in the burning time is less defined. The burning properties of Idaho fescue were less 

influenced by increase in cheatgrass presence. These results highlight that changing 

fire behavior due to the increase in cheatgrass abundance is species specific and that 

more research is needed to understand the dynamics of both cheatgrass and other 

invasive species on fire behavior in grass dominated ecosystems.  
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CHAPTER 1. INTRODUCTION 

 

Globally, >2.5 million km2 of savannas, pure grasslands, shrublands, and 

croplands are estimated to burn annually (1, 2). Within the United States, these 

ecosystems serve important roles in sustaining a myriad of ecosystem goods and 

services including agriculture, avian habitats, wildlife habitats, grazing of ungulates, 

in addition to products associated with the maintenance of healthy woodlands (3). In 

the western United States, these systems are increasingly vulnerable to climate 

change, with projected shifts in plant species distributions, water availability, as well 

as an increased frequency of droughts coupled with increased frequency of large and 

high intensity wildfires (3, 4). The length of the fire season is also predicted to increase 

in western North America (5-7) and decreases in snow pack persistence has increased 

the vulnerability of fuels in these ecosystems (4, 5, 8). 

The introduction or migration of invasive grass species can alter fire regimes (i.e. 

frequency, intensity, severity, extent, type, and seasonality of fire) by altering the fuel 

properties (i.e. continuity, quantity, horizontal and vertical arrangements), which 

may consequently alter the fire behavior (i.e. fire rate of spread, residence time, flame 

length, and flame depth) (1, 9-13). Historically, fire return intervals in native 

bunchgrass and sagebrush steppe communities, that represent the most common 

rangeland communities of western North America, were from 20 years to greater 

than 100 years (9, 14-17). Along with the introduction of cheatgrass (Bromus tectorum, 

hereafter BRTE), which is an annual invasive species, the mean fire return intervals 

decreased to less than 5 years (10, 11, 14, 16, 18). The impacts of BRTE infestation on 

fire regimes is similar to the influence of other invasive grass species on fire behavior 

properties (11, 12, 19). Often, invasive species accelerate fire cycles and create positive 
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grass-fire cycle feedback by increasing the quantity and horizontal continuity of fine 

fuel (9, 11, 14, 18, 20). Increased continuity of fine fuel in turn makes the native plant 

community more vulnerable to fire, due to the acceleration of fire spread following 

ignition (9, 11, 14, 15, 17, 20). It has been observed that rangelands with an increased 

amount of invasive annual species, such as BRTE, burn more readily and at increased 

fire frequency in comparison to areas containing predominately native species (9-11, 

14, 17). Consequently, it has been proposed that the main driver for variation in 

rangeland fire frequency is not fuel abundance, but rather fine fuel continuity (18, 

21). Shorter periods between two fires are beneficial for annual grasses and forbs, 

while being detrimental for native grass and shrub species, which leads to associated 

changes in ecosystem structure and function (10, 17, 22). For example, bunchgrass 

and shrub-steppe communities (e.g. dominated by Agropyron, Festuca, 

Pseudoroengeria, Hespelostipa, Poa species) are characterized by infrequent fire return 

intervals caused by slow fuel accumulation and discontinuity in between the clumps. 

Consequently, BRTE provides a higher amount of fine fuels and higher horizontal 

fuel continuity by filing the gaps between native bunchgrass species, which in turn 

changes the fire behavior and makes the plant association more fire-prone (9, 11, 19, 

20, 23). Repeated  fire occurrence in short intervals in turn acts to decrease the vigor 

of native bunchgrass and sagebrush species and may eventually lead to dominance 

of the invasive species (10, 17, 22), resulting in insufficient time for native species to 

recover (9-11, 14, 22).  

Fire behavior can be defined by numerous in-situ metrics. Common in-situ metrics 

include the rate of spread, residence time, flame length, metrics relating to the fire 

intensity, and flame depth of an individual fire (11). Flammability of grassland fuels 

has been proposed as a good predictor of fire behavior (23-25). Although the term 

flammability is defined in numerous ways, most definitions generally relate to the 

fuel load and type, fuel bulk density, fuel moisture content, an air temperature (23-
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25). Flammability is often described by four main components: ignitability (easiness 

of ignition), sustainability (the ability of fire to thrive), combustibility (the rate in 

which fuel is consumed) and consumability (the proportion of fuel consumed) (23, 

24, 26-30). There is some debate in the fire science community on the use of these 

metrics as although they have been widely adopted, limited studies exist that define 

or evaluate the suitability of these concepts (27-30). In this study, the concepts of 

flammability were used (rate of consumption and proportion of fuel consumed) in 

order to provide metrics for comparison of fire behavior between two bunchgrass 

species without any inclination for their deeper elucidation. Furthermore, the 

traditional components of flammability usage appeared to be very limited in small-

scale burning experiments.   

The likelihood of fire occurrence increases largely with the presence of BRTE, 

regardless of whether (or not) it is the dominant species in a given plant association, 

because of its highly flammable nature (9, 11, 20, 22, 31). Characteristics that 

distinguish BRTE flammability compared to other species are high seed production 

and formation of dense stands (16, 22, 32). The finely divided stems and panicles 

(branched inflorescence) that readily burn also rapidly respond to changes in 

atmospheric relative humidity (22, 32). Additionally, the growth of BRTE matches 

with zones characterized by severe fire weather (22, 32). The increase in the quantity 

of BRTE (increased fuel load and continuity) leads to greater fire intensity, flame 

length, the rate of fuel consumption, and ROS (9, 14, 20, 33). Overall, BRTE is 

considered a highly flammable grass species due to its physical properties and 

supports the rapid fire rates of spread (18, 22, 31, 34, 35). Stands invaded by BRTE are 

highly flammable after the plants’ maturation (18, 22, 31, 34). Accordingly, BRTE 

encroachment into the sagebrush or bunchgrass region induces a shift in fire cycles 

and consequently lead to the species self-replacement (9, 10, 22, 31, 36).  
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1.1. Research questions 

 

In Link et al. 2006, fire frequency in Artemisia tridentata – Poa secunda shrub-steppe 

community has been observed. They observed that when BRTE cover was ~ 12 %, 

this lead to a 46 % probability of fire occurrence; whereas when BRTE cover exceeded 

45 % the probability of fire occurrence approached 100 % (20). This study builds on 

Link et al. 2006 by conducting a controlled laboratory experiment to investigate how 

two bunchgrasses (Pseudoroengeria spicata (bluebunch wheatgrass) and Festuca 

idahoensis (Idaho fescue), hereafter PSSP and FEID) burn under varying degrees of 

BRTE abundance. This study seeks to answer the following questions: 

(1) What are the fire behavior characteristics of pure PSSP and FEID assemblages? 

(2) How do the fire behavior characteristics of pure PSSP and FEID differ? 

(3) How do the fire behavior characteristics of pure PSSP and FEID change when 

associated with an increasing abundance of BRTE?  

Based on Link et al. 2006, it is hypothesized that with the increasing percentage of 

the BRTE in native bunchgrass fuel abundance, the associated fire behavior metrics 

would increase (i.e. total consumption, flame length, and the rate of fuel 

consumption), while the burning time will decrease (20).    
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CHAPTER 2. MATERIALS AND METHODS 

 

2.1. Species Selection 

 

Bluebunch wheatgrass (Pseudoroengeria spicata (Pursh), A. Lӧve 1980) is a species 

of a temperate region, a cool-season (i.e. species that are growing in a cooler climate 

such as northern part of US and Canada), perennial bunchgrass native to western 

North America (36-38). It can grow up to 1.2 meters tall with extensive, deep root 

system and bunches with a diameter exceeding 25 cm (36, 37). The leaf blades of PSSP 

are approximately 4-6 mm wide, flat to inrolled, and green to blue in color (36). The 

common habitat of PSSP in the United States is along the northern Great Planes, 

northern Rocky Mountains, and Intermountain region (36, 38). PSSP is part of 

bunchgrass association with Idaho fescue (Festuca idahoensis, Elmer), Sandberg 

bluegrass (Poa secunda, Presl), bottlebrush squirreltail (Elymus elymoides, (Raf.) 

Swezey) and other annual and perennial bunchgrass species throughout the Pacific 

bunchgrass region, sagebrush grasslands, juniper woodlands, and open forests and 

foothills (37). PSSP is important species for livestock and wildlife forage, hay 

production, and it provides cover for birds and small mammals (36, 37). According 

to the literature, it is cold tolerant, moderately shade tolerant, and highly fire tolerant 

(36).  

Idaho fescue (Festuca idahoensis, Elmer) is a temperate region species, perennial, 

cool season, bunchgrass with fine narrow leaves native to western North America 

(36, 37). The average height for this species is 0.3 to 1 meter (36). The root system is 

extensive and deep, which provides excellent erosion control (36). It is wide 

distributed forage for grazing livestock and wildlife, especially later in the season, 

because it stays green longer in the fall season than other bunchgrass species (36, 37). 

Together with the PSSP it is one of the most common and widespread grasses in the 
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Western United States. FEID is usually part of the same plant associations as a PSSP 

on a wide variety of soil types from Pacific bunchgrass region, through sagebrush 

bunchgrass region, juniper woodland region, to the coniferous forest region (37). 

Regarding the fire behavior, it is fairly tolerant and requires 2-3 years period for the 

full recovery (36).  

Cheatgrass (Bromus tectorum, L.) is annual, cool season grass introduced and 

highly invasive in North America, but native to Europe, southwestern Asia and 

northern Africa (22, 36, 38). Because of its marked impact on fire cycles and its 

abundance in North American rangeland ecosystems, the significance of BRTE is 

unmatched by other species (18). The root system of BRTE is shallow, adapted to 

collect surface water when it is the most available at the end of the winter and early 

spring, which corresponds with the plant’s main growth period (36). The plant height 

is between 0.1 and 0.6 m and it matures and senescence before the native perennial 

grasses are fully developed (36). During the late winter and early spring, before the 

seed production, BRTE can be used for grazing by livestock and wildlife (36, 37). 

Early development enables BRTE to produce seed earlier than neighboring native 

plants do. Accordingly, in the case of the early summer fire, the mature seed of BRTE 

positioned on the ground is more likely to survive than the aforementioned native 

plant neighbors (18, 22, 31, 39).   

Species selected for this study are broadly present in the state of Idaho and 

throughout the western part of the USA (9-11, 14, 20). Additionally, the relationships 

between PSSP, FEID, and BRTE regarding grazing and fire regime are of tremendous 

importance in the existing ecosystems. Under favorable fire conditions (i.e. hot, dry, 

windy weather, and low fuel moisture) grass burning is characterized by a high rate 

of spread, high fire intensity, and low fire severity because of the low residence time 

of the fire (11, 12, 19, 40). The environmental conditions that support the initial 

development of grass fire are low relative humidity, high air temperature, and the 
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presence of wind (11, 15, 39-41). The main plant-related characteristics influential to 

fire occurrence are the phenological stage of the plant, stand density (related to fuel 

porosity), and moisture content (14, 40, 42-44). The fully maturated, low moisture 

content plants are burning readily, especially if environmental conditions match with 

these favorable grass development stage (18, 19, 39, 45, 46). The longer and broader 

leaves, as well as less dense clumps, enable PSSP better fuel ventilation compared to 

FEID. Also, the assumption is that broader leaves respond faster to the changes in 

ambient relative humidity. The addition of BRTE provides higher fuel horizontal 

connectivity in fuel bed geometry.      

High plant moisture content leads to more extended pre-heating and 

consequently delayed ignition and lower fire spread rates (18, 23, 40, 42, 46). Fuel 

porosity can play both ways, either as a fire promoter or as a fire extinguisher (12, 

24). When the porosity is higher than a threshold value, convective cooling dampens 

the heat transfer mechanism and prevents fire spread; conversely, when porosity is 

below this threshold, the convective and radiant heat transfer from the flames 

overcomes the convective cooling from entrainment (12, 24). Post-fire composition 

and subsequent growth of the species can be significantly affected by the timing of 

burning (10, 16, 19, 39, 41). Late spring and early summer burnings, when the BRTE 

is already mature and dormant and PSSP and FEID are in the intensive growth stage, 

are causing the maximum tissue damage to former species (16, 18, 39, 41, 47). When 

the bunchgrasses are dormant during the late summer and fall, the low thermal 

conductivity of the soil and short residence time of fire enables a high rate of plant 

survival because their basal meristem is close to the soil surface or right below it (19, 

41, 48-50).   
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2.2. Growing and conditioning 

 

Grasses used in this laboratory burning experiment were grown in the University 

of Idaho Franklin M. Pitkin Forest Nursery located in Moscow, ID, USA. PSSP and 

FEID were seeded and grown in plastic trays sizing 27.9 cm W x 54.3 cm L 6.2 cm H 

(11” W x 21.37” L x 2.44” H), shown in Figure A. 1. in Appendix. Additionally, 1020 

daisy trays were used to add more stability to the trays during the growth, 

particularly during the samples transfer from nursery to the combustion lab, shown 

in Figure A. 2. in Appendix. The biotype Anatone was used for PSSP and Chelan for 

FEID (BFI Native Seeds, Moses Lake, WA, USA). Implemented seeding rate for PSSP 

was 0.25 gr/tray (= 16 lbs/acre), and for FEID was 0.13 gr/tray (= 8 lbs/acre) as it 

corresponds to the density of a single species growth on harsh terrains (36). Seeds 

were applied over the area of the tray by hand. Growing medium (soil) was 

Professional Growing Mix: 40-50 % Canadian Sphagnum peat moss, vermiculite and 

aged fine bark – Custom Blend (79 L bags, Sun Gro Horticulture, Agawam, MA, 

USA). The total number of trays was 60, with 30 trays designated for each species 

(PSSP and FEID), as shown in Table 2. 1.. The grass was actively grown, from sowing 

until the last watering, for approximately 3.5 months (May 31st, 2017 to September 

22nd, 2017) in an open-sided greenhouse under natural light conditions. Grass trays 

were watered once per week from the day of sowing to the last day of the growing 

season. During each watering period, water was supplied until the soil reached the 

saturation level observed when the water starts dropping evenly from entire bottom 

area of the tray. One month after sowing, all trays were fertilized with 18 gr per tray 

Osmocote smart-release plant food plus outdoor and indoor 15-9-12 NPK fertilizer 

(Scotts Miracle-Gro Company Corp., Marysville, OH, USA). After the 3.5-month 

growth period, the watering was terminated, and grass was left to senescence until 

the burning trials (for 7 months approximately).  
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Table 2. 1. Experimental matrix; 5 trays were included for each series. 

Species Role of the tray in the 

experiment 

PSSP Clipped and dried 

PSSP Ignition trial 

PSSP 0%BRTE 

PSSP 20%BRTE 

PSSP 50%BRTE 

PSSP 80%BRTE 

FEID Clipped and dried 

FEID Ignition trial 

FEID 0%BRTE 

FEID 20%BRTE 

FEID 50%BRTE 

FEID 80%BRTE 

 

2.3. Burning process 

 

All trays with grass were burned at the University of Idaho Combustion Lab 

during April 2018. Five representative trays per species were randomly chosen. All 

the aboveground plant parts from five random trays per species were clipped and 

oven dried on 65 ⁰C for 48 hours to provide an estimate of the pre-fire dry fuel 

loading, as presented in Table 2. 2. These pre-fire clipped trays were used to estimate 

the quantity of additional BRTE that had to be added on a mass balance basis. 

Additionally, five trays per species were used for ignition trials and identify the 

optimum ignition patterns. The initial fuel load expressed as the mass of dry biomass 

per tray for PSSP averaged 9.74 gr (= 779.2 kg/ha) and for FEID 8.02 gr (= 641.6 kg/ha) 
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(see Table 2. 2.). At the time of burning the average fuel moisture for PSSP was 5 % 

and for FEID 6.2 %. The average soil (with the roots) moisture for PSSP was 10.1 % 

and FEID 8.7 %. The ambient relative humidity was measured on every hour and was 

averaging 55.8 % in the day of 80%BRTE burning trials. The average ambient relative 

humidity for the days when 0%BRTE, 20%BRTE, and 50%BRTE trials were 

performed were 27.1 % and 25.3 %. Air temperature in the room for the 80%BRTE 

burning trials was averaging 21.4 ⁰C, while for the other three group burning trials 

was averaging 22.0 ⁰C and 22.4 ⁰C.  

The trays from both species were randomly divided in four groups of five 

trays. The four groups differentiated by the amount of BRTE that was added to 

promote the fire. The first group (group 0%BRTE) of trays did not contain BRTE and 

thus served as a control group. In other groups (20%BRTE, 50%BRTE, and 

80%BRTE), BRTE was added 20 %, 50 %, and 80 % by dry biomass, respectively. BRTE 

was collected during the previous fall and oven dried on 65 ⁰C for 48 hours prior to 

each burning day. The BRTE was placed upright, evenly in the gaps of original 

species, mimicking natural conditions, to provide spatial connectivity. Along with 

the addition of BRTE, the plant density – fuel load – increased accordingly for the 

groups 20%BRTE, 50%BRTE, and 80%BRTE to 11.69 gr/tray (= 929.6 kg/ha), 14.61 

gr/tray (= 1168.8 kg/ha), 17.54 gr/tray (= 1403.2 kg/ha) for PSSP; and 9.62 gr/tray (= 

769.6 kg/ha), 12.02 gr/tray (= 961.6 kg/ha), 14.42 gr/tray (= 1115.4 kg/ha) for FEID, 

respectively, as shown in Table 2. 2. 
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Table 2. 2. Average dry mass fuel load per species per tray. 

Percent of BRTE PSSP fuel load FEID fuel load 

0%BRTE 9.74 gr/tray 8.02 gr/tray 

20%BRTE 11.69 gr/tray 9.62 gr/tray 

50%BRTE 14.61 gr/tray 12.03 gr/tray 

80%BRTE 17.54 gr/tray 14.42 gr/tray 

 

All burn trials were performed with a low level of wind applied with a fan (~ 

1.15 ± 0.11 m/s) to promote direction of fire spread Table 2. 3. The wind speed was 

measured with a Hot Wire Thermo-Anemometer (Extech Instruments, Waltham, 

MA, USA) at nine locations (the 3 locations evenly distributed over the width of the 

tray at 5 cm, 11cm, and 17 cm height) Table 2. 3. For each location, 8 measurements 

were performed. The average wind speed was reported as a mean of the totality of 

measurements. 10 gr of excelsior was used for ignition of each tray, laid in a 

horseshoe shape around the half of the tray to provide reliable ignition. The 

schematic of the burning setup with the horseshoe-shaped fuel configuration is given 

in Figure 2. 1.. The burning experiments were conducted on the table by using the 

hollow concrete board in which a tray was positioned, as shown in Figure 2. 2. To 

eliminate air flow from beneath the surface, the gaps between the grass trays and the 

concrete board were sealed with aluminum tape. After several test runs, it was 

determined that horseshoe shape of the ignition source provided the most consistent 

ignition patterns.  
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Table 2. 3. Hot Wire Anemometer measurements. The sensor position regarding tray: BL- bottom left, 

ML- middle left, UL- upper left; BM- bottom middle, MM- middle (center of rectangle), UM- upper middle; 

BR- bottom right, MR- middle right, UR- upper right. M (1,2,3…) – the number of measurement. 

Position M1 M2 M3 M4 M5 M6 M7 M8 Average StDev 

BL 0.9 0.7 0.8 0.9 0.7 1.1 0.8 0.9 0.85 0.13 

ML 1.1 1.2 1.1 1.0 1.1 1.2 1.2 1.1 1.13 0.07 

UL 0.9 0.8 1.0 1.1 0.8 0.9 0.7 0.8 0.88 0.13 

BM 0.8 0.9 1.0 1.1 1.0 1.1 1.0 1.1 1.00 0.11 

MM 1.3 1.4 1.3 1.4 1.2 1.6 1.4 1.2 1.35 0.13 

UM 0.8 0.9 0.8 0.9 0.7 0.8 0.9 0.8 0.83 0.07 

BR 1.6 1.7 1.7 1.6 1.7 1.6 1.5 1.6 1.63 0.07 

MR 1.6 1.8 1.7 1.5 1.5 1.3 1.4 1.6 1.55 0.16 

UR 0.6 1.1 1.3 1.1 1.2 1.3 1.2 1.3 1.18 0.14 
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Figure 2. 1. Schematic of the burning setup with the horseshoe-shaped ignition fuel configuration. 

Yellow- excelsior; brown- soil, green- grass (fuel load), black- tray edge. 

 

 

 

 

Figure 2. 2. Experimental setup 
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2.4. Measured burning parameters 

 

The rate of consumption (hereafter ROC) is defined as the rate of biomass 

consumed (BC) over the entire burn (flaming, smoldering, glowing) duration (TT, 

seconds), expressed in grams per second: 

 

𝑅𝑂𝐶 =  
𝐵𝐶

𝑇𝑇
    [1] 

 

 The entire burning duration, TT, was calculated from temperature data collected 

from two thermocouples located on the soil surface. The fire was considered active 

when temperature data exceeded 50 °C.  

Total consumption (i.e. BC) was measured as the mass of pre-fire trays minus the 

mass of the post-fire trays (grams).  

 

𝐵𝐶 =  𝑀𝑎𝑠𝑠𝐼𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑀𝑎𝑠𝑠𝐹𝑖𝑛𝑎𝑙   [2] 

 

The pre-fire initial mass was measured by weighing each tray just prior to the 

burn trial and the post-fire final mass was measured by re-weighing each tray 

immediately following fire extinction.  

The fuel bed height was measured at six positions for each tray using a ruler and 

reported as an average value, in centimeters (cm). The fuel bed height measurements 

were taken following BRTE addition.  

 Flame length was obtained from videography, as a ratio of flame height (FH) 

and sine of an angle (α) formed by flame direction and soil surface, in centimeters 

(cm):  
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𝐹𝐿 =  
𝐹𝐻

sin (𝛼)
                                     [3]                                             

 

Flame length is not a good measure of fire intensity as it mainly shows the degree 

of ventilation (or not) within the fuel bed. This study included flame length to 

evaluate whether ventilation is impacted as the abundance of BRTE increases.  

The proportion of burned area compared to the complete area of a tray (%) will 

be calculated after image analysis. Here, it is reported on visual estimation base.  

To characterize fire behavior characteristics (i.e. ROC, and duration of 

combustion) two thermocouples were used (aluminum-chrome type K 

thermocouples, Omega Engineering INC, Stamford, CT, USA). As the fires only took 

between 15-20 seconds from ignition until fire extinction, ROC calculation 

thermocouples were located on the soil surface. They were located 0.20 m apart 

following similar methodologies on small plots in savanna ecosystems (51). These 

two thermocouples were positioned in the second half of a tray to avoid the influence 

of edge effects. The rapid temperature increases on each of the thermocouples 

indicated the passage of the fire through the fuel bed. This time coincided with the 

observed time of the active flame progression and extinction from the videography. 

In addition, the Engauge Digitizer (free software available from: 

http://markummitchell.github.io/engauge-digitizer/) was used for more accurate 

calculation of time difference between the thermocouple readings. The data from 

thermocouples were transferred to the computer by using datalogger (TC08 USB 

thermocouple data logger, Omega Engineering INC, Stamford, CT, USA) and related 

software (Picolog recorder, PICO technologies LLC, Houston, TX, USA). The burns 

were video-recorded, which was the basis for the later flame length and burning time 

calculations (Microsoft LifeCam, Microsoft Corp. Redmond WA, USA). All trays 

were photographed before consumption, with BRTE added, and after the fire 
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experiment. This enabled an evaluation of effective area burned, as can be seen in 

Appendix, Figure A. 3. and Figure A. 4.. The data about the fuel moisture content and 

air temperature were measured and recorded, presented in Table 2. 4. 
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Table 2. 4. Relative humidity and air temperature in laboratory during the burning trials (hourly).  

Specimen category Burning 

time 

RH @ burning 

time [%] 

Temp. @ burning 

time [⁰C] 

80%BRTE 10:00 66.8 20.1 

 11:00 63.1 20.7 

 12:00 56.5 21.3 

 13:00 49.4 21.6 

 14:00 48.7 22.1 

 15:00 50.3 22.8 

20%BRTE, 50%BRTE 09:00 33.1 20.2 

 10:00 32.5 20.6 

 11:00 30.8 21.1 

 12:00 28.1 21.4 

 13:00 25.0 21.8 

 14:00 23.6 22.1 

 15:00 22.5 22.4 

 16:00 22.9 23.4 

 17:00 23.9 23.8 

 18:00 28.9 23.3 

0%BRTE 10:00 32.5 21.0 

 11:00 30.7 21.5 

 12:00 28.0 21.9 

 13:00 24.0 22.5 

 14:00 22.3 22.9 

 15:00 20.1 23.3 

 16:00 19.8 23.8 
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2.5. Statistical Analysis 

 

The correlations between different parameters were evaluated using 

Correlation function in Minitab (commercially available software package on 

minitab.com). Linear correlations between parameters were assumed and 

corresponding goodness of the fit was evaluated based on coefficient of 

determination (R2). To analyze the significance of changes introduced by increase in 

available fuel amount paired t-tests were conducted between the corresponding 

groups of parameters (e.g. ROC 0%BRTE vs ROC 20%BRTE, etc.). The significance 

was established at 95 % confidence interval. The significance was reported by means 

of p-values calculated in Minitab. 
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CHAPTER 3. RESULTS 

 

All the results refer to solely bunchgrass and mixed bunchgrass/BRTE 

experimental trials. In all trials, regardless of bunchgrass species, the portion of BRTE 

was completely charred or consumed. Incomplete burned area refers to the unburned 

share of either PSSP or FEID.  

 

3.1. Proportion of Consumption, Total Consumption, and Rate of Consumption 

 

The proportion of fuel consumed (consumption) was obtained by visual 

estimation for both species. Figure A. 5. - Figure A. 8. in the Appendix shows the 

samples of PSSP after trials grouped by the percentage of BRTE used. Two of five 

trays of PSSP in the 0%BRTE group had incomplete burning. However, there was no 

difference in the relative amount of fuel consumed in other groups (i.e. 20%BRTE, 

50%BRTE, 80%BRTE), as shown in Figure A. 5. - Figure A. 8. in Appendix. The trays 

in those three groups were burned completely and the entirety of the fuel was either 

charred or consumed. Therefore, the difference in proportion of combusted area 

among them cannot be identified and further image analyses should be performed. 

Figure 3. 1. presents total consumption for all the trays per species. Figure 3. 2 

presents the rate at which fuel was consumed with increase in fuel percentage. As 

seen in Figure 3. 2, ROC showed a positive trend with an increase in the percentage 

of BRTE. However, the ROC of 80%BRTE group does not follow this trend. For FIED, 

results about proportion of consumption and rate of consumption showed more 

variation. The lowest percentage of combustion was in 20%BRTE group, followed by 

50%BRTE, 0%BRTE, and 80%BRTE group, respectively (Figure A. 8. - Figure A. 12. 

in Appendix). In the group with 20%BRTE two trays burned incompletely as well as 
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in the group with 50%BRTE. All trays in control group (0%BRTE) and 80%BRTE 

burned completely. As it could be seen from Figure 3. 2, the results for ROC are 

generally as expected that ROC will increase with increased amount of BRTE added.   

 

 

 

Figure 3. 1. Mass loss as an average value of difference in trays weight before and after burning for 

PSSP and FEID. 
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Figure 3. 2. Average ROC for PSSP and FEID in relation to fuel addition in percent of BRTE added. 

 

 3.2. Flame Length and Fuel Bed Height 

 

Figure 3. 3 and Figure 3. 4 present average flame length and fuel bed height for 

both species, respectively. Increase in flame length followed the increase in the 

percentage of BRTE, as seen in Figure 3. 3. It is interesting that the average height of 

fuel was also increasing with a higher percentage of BRTE despite the randomness in 

trays' grouping, especially expressed for FEID, based on Figure 3. 4. This can later 

blur the results about the relationship between flame length and fuel bed height. As 

it could be seen in Figure 3. 3 and Figure 3. 4, more clearly with PSSP, it seems that 

the percent of BRTE has more influence on flame length than the fuel bed height.  
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Figure 3. 3. Average flame lengths for PSSP and FEID in relation to fuel addition in percent of BRTE 

added. 

 

 

Figure 3. 4. Average fuel height for PSSP and FEID in relation to fuel addition in percent of BRTE 

added. 
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3.3. Burning time 

 

Figure 3. 5 shows the averaged burning time for each group of trays. As seen in 

Figure 3. 5, the decrease in burning time for PSSP was following the rise in the 

percentage of BRTE until the last group (80%BRTE) when it unexpectedly increased. 

FEID acted slightly different compared to PSSP in terms of burning time. Namely, 

the burning time was gradually increasing from 0%BRTE group to 80%BRTE group, 

as seen in Figure 3. 5. 

 

 

Figure 3. 5. Average burning time for PSSP and FEID in relation to fuel addition in percent of BRTE 

added.  
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CHAPTER 4. DISCUSSION 

 

All data that defines changes in fire behavior with an increase in the percentage 

of BRTE within bunchgrass species fuel load are presented in Table 4. 1.. The 

relationships between fire parameters (burning time, flame length, rate of 

consumption), plant properties (moisture content, developmental stage, stand 

density), and, in some cases, environmental conditions (wind, relative humidity) are 

systemized and presented in Figure 4. 1 - Figure 4. 6.. Visual observations from the 

pictures in Figure A. 5. - Figure A. 12. in Appendix did not reveal much information 

about burning patterns but they will be used for further analysis and proportion of 

burned area determination.  

 

4.1. Burning Time 

 

The previous research, conducted in the natural environment, suggested that the 

rate of spread will increase with increasing presence of BRTE in sagebrush or 

bunchgrass associations (11, 18, 22, 23, 40). Along with the increase in the rate of 

spread, the burning time will decrease. Figure 4. 1.a is presenting the relations 

between burning time and increase in percentage of BRTE added. Results in Figure 

4. 1.a reveal that increased amount of fuel results in a drop in burning time. To 

evaluate this conclusion and isolate the effect of fuel addition Figure 4. 1.b presents 

burning time normalized by fuel consumed versus the fuel addition percentage. The 

trends in Figure 4. 1.b confirms that decrease in burning time is due to the BRTE 

addition rather than increase in fuel mass. Nonetheless, 80% BRTE addition in PSSP 

resulted in relatively high burning time value. The reason for this discrepancy can be 

either too high fuel bed density or the difference in ambient relative humidity during 
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combustion. In some cases, too high fuel bed density can cause fire extinction due to 

the lack of oxygen. However, in the case of 80% BRTE, where the grass is fully cured, 

and other burning conditions are satisfying, the oxygen depletion is unlikely (23, 24). 

The higher amount of BRTE provides higher stand density and horizontal continuity, 

which are favorable conditions for homogeneous fire movement (9, 11, 19, 20, 23). It 

can be, though, that there is a fuel load threshold after which the fire burning time 

increases again. Also, as an indicator of ventilation of the fire, flame length increases 

with the increase in fuel load demonstrate the sufficient presence of oxygen in 

80%BRTE burn trials. However, the fuel loadings in this study are well below the 

amount of fine fuel that will support the burnings with lower wind, lower 

temperatures, and higher relative humidity values reported in the literature (41). 

Even in the highest density groups (i.e. 80%BRTE group), the fuel loads for PSSP and 

FEID were 1403.2 kg/ha and 1115.4 kg/ha, respectively. For reference, 1681.28 kg/ha 

is needed to provide the burning in harsh environmental conditions, as reported by 

Bunting et al. 1987 (41). As the fuel loads in this study were below this limit, the wind 

was used in the experiment to enhance burning. Still, the fuel load was higher than 

the needed amount which provides for readily fire burning in the sagebrush-

grassland community (> 672 kg/ha) (15, 16, 52). Nevertheless, fire burning time values 

were higher for the 80%BRTE group for PSSP, while for FEID were almost the same 

as for 50%BRTE group Figure 4. 1.a. Namely, with the increase in BRTE percentage, 

burning time decreased until the 80%BRTE group when significantly increased for 

the PSSP. The burning time for FEID 80%BRTE group was lower than for 50%BRTE, 

as expected, which additionally blurs the results interpretation. All trays with 

80%BRTE were completely burned or charred, as it can be seen in Figure A. 8. and 

Figure A. 12. in Appendix.  
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Figure 4. 1. The relation between percent of fuel addition for PSSP and FEID and: (a) average 

burning time (b) burning time normalized by the mass consumed. 
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Table 4. 1. Fire behavior elements comparison for two bunchgrass species. Comparison of rate of 

consumption, flame length, and burning time for two bunchgrass species with the different percentage of 

BRTE added. 

BRTE [%] /Species PSSP FEID 

Rate of consumption (gr/s) for 0%BRTE 1.4 1.5 

Rate of consumption (gr/s) for 20%BRTE 2.1 1.7 

Rate of consumption (gr/s) for 50%BRTE 6.1 2.6 

Rate of consumption (gr/s) for 80%BRTE 4.6 2.5 

Flame length (cm) for 0%BRTE 22.78 22.48 

Flame length (cm) for 20%BRTE 31.36 24.04 

Flame length (cm) for 50%BRTE 52.56 42.54 

Flame length (cm) for 80%BRTE 65.04 51.08 

Burning time (s) for 0%BRTE 1.93 2.34 

Burning time (s) for 20%BRTE 4.04 3.39 

Burning time (s) for 50%BRTE 9.92 5.59 

Burning time (s) for 80%BRTE 3.5 4.82 

 

Ambient relative humidity was higher during the 80%BRTE groups burning, 55.8 

% relative to 27.1 % and 25.3 % (mean average values for the burning days) for the 

other burnings, which might have a negative influence on the burning time (18, 24). 

Low moisture content fuels are highly responsive to the change in relative humidity 

values (18, 24, 45). Part of the heat energy will be lost to water evaporation from the 

fuel which can increase the burning time (11, 18, 24). But, relative humidity and other 

environmental parameters were similar for both 80%BRTE burns because they were 

burned during the same day. Fluctuations in relative humidity on hour-to-hour basis 

were ranging from 48.7 % to 66.8 % in the time of burning. Accordingly, relative 

humidity can play a certain role in explaining the difference between 50%BRTE and 
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80%BRTE group fire behavior properties, but it is less influential in the explanation 

of differences between two bunchgrass species of the same group (i.e. 80%BRTE 

group). The correlation between the decrease in burning time with an increase in the 

percentage of BRTE for both species was observed; linear R² value for FEID was 0.88 

and for PSSP 0.61, as seen in Figure 4. 1.a. Burning time decreased sharply in PSSP 

while the drop in FEID was more gradual. Therefore, BRTE percentage exhibits the 

higher influence on PSSP burning properties, as shown in Figure 4. 1.a.  

 

4.2. Flame Length 

 

The results of this study show that increased percentage of BRTE in bunchgrass 

association will provide more fuel continuity and therefore higher flame length, 

which corresponds to the findings in the literature (24). Figure 4. 2.a presents the 

relation between flame length properties and increased amount of fuel. The flame 

length was unequivocally related to the higher amount of BRTE in fuel load. The 

positive linear correlations between the increase in BRTE and increase in the length 

of flame were identified, with R²= 0.91 for PSSP and R²= 0.82 for FEID, as shown in 

Figure 4. 2.a. To evaluate this conclusion and isolate the effect of fuel addition Figure 

4. 2.b presents flame length normalized by fuel consumed versus the fuel addition 

percentage. The trends in Figure 4. 2.b confirm that increase in flame length is due to 

the BRTE addition rather than increase in fuel mass. Figure 4. 3. shows the 

relationship between the flame length and averaged fuel bed height for each group 

of five trays. Flame length correlated well with the plants’ height too, however, 

relation factors were lower in comparison with the BRTE percentage increase (R²= 

0.67 for PSSP and R²= 0.91 for FEID), as shown in Figure 4. 3.. Flame lengths 

noticeably increased in all PSSP groups with BRTE added, as shown in Figure 4. 2.a, 

which further confirms the higher influence of BRTE addition to the fire behavior 
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properties of PSSP. The significance of fuel amount over initial fuel bed height for 

flame length increase is particularly highlighted for the PSSP where the average plant 

height did not follow the increase in BRTE percentage, which was the case with FEID, 

as it can be seen in Figure 4. 3.. The increase in fuel bed height and increase in percent 

of BRTE coincided in FEID but it did not hinder the results.   

 

 

 

 

Figure 4. 2. The relation between fuel addition for PSSP and FEID and: (a) average flame length, and 

(b) flame length normalized by the mass consumed (total consumption). 
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Figure 4. 3. The relation between average flame length and average height for PSSP and FEID. 
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correlation for FEID compared to PSSP (R²= 0.90 and R²= 0.71 for FEID and PSSP, 

respectively), as could be seen in Figure 4. 5. The increase in fuel amount is followed 

by the speed that fuel was consumed. The results shown in Figure 4. 4. and  Figure 4. 

5. underlines that the species involved in grass fire and the amount of fuel are of 

similar importance in fire propagation. Presented in Figure 4. 6. is the relation 

between the increase in fuel consumption and increase in percent of BRTE added. 

The total consumption with increase in fuel load is highly linear correlated for the 

PSSP with R²= 0.95, while for FEID linear correlation has lower value but still positive 

trend with R²= 0.69, as seen in Figure 4. 6.. 

 

 

Figure 4. 4. The relation between average combustibility and percent of fuel addition for PSSP and 

FEID. 
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Figure 4. 5. The relation between average combustibility and average mass consumed by fire for PSSP 

and FEID. 

 

 

Figure 4. 6. The relation between total consumption (mass loss) and percent of fuel addition for PSSP 

and FEID. 
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et al. 2006 (20). Despite the difference in plant community type (Artemisia tridentata – 

Poa secunda association, dominated by Artemisia tridentata, Poa secunda, and BRTE; vs 

mixture of PSSP or FEID with BRTE) and methodology (field burnings vs laboratory 

burnings), our 80%BRTE groups were completely charred and burned which was in 

line with their fire risk estimation. The burning results from other three groups 

(0%BRTE, 20%BRTE, and 50%BRTE) were harder to relate with findings of Link et al. 

2006 because they are not so consistent among them as the results for 80%BRTE 

groups were. PSSP showed the difference in the rate of combustion and burning time 

with an increase in BRTE but not in area burned and overall total consumption. 

Namely, all trays in 20%BRTE and 50%BRTE were completely charred, while that 

was not the case with FEID. Further research is needed, with more samples in every 

group, to confirm and strength the results of the presented study.  

The only significant differences (p-value < 0.05) between two bunchgrass 

species obtained by paired t-test are differences in flame length. The significant 

difference was identified for almost all combinations of flame lengths except between 

groups 0%BRTE and 20%BRTE for both bunchgrass species. Paired t-test did not 

show significant differences between the same groups (e.g. PSSP 0%BRTE versus 

FEID 0%BRTE, PSSP 20%BRTE versus FEID 20%BRTE, etc.) for the other tested 

parameters (total consumption, rate of consumption, and burning time) between 

PSSP and FEID. 
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CHAPTER 5. CONCLUSIONS 

 

An experimental study was designed and conducted aiming to show the effects 

of the increased amount of BRTE on two common bunchgrass species, namely PSSP 

and FEID. Main findings and conclusions are summarized as follows.   

Overall, the results indicate that PSSP is characterized by more intensive fire 

behavior parameters compared to FEID (i.e. higher flame lengths, shorter burning 

times, increased rate of consumption, and total consumption) at the increased 

percentage of BRTE environment. Based on visual estimation, burnings in PSSP trays 

were more homogenous and fuel charring and consumption was complete in almost 

all cases (except two trays with 0%BRTE). Conversely, FEID burnings were mostly 

incomplete regardless of the quantity of BRTE added, excluding 80%BRTE group 

where all trays were burned completely. The rate of consumption is highly correlated 

with the burning time. Because the results for 80%BRTE failed to prove a high 

positive correlation between BRTE percentage increase and fire behavior properties, 

we have discrepancies in results for this parameter. By neglecting values for 

disputable group for a moment, the high linear correlation among given parameters 

will be established. The values of R² were approaching 1 for the rate of consumption 

and burning time linear correlations with the increase in fuel percentage, when the 

result for 80%BRTE was removed which emphasize the importance of the 

environmental conditions even in the lab environment. 

The size of trays used for bunchgrass growing in this experiment was the main 

limitation in the study. The most affected was root growth. The trays were too 

shallow (only 6 cm) taking in consideration that main root development occurs in the 

first year of growth for bunchgrass species, precisely in the first couple of weeks. Low 

depth of the tray hinders the appropriate root system development.  The length of 
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growing period was another limitation. Burning after the second growth season 

would provide more realistic data about the fire in natural conditions. However, due 

to the limitations of the nursery facilities, the experiment could not be conducted over 

the two seasons.  

 

  



36 

 

REFERENCES 

 

1. Balch JK, Bradley BA, D'Antonio CM, Gómez‐Dans J. Introduced annual 

grass increases regional fire activity across the arid western USA (1980–2009). Global 

change biology. 2013; Volume 19(1):173-83. 

2. Giglio L, Randerson JT, Werf GR. Analysis of daily, monthly, and annual 

burned area using the fourth‐generation global fire emissions database (GFED4). 

Journal of Geophysical Research: Biogeosciences. 2013; Volume 118(1):317-28. 

3. Smith AMS, Kolden CA, Tinkham WT, Talhelm AF, Marshall JD, Hudak AT, 

et al. Remote sensing the vulnerability of vegetation in natural terrestrial 

ecosystems. Remote Sensing of Environment. 2014; Volume 154:322-37. 

4. Barbero R, Abatzoglou JT, Larkin NK, Kolden CA, Stocks B. Climate change 

presents increased potential for very large fires in the contiguous United States. 

International Journal of Wildland Fire. 2015; Volume 24(7):892-9. 

5. Westerling AL. Increasing western US forest wildfire activity: sensitivity to 

changes in the timing of spring. Philosophycal Transactions of Royal Society B. 2016; 

Volume 371(1696):20150178. 

6. Jolly WM, Cochrane MA, Freeborn PH, Holden ZA, Brown TJ, Williamson 

GJ, et al. Climate-induced variations in global wildfire danger from 1979 to 2013. 

Nature communications. 2015; Volume 6:7537. 

7. Flannigan MD, Krawchuk MA, de Groot WJ, Wotton BM, Gowman LM. 

Implications of changing climate for global wildland fire. International journal of 

wildland fire. 2009; Volume 18(5):483-507. 

8. Westerling AL, Hidalgo HG, Cayan DR, Swetnam TW. Warming and earlier 

spring increase western US forest wildfire activity. Science. 2006; Volume 

313(5789):940-943. 



37 

 

9. Rice PM, McPherson GR, Rew LJ. Fire and nonnative invasive plants in the 

Interior West Bioregion. In: Zouhar, Kristin; Smith, Jane Kapler; Sutherland, Steve; 

Brooks, Matthew L.: Wildland fire in ecosystems: fire and nonnative invasive plants Gen 

Tech Rep RMRS-GTR-42-vol 6 Ogden, UT: US Department of Agriculture, Forest 

Service, Rocky Mountain Research Station p 141-174. 2008;42. 

10. Whisenant SG. Changing fire frequencies on Idaho’s Snake River Plains: 

ecological and management implications. Whisenant SG, McArthur ED, Romney, 

EM; Smith SD, Tueller PT. In: Proceedings of the symposium on cheatgrass invasion, 

shrub die-off, and other aspects of shrub biology and management. Ogden, UT, 

Intermountain Research Station, US Forest Service. 1990:5-7. 

11. Brooks ML. Plant invasions and fire regimes. Wildland fire in ecosystems: 

effects of fire on flora US. In: Zouhar, Kristin; Smith, Jane Kapler; Sutherland, Steve; 

Brooks, Matthew L. Wildland fire in ecosystems: fire and nonnative invasive plants Gen 

Tech Rep RMRS-GTR-42-vol 6 Ogden, UT: US Department of Agriculture, Forest 

Service, Rocky Mountain Research Station p 33-45. 2008;42. 

 12. Rossiter NA, Setterfield SA, Douglas MM, Hutley LB. Testing the grass‐fire 

cycle: alien grass invasion in the tropical savannas of northern Australia. Diversity 

and Distributions. 2003; Volume 9(3):169-76. 

13. Brooks ML, D'Antonio CM, Richardson DM, Grace JB, Keeley JE, DiTomaso 

JM, et al. Effects of invasive alien plants on fire regimes. BioScience. 2004; Volume 

54(7):677-88. 

14. Knapp PA. Spatial characteristics of regional wildfire frequencies in 

Intermountain West grass-dominated communities. The Professional Geographer. 

1997; Volume 49(1):39-51. 

15. Lotan JE, Alexander ME, Arno SF, French RE, Langdon OG, Loomis RM, et 

al. Effects of fire on flora: a state of knowledge review (National Fire Effects 



38 

 

Workshop, Apr. 10-14, 1978, Denver, Colo.). USDA Forest Service, Washington, DC. 

General Technical Report. WO-16 71p. 1981. 

16. Peters EF, Bunting SC. Fire Conditions Pre- and Postoccurence of Annual 

Grasses on the Snake River Plain. In: Monsen S.B.; Ketchum S.G. Proceedings—

Ecology and Management of Annual Rangelands. General Technical Report RMRS-

GTR-313 Intermountain Research Station Ogden UT, US Department of 

Agriculture, Forest Service, Rocky Mountain Research Station p. 31-37. 1994. 

17. Perryman BL, Schultz BW, McAdoo JK, Alverts RL, Cervantes JC, Foster S, et 

al. An Alternative Management Paradigm for Plant Communities Affected by 

Invasive Annual Grass in the Intermountain West. 2018. Rangelands. Article in press.  

18. Davies KW, Nafus AM. Exotic annual grass invasion alters fuel amounts, 

continuity and moisture content. International journal of wildland fire. 2013; Volume 

22(3):353-8. 

19. Daubenmire R. Ecology of fire in grasslands. Advances in ecological research. 

1968; Volume 5:209-66. 

20. Link SO, Keeler CW, Hill RW, Hagen E. Bromus tectorum cover mapping 

and fire risk. International Journal of Wildland Fire. 2006; Volume 15(1):113-9. 

21. Wragg PD, Mielke T, Tilman D. Forbs, grasses, and grassland fire behaviour. 

Journal of Ecology. 2018; DOI: 10.1111/1365-2745.12980. 

22. Stewart G, Hull AC. Cheatgrass (Bromus Tectorum L.)‐An Ecologic Intruder 

in Southern Idaho. Ecology. 1949; Volume 30(1):58-74. 

23. Simpson KJ, Ripley BS, Christin PA, Belcher CM, Lehmann CER, Thomas 

GH, et al. Determinants of flammability in savanna grass species. Journal of ecology. 

2016; Volume 104(1):138-48. 

24. Fill JM, Moule BM, Varner JM, Mousseau TA. Flammability of the keystone 

savanna bunchgrass Aristida stricta. Plant ecology. 2016; Volume 217(3):331-42. 



39 

 

25. Anderson DH, Catchpole EA, De Mestre NJ, Parkes T. Modelling the spread 

of grass fires. The ANZIAM Journal. 1982; Volume 23(4):451-66. 

26. Prior LD, Murphy BP, Williamson GJ, Cochrane MA, Jolly WM, Bowman 

DMJS. Does inherent flammability of grass and litter fuels contribute to continental 

patterns of landscape fire activity? Journal of Biogeography. 2017; Volume 44(6):1225-

38. 

27. Varner JM, Kane JM, Kreye JK, Engber E. The flammability of forest and 

woodland litter: a synthesis. Current Forestry Reports. 2015; Volume 1(2):91-9. 

28. Martin RE, Gordon DA, Gutierrez MA, Lee DS, Molina DM, Schroeder RA, 

et al. Assessing the flammability of domestic and wildland vegetation. In: Society of 

American Foresters (Corporate Author) Proceeding of the 12th conferrence on fire and 

forest meteorology. 1993, October 26-28, Jekyll Island, Georgia, US. p.130-137. 

29. Anderson HE. Forest fuel ignitibility. Fire technology. 1970; Volume 6(4):312-9. 

30. Behm AL, Duryea ML, Long AJ, Zipperer WC. Flammability of native 

understory species in pine flatwood and hardwood hammock ecosystems and 

implications for the wildland–urban interface. International Journal of Wildland Fire. 

2004; Volume 13(3):355-65. 

31. Billings WD. Ecological impacts of cheatgrass and resultant fire on 

ecosystems in the western Great Basin. In: Monsen S.B.; Ketchum S.G. Proceedings—

Ecology and Management of Annual Rangelands. General Technical Report RMRS-

GTR-313 Intermountain Research Station Ogden UT, US Department of 

Agriculture, Forest Service, Rocky Mountain Research Station p. 22-30. 1994. 

32. Mutch RW. Cheatgrass Coloration-A Key to Flammability? Rangeland 

Ecology & Management/Journal of Range Management Archives. 1967; Volume 20(4):259-

60. 



40 

 

33. Keane RE, Agee JK, Fulé P, Keeley JE, Key C, Kitchen SG, et al. Ecological 

effects of large fires on US landscapes: benefit or catastrophe? A. International 

Journal of Wildland Fire. 2009; Volume 17(6):696-712. 

34. Brown JK. Porosity of cheatgrass fuel related to weight. US Dept. of 

Agriculture, Forest Service, Intermountain Forest & Range Experiment Station; 

Ogden, UT, US. 1969. Research note INT-97. 

35. D'Antonio CM, Vitousek PM. Biological invasions by exotic grasses, the 

grass/fire cycle, and global change. Annual review of ecology and systematics. 1992; 

Volume 23:63-87. 

36. USDA Plant Database, https://plants.usda.gov/java/. (accessed Jully 1st 2018)  

37. Backpack guide to Idaho range plants. Comission UoIRCaIRR. University of 

Idaho, Moscow, ID, US. 2013. 

38. Aguirre L, Johnson DA. Influence of temperature and cheatgrass competition 

on seedling development of two bunchgrasses. Journal of Range Management. 1991. 

Volume 44(4):347-54. 

39. Wright HA, Klemmedson JO. Effect of fire on bunchgrasses of the sagebrush‐

grass region in southern Idaho. Ecology. 1965; Volume 46(5):680-8. 

40. Dimitrakopoulos AP, Mitsopoulos ID, Gatoulas K. Assessing ignition 

probability and moisture of extinction in a Mediterranean grass fuel. International 

Journal of Wildland Fire. 2010; Volume 19(1):29-34. 

41. Bunting SC, Kilgore BM, Bushey CL. Guidelines for prescribed burning 

sagebrush-grass rangelands in the northern Great Basin. US Department of 

Agriculture, Forest Service, Intermountain Research Station Ogden, UT, USA; 1987. 

42. Fogarty LG, Alexander ME. A field guide for predicting grassland fire 

potential: derivation and use. Canadian Forest Service, Forest Research; 1999. 

https://plants.usda.gov/java/


41 

 

43. Cheney NP, Gould JS, Catchpole WR. The influence of fuel, weather and fire 

shape variables on fire-spread in grasslands. International Journal of Wildland Fire. 

1993; Volume 3(1):31-44. 

44. Kidnie S, Wotton BM. Characterisation of the fuel and fire environment in 

southern Ontario’s tallgrass prairie. International journal of wildland fire. 2015; Volume 

24(8):1118-28. 

45. Cruz MG, Gould JS, Kidnie S, Bessell R, Nichols D, Slijepcevic A. Effects of 

curing on grassfires: II. Effect of grass senescence on the rate of fire spread. 

International Journal of Wildland Fire. 2015; Volume 24(6):838-48. 

46. Sharples JJ, and McRae RHD. A fire spread index for grassland fuels. 20th 

International Congress on Modelling and Simulation, Adelaide, Australia, 1–6 

December 2013, www.mssanz.org.au/modsim20132013. 

47. Balatsos PC. Pyrogenic heat flow into soils and heat-induced tissue damage 

of Agropyron spicatum during simulated fire. Doctoral dissertation, University of 

Idaho, Moscow ID, 1994. 

48. Gucker CL, Bunting SC. Canyon grassland vegetation changes following fire 

in northern Idaho. Western North American Naturalist. 2011; Volume 71(1):97-105. 

49. West NE, Yorks TP. Vegetation responses following wildfire on grazed and 

ungrazed sagebrush semi-desert. Journal of Range Management. 2002. Volume 

55(2):171-81. 

50. Uresk DW, Rickard WH, Cline JF. Perennial grasses and their response to a 

wildfire in south-central Washington. Journal of Range Management. 1980. Volume 

33(2):111-4. 

51. Smith AMS, Wooster MJ, Drake NA, Dipotso FM, Falkowski MJ, Hudak AT. 

Testing the potential of multi-spectral remote sensing for retrospectively estimating 

fire severity in African Savannahs. Remote sensing of environment. 2005; Volume 

97(1):92-115. 

www.mssanz.org.au/modsim20132013


42 

 

52. Brown JK. Fuel and fire behavior prediction in big sagebrush. US 

Department of Agriculture, Forest Service, Intermountain Forest and Range 

Experiment Station; Ogden, UT, US. 1982. Research Paper INT-290. 

 

  



43 

 

APPENDIX: Supplemental Materials for Chapters 2,3, and 4 

 

 
Figure A. 1. 10-20 heavy weight tray with holes used for bunchgrass growing. 

 

 
Figure A. 2. 10-20 Daisy tray used to add more stability to the trays during the growth, and the 

samples transfer from nursery to the combustion lab. 
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Figure A. 3. PSSP burning patterns. From left to right: PSSP without BRTE (natural fuel load), 

PSSP with added BRTE, after burning. From up to the bottom: 20% BRTE added, 50% BRTE added, 80% 

BRTE added. 
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Figure A. 4. FEID burning patterns. From left to right: FEID without BRTE (natural fuel load), 

FEID with added BRTE, after burning. From up to the bottom: 20 % of BRTE added, 50 % of BRTE added, 80 

% of BRTE added. 

 

 

Figure A. 5. PSSP after burning, natural fuel load (0%CH). 
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Figure A. 6. PSSP with 20%CH after burning. 

 

 

Figure A. 7. PSSP with 50%CH after burning. 
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Figure A. 8.  PSSP with 80%CH after burning. 

 

 

 

Figure A. 9. FEID after burning, natural fuel load (0%CH). 
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Figure A. 10. FEID 20%CH after burning. 

 

 

 

Figure A. 11. FEID 50%CH after burning. 
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Figure A. 12. FEID 80%CH after burning. 


