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ABSTRACT 

There is increasing interest in the use of prescribed fire to reduce fuel loadings 

and other management objectives in ecosystems of the Madrean Province. Fuel loadings 

were measured on the same pine-oak ecosystem occurring on five different sites with a 

range of different fire firequencies. To determine the effects of fire firequencies on fuel 

loading . Study sites located in Mexico were characterized by a high fire firequency. 

Study sites in the United States were characterized by low and intermediate fire 

fi-equencies. Heavy fuel loadings on sites with high fire firequencies were below the 

recommended amounts for coarse woody debris. Sites with intermediate fire firequencies 

were within recommended amounts of coarse woody debris while sites with low fire 

frequencies were above reconunended amounts for coarse woody debris. There was no 

difference in fine fiiel loading among sites with 2, 5,9, and 13 fires since 1900. Total 

fuel loading was inversely related to fire frequency. The effects of intermediate fire 

frequencies can be used to assess ecosystem flmction and meet multiple use management 

objectives. 
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INTRODUCTION 

As a result of increased grazing and effective fire suppression policies, firequent 

surface fires have ceased in most areas in the United States. However, in some remote 

areas of mountain ranges in northern Mexico firequent, low intensity surface fires that 

burned over a large area continue to occur to the present time (Dieterich 1983, Swetnam 

and Baisan 1996). Currently, the opportunity exists to study similar ecosystems along the 

borderlands and sky islands of the United States and Mexico. 

Many of these sky islands exhibit similarities in their biophysical components. 

However, due to differing land-use between the sky islands of the United States and 

Mexico, differences have resulted in fire frequencies for similar pine-oak ecosystems. If 

climate, topography, and soils are the same, then these differences in fire frequencies 

should have effects on the ecosystem's vegetative and fiiel characteristics. An ecosystem. 

as defined in this study, is a unit of land having a unique combination of potential natural 

vegetation, soils, geology, climate, landscape features, and differing from other types in 

its ability to produce vegetation and respond to management. 

Most studies on the impacts of variable fire frequencies on pine-oak ecosystems 

have been conducted on Rocky Mountain pine forests. This case study will focus on the 

pine-oak ecosystems of the Madrean Province. Throughout this century, many 

qualitative observations have been made as to the effects of fire on these pine-oak 

ecosystems of the United States and Mexico (Leopold 1924 and 1937, Marshall 1957 and 

1963). However, these ecosystems, which likely evolved with and can be considered a 
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result of fire, remain relatively unstudied (FfoUiott 1996). 

There is increasing interest in the use of fire to reduce fiiel loading (Sackett 1975, 

Harrington 1981, 1982), control nutrient and moisture relations (Covington and Sackett 

1984), improve wildlife habitat, and modify plant community composition at the 

landscape level (restore fire to its natural role). Currently, most of the information being 

used in the southwestem United States for prescribed fire and its effects is being 

extrapolated fitsm relatively short-term studies of ponderosa pine ecosystems. Therefore, 

there is a need for specific information of the long-term effects of fire firequencies on 

Madrean pine-oak ecosystems (Bemiett and Kunzmami 1992). There is also a need for 

reference sites to evaluate potential desired future conditions and to serve as guides to 

determine what the dynamics and functions of these systems can be like if natural or 

historical fire firequencies are reintroduced. 

Quantitative studies of the long term effects of fire firequencies on fuel loading in 

these pine-oak ecosystems should also assist Mexican land managers in predicting the 

resxilts of increased fire siippression on their landscapes. Currently in Mexico, there is 

increased flmding, training, and support for fire suppression activities (Gonzalez-Caban 

and Sandberg, 1989). In addition, people's perception of fire is changing to one of 

removing fire firom natural systems (Sorenson 1987). Therefore, it is important to 

quantify what the effects of total fire suppression will be in the hope that the learning 

experience will be of mutual benefit for both United States and Mexican land managers 

of the borderland area. 
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LITERATURE REVIEW 

Fire Frequency 

One aspect of fire ecology that has a direct impact on an ecosystem is its fire 

regime. A fire regime is comprised of fire firequency, season of occurrence, areal extent, 

intensity, severity, and overall effects on an ecosystem. Fire frequency consists of the 

time interval between fires and time since last fire (Fox and Fox 1986). Romme (1980) 

and DeBano et al. (1998) define fire firequency as the niraiber of fires in a specified time 

in some designated area. Fire severitv is the effect of fire on an ecosystem and fire 

intensity is the rate of heat release at the fire fix)nt (Wright and Bailey 1982, DeBano et 

al.l998). 

Studies have focused on the long-term effects of fire frequencies on landscapes 

and biogeochemical processes (Swanson 1981, Clark 1990). Landfonns directly affect 

fire behavior through landscape and fuel connectivity (Swanson 1981). Topographic 

features such as escarpments, talus slopes, ridgelines, rock outcrops affect this 

connectivity. Swanson (1981) discxissed this mutual relation between landfonn 

characteristics and fire firequencies. 

Claric (1990) discussed topography and its effects on soil moisture, soil nutrient 

status, and microclimate as the main influence on an ecosystem's fire frequency. In 

addition, he noted that long-term fire firequency is probably a consequence rather than a 

cause of vegetation and fuel patterns. Landscape-ecosystem interactions such as 

microclimate, soil properties, and topography can affect this connectivity by affecting the 
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vegetation which ultimately affects fiiels and subsequently fire frequencies (Clark 1990, 

Jenny 1994). 

Vogl (1977) discussed how the effects of fire frequencies and intensity on 

vegetation can cause pronounced changes in the enviroiraient, since fire frequency is in 

many instances proportional to fire intensity. The author also discusses how decreased 

fire frequencies result in decreased productivity, decrease water yield, increase downed 

woody material, and a general decrease in species diversity. These effects in extreme 

changes in fire firequency can lead to site degradation. That is, the potential natural 

vegetation will be displaced due to changes in the physical environment of the ecosystem. 

Leopold (1937) and Marshall (1963) qualitatively observed the effects of these 

natural fiire fr^uencies by comparing sites between northwestem Mexico and the 

southwestern United States. Marshall (1957,1963) observed the impact of fire exclusion 

on bird habitat. Leopold (1924) noted the invasion of shrubs into many areas of 

southeastern Arizona due to the lack of fire. Leopold (1937) also noted watersheds in 

Giihuahua being intact even though "fires burned over every few years." He fiirther 

noted that these fires result in "no ill effects except that the pines are a bit farther apart 

than ours, reproduction is scarcer, there is less jumper and much less brush." Both 

Marshall (1963) and Leopold (1924,1937) attributed these differences to the disruption 

of the natural fire frequencies in the United States. 

Studies have been conducted in the Madrean Archipelago to determine fire 

frequencies in many ecosystems. Baisan and Swetnam (1995) determined the fire 
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frequency in the form of mean fire interval (MFI) for some of the ecosystems of the 

United States-Mexico borderland areas. They determined the MFI for pine-oak 

ecosystems to be 4 to 38 years, and 2 to 9 years for ponderosa pine and mixed conifer 

forests from the 1700s to Anglo settlement in the 1800s. Dieterich (1983) and Baisan and 

Swetnam (1995) determined the MFI for the Sierra Los Ajos to be 4 years. Danzer 

(1998) estimated fire intervals for the Huachuca Mountains at 4 to 10 years and the 

occurrence of the last widespread fire in 1899. Kaib et al. (1996) constructed fire 

histories in the Quricahua and Huachuca Mountains and in the Sierra Los Ajos. 

Common to all of these studies of fire history is the interruption of frequent, 

widespread fires during the late 1800s (Dieterich 1980, Bahre 1985, Swetnam and Baisan 

1996). The initial historical reason for this disruption in fire frequencies along the United 

States-Mexico borderland areas has been attributed to the cessation of hostilities with the 

Apaches, which opened pine-oak ecosystems to increased development and use (Kaib et 

al. 1996, Secklecki et al. 1996, Swetnam and Basian 1996, Danzer 1998). Among these 

land uses that disrupted fire firequencies were grazing, fire suppression, and logging. 

One of the main factors for decreased fire firequencies in the borderlands was 

overgrazing by livestock (Bahre 1985, Swetnam and Baisan 1996). This overgrazing 

resulted in a "break" in fuel connectivity by reducing the fine fiiels necessary for the 

spread of fire (Leopold 1924, Arnold 1950, Grissino-Mayer and Swetnam 1995, Touchan 

et al.l995). Other factors behind the disruptions of natural fire frequencies are increased 

fire suppression efforts (Cooper 1960, Covington and Moore 1994, Baisan and Swetnam 
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1995, Barton 1995) and logging (Arnold 1950, Grissino-Mayer and Swetnam 1995, Pyne 

et al. 1996, Villanueva 1996, Wilson 1995). 

Fire frequency studies have demonstrated how increased fire frequencies affect 

ecosystems by favoring resprouting perennials, promoting herbaceous over woody plants, 

increasing water yield, increasing species richness, and favoring non-native species 

(Arnold 1950, Cooper 1960, Clary et al. 1968, Biswell 1972, Fox and Fox 1986, 

Covington and Moore 1994). 

Fire Frequency Effects on Fuel Loading 

Changes in friel loading as a result of different fire frequencies have been 

quantified in areas where fire has been excluded, and in other areas where fire in the form 

of prescribed fire has been reintroduced (Cooper 1960, Dieterich 1980, Andariese and 

Covington 1986, Covington and Sackett 1986, Covington and Moore 1994, Fule and 

Covington 1994a). Only a few studies have considered the effects of fire frequencies on 

fiiel loading in pine-oak ecosystems of the Madrean Archipelago. One study was 

conducted in Madera, Chihuahua, in a Pinus duraneesis stand to determine prescribed fire 

effects (Alanis-Morales et al. 1996). Another study was in a pine-oak ecosystem in 

Durango that measured the effects of disrupted fire regimes (Fule and Covington, 1994a). 

Studies have also quantified the effects of altered or disrupted fire frequencies by 

comparing sites in Mexico and the United States (Minnich 1983, Chou 1993, Fule and 

Covington 1994a, Villanueva 1996). Some of these studies compare the effects of 
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different fire frequencies on overstory and fuel loadings of pine-oak ecosystems between 

sites in Durango, Mexico, and Arizona (Fule and Covington 1994a). Sites characterized 

by an exclusion of natural fire showed increases in fuel loading and a difference in forest 

structure. Differences in forest structure and fuel loading, as a result of different fire 

frequencies between the sites in Durango, were also quantified (Fule and Covington 

1996, 1994b). 

Studies that compared the effects of different fire frequencies on other types of 

ecosystems in borderland areas are those by Minnich (1983), and Chou (1993). In these 

studies, chaparral commimities in southern California and northern Baja California, 

Mexico, were evaluated by Landsat imagery from 1972 through 1980. Minnich (1983) 

found that fires in Mexico were relatively small because of the mosaic of vegetation and 

age types of the chaparral overstory. Whereas in Southern California, there were fewer 

but larger fires. Chou (1993) fiirther substantiated these results and also found that there 

were no differences in distribution of lightning strikes between southern California and 

Baja California. 

Due to the similarities of Pinus engelmanii (Apache pine), Pinus scopulorum 

(ponderosa pine), and Pinus arizonica (Arizona pine), studies on the effects of fire 

frequency and prescribed fire from the latter two species have been extrapolated to Pinus 

enpelmanii ecosystems since the range of P. engelmanii overlaps with P. arizonica and R 

ponderosa (Rzedowski 1994). This overlap results in occasional hybridization between 

all three species (Peloquin, 1984). However, Bennett and Kunzmann (1992) caution of 



18 

the generalized application of fire prescriptions developed in other ecosystems to 

Madrean ecosystems "with a radically different evolutionary past." 

Most of the studies on the effects of fire firequency on fiiel loading for pine 

ecosystems have been conducted in Rocky Mountain and Pacific Coast Range ponderosa 

pine ecosystems (Dieterich 1980, Bennett and Kunzmann 1992, Amo et al. 1997). 

Information on fire fi-equencies for pine ecosystems in the Southwest is obtained mainly 

firom studies on the introduction of prescribed fires on ponderosa pine stands in Arizona. 

Davis et al. (1968) was one of the first studies on the use of prescribed fire in Arizona 

ponderosa pine stands. The Limestone Flats and Chimney Springs studies in northern 

Arizona were some of the first studies used to determine appropriate intervals for the use 

of fire to meet management needs (Dieterich 1980, Sackett 1980). 

Dieterich (1980) used fire-scarred material fix>m across the study area to estimate 

the composite fire interval (Mean Fire Interval) for the Chimney Spring area for a 336-

year period. Sackett (1980) used these study areas to determine the amount of natural 

fuels that were reduced by a prescribed fire in stands that had not bumed in 70 to 100 

years. Sackett (1980) reported on fuel reductions for two different stands with different 

characteristics that were bumed under different conditions. Large fuels were little 

affected, whereas fine fuels were reduced temporarily. Additional prescribed fires were 

required to meet the objective of increased productivity and increased resistance to 

wildfire. 

An idea of the fuel loadings of ponderosa pine ecosystems in the southwestem 



19 

United States can be obtained by studies from Sackett (1979) and Sackett and Haase 

(1996). Sackett and Haase (1996) reviewed studies that have measured fuel loadings in 

southwestern ecosystems. These authors further report substantial fuel loadings due to 

the region's rapid rates of accumulation and slow decomposition rate of fuels. 

Sackett (1979) studied the fuel loadings in ponderosa and mixed conifer stands in 

the southwestern United States, and attempted to develop prediction equations to estimate 

fuels. He found no reliable way of predicting dead fuel loadings from duff depth or basal 

areas. Sackett (1979) reports that this might be a result of differences in sampling and 

processing methodologies as well as variations in stand characteristics on his sites. 

Harrington (1981,1982, 1985, 1987) studied the eflfects of prescribed fire in 

Arizona pine ecosystems in the Santa Catalina Mountains. Among these studies were 

investigations of the effects of stand characteristics on fuel loading (Harrington 1982). 

Harrington (1981) reported that total fuel reduction depended on H layer moisture and 

developed burning prescriptions to meet management activities (Harrington 1981). The 

effects of prescribed burning on Ouercus gambelii were also studied by Harrington 

(1985). Equations were derived that used the moisture content of the H layer to estimate 

amounts of fuel consumption using prescribed fire (Harrington 1987). 

The reintroduction of fire in southwestern ponderosa pine ecosystems can 

decrease overall fuel loading (Sackett 1980, Harrington 1981). However, this decrease is 

often temporary (Ffolliott and Guertin 1988). Davis et al. (1968) reported that a 

prescribed fire had reduced duff depth by 70 percent. However fuels had accumulated to 
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pre-fire levels in 2 years. 

The effect of heavy and fine fiiels on herbage and timber production have also 

been studied (Arnold 1950, Cooper 1960, Biswell 1972, Sackett 1984, Covington and 

Moore 1994). Several authors have emphasized the role of fuel loading in predicting fire 

behavior (Sackett 1979, Pyne et al. 1996, Sackett and Haase 1996, DeBano et al. 1998). 

Fuels such as downed woody material, coarse woody debris (CWD), and litter are 

integral to ecosystem function through their influence and contribution to energy flows, 

nutrient cycling, soil stability, soil moisture, understory establishment and regeneration, 

and their role in maintaining biotic habitat (Harvey et al. 1979, Harmon et al. 1986, 

Edmonds 1990, Graham et al. 1994, Jurgensen 1997). 

Quality (sound or rotten) and amount (loading) of large dead downed woody 

material is important in assessing smoke production, fire intensity, fire behavior and 

overall fire severity (Pyne et al. 1996, DeBano et al. 1998).). Large, rotten "pimky" 

wood contributes to extreme fire behavior like spotting and torching. High amounts of 

heavy, rotten fuels can pose problems in controlling extreme fire behavior (Pyne et al. 

1996). Sackett (1979) summarized that fine surface fuels are managed to slow rates of 

spread and heavy fuels to reduce resistance to control. 

Heavy fuels (fuels greater than 3 inches in diameter) have many functions in an 

ecosystem (Harvey et al. 1979). Fuels can play a role in providing habitats for many 

plants including lichens, mosses, ferns, and vascular plants (Hannon et al. 1986). Based 

on size, decay state, loading, and species, fuels can provide habitat, cover, and food for 
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amphibians, reptiles, mammals, insects, and birds (Harmon et al. 1986, Edmonds 1990). 

Harmon et al. (1986) noted that birds depend on the amount of snags and state of decay 

for feeding and habitat piirposes and mammals feed on insects and mushrooms occupying 

logs. 

Heavy fuels also have a role in ecosystem stability by influencing geomorphic 

processes, nutrient budgets, and nutrient recycling (Harvey et al. 1979, Covington and 

Sackett 1984, Harmon et al. 1986, Edmonds 1991, Raison et al. 1992, Graham et al. 

1994). Heavy fuels, or CWD, can reduce the amount of offsite erosion and down slope 

movement of water, soil, and litter particularly where fire has consumed most of the 

forest floor. CWD can contribute up to 40% of the above ground storage of organic 

matter, and provide a favorable environment for microbes that convert organic matter into 

inorganic nutrients (Harmon et al. 1986, Jurgensen et al. 1997). 

Decomposition rates dictate the amount of fuel accumulation and loading in the 

absence of fire (Jenny 1949, Edmonds 1990, Harrington and Sackett 1992). Type, 

amount, and distribution of organic matter will also depend on fire frequency and other 

site characteristics (Covington and Sackett 1984, Graham et al. 1994). Several studies 

have reported on the decomposition rates of fuels and forest floor for several pine 

ecosystems in North America (Harmon et al. 1986, Edmonds 1990, Harrington and 

Sackett 1992, Bxisse 1994, Jenny et al. 1994, Sackett and Hasse 1996). 

An idea of rates of decomposition of downed woody material can be obtained 

from studies of forest floor decomposition. The decomposition rate, or steady state 
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weight to annual accumulation weight varies for different stands (Jenny et al. 1949). For 

ponderosa pine stands in northern Arizona the decomposition rate is 0.076 for sapling 

stands, 0.059 for pole stands, and 0.050 for old growth stands (Harrington and Sackett 

1992). Edmonds (1991) reports slower decomposition rates in burned versus non burned 

sites. He also reports ponderosa pine needle decomposition in Arizona would equal 21 

years for the time to 95% decay in closed canopies and 9 years for the time to 95% decay 

in clearcuts. Under more favorable conditions than found in a pine-oak ecosystem, a 

coastal Douglas-fir log 10 inches in diameter would take 115 years for time to 95% 

decay. 

Neary et al. (1996) reviewed the effects of fire on Madrean-type ecosystems. 

According to the authors, Madrean ecosystems are probably one of the most susceptible 

systems to nutrient loss as result of off-site erosion. The authors further note the 

sensitivity of these landscapes as a result of their topography, climate, soils, vegetation, 

and fire firequencies. Biggs et al. (1996) determined that different fire firequencies within 

the last decade resulted in different effects on the geochemistry of grasslands in 

southeastern Arizona. 

Villanueva and McPherson (1995) compared sites in Mexico and the United 

States and found that the long-term effects of land use on Madrean ecosystems were 

masked by other environmental factors including different fire firequencies. In his 

dissertation, Villanueva (1996) measured the effects of land use and climates on soils and 

forest structure between sites in Sonora, Mexico and southwestern New Mexico. He 
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reported that litter depth and other soil characteristics were different between sites in the 

Animas Mountains and sites in the Sierra Los Ajos. 

Little information exists on the long-term effects of fire frequencies on soil 

characteristics. Short term increases in nitrogen and phosphorus have been reported on 

recently burned sites (Kitchen 1966, Covington and Sackett 1984, 1986, 1988, 1992). 

Sites that have not burned for at least S years have similar nutrient concentrations as 

unbumed sites (Covington and Sackett 1986). Covington and Sackett (1988) reviewed 

the effects of fire on southwestem ponderosa pine soils. The effects of burning on the 

physical, biological, and chemical characteristics of soils in southwestem ponderosa pine 

ecosystems were also discussed. 
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DESCRIPTION OF STUDY 

Objectives 

This study measured the effects of different, long-term fire frequencies on fuel 

loadings in a pine-oak ecosystem in the Madrean Province. Past studies have measured 

the differences in forest structure (Fule and Covington 1994a, Villanueva 1996) and fuel 

loading (Pule and Covington 1994a, 1994b, 1996) between sites in Mexico and the 

United States. Other studies have also shown that reintroducing fire into once fire 

excluded areas results in changes in stand structure and soil characteristics (Harrington 

1981, Covington and Sackett 1986, Amo et al. 1997). However, there have been few 

studies comparing the long-term effects of different fire frequencies on fuel loadings of a 

similar pine-oak ecosystem. This information is crucial to imderstand the long-term 

effects of fires, specifically prescribed fire, on the ecosystems of the Madrean Province. 

The effects of different fire frequencies on fuel loading within the same pine-oak 

ecosystem were measured to evaluate the null hypothesis that fiire frequency does not 

have an effect on fuel loading. One set of smdy sites had continuous fire frequencies, 

while other study sites had interrupted fire regimes in which regular fire frequencies 

ceased around the turn of the century. The sites had a range of fire firequencies from 0 to 

13 fires, since 1900. Measurements to quantify the effects of fire frequency included: 

1. Heavy fiiel loading 

2. Fine fuel loading 

3. Total fuel loading. 
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Study Areas 

Madrean Province 

The Madrean Province (or Archipelago) and its sky islands is an area in 

northwestern Chihuahua, northeastern Sonora, southwestern New Mexico and 

southeastern Arizona. Sky islands are isolated mountain ranges characterized by oak 

woodlands on lower elevations and pine-oak and coniferous forests on the higher 

elevations (McLaughlin 1994). The Madrean Archipelago is the convergence of four 

major biogeographic regions (Sonoran, CMiuahuan, Madrean, and Rocky Mountain) 

(Brown 1994) and two major moimtain chains (Sierra Madre Occidental and Rocky 

Moimtains). The physical diversity has been described as a "mixed geological 

composition apparently unrivaled in other areas of the world" (Warshall 1994). It is 

located in two countries, with different cultures, economies, and land-use practices. 

These factors make it an area of great biological, physical, and cultural diversity. 

Chiricahua Mountains 

The Chiricahua Mountains are located in Cochise County, Arizona, and 

encompass an area of 375,592 acres. The mountain range is predominately within the 

boundary of the Coronado National Forest and includes Chiricahua National Monument 

and Fort Bowie National Historic Site. The range extends southward from Apache Pass 

40 miles to the San Bernardo Valley. Chiricahua Peak, at 9,796 feet in elevation, is the 

mountain ranges ' highest peak. 
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Huachuca Mountains 

The Huachuca Mountains are west of Sierra Vista, Arizona, and east of the San 

Rafael Valley in Cochise and Santa Cruz Counties, Arizona. The mountain range 

continues from the intemational boundary with Mexico and the Coronado National 

Monument, northward through the Coronado National Forest 20 miles into the 

boundaries of the Fort Huachuca Military Reservation. Miller Peak at 9,443 feet in 

elevation is the highest point. 

Sierra Los Ajos 

The Sierra Los Ajos is located approximately 20 miles east of Cananea, Sonora, 

and approximately 30 miles southeast of the Huachuca Mountains. Most of the mountain 

range encompasses the Sierra Los Ajos, Buenos Aires, and La Purica National Forest 

Reserve. The watershed of the Sierra Los Ajos drains into the Rio Yaqui, Rio Sonora, 

and the Rio San Pedro. Elevations on the Sierra Los Ajos range from approximately 

3,500 to 8,656 feet at Cerro de Las Flores, the highest point in the sierra and the state of 

Sonora. 

The distinguishing characteristic of this mountain range is its relatively 

uninterrupted fire frequencies (Swetnam and Baisan 1996). Large, low intensity fires still 

occur up to the present day. In late May 1997, there was a 14,000 ha fire within 3 miles 

of two of the sites used in this study. Hector Durazo Patricio, owner of La Volanta Ranch 
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located in the middle of the mountain range, can remember "fires spreading from the 

central part of the Sierra Los Ajos, southward into the Sierra Buenos Aires range." This 

is a span of approximately 10 miles. 

Study Sites 

The study sites were similar across landscapes where climate, elevation, soils and 

other environmental factors are similar. All study sites were located in the Apache 

pine/long tongue muhly (Pien2/Muio) habitat type of the sky islands of the Madrean 

Province (Figure I). Sites were matched by the following criteria: 

1. Classification to the same USD A Forest Service Region 3 Terrestrial 

Ecosystem Survey map unit and habitat type association 

2. USD A soil classification to the family level 

3. Aspect, elevation, parent material, and 

4. Plant series to Brown et al. (1994) system of biotic community classification. 

With vegetation, soils, and climate similar, the main difference among the sites 

was assumed to be land use and, subsequently, different land uses and intensities (such as 

grazing, logging, and fire suppression) resulted in different fire frequencies (Table 1). 

Fire frequencv was defined as the number of fires occurring on the study site since 1900 

(Romme 1980, DeBano et al. 1998). The study areas were located close to one another to 

keep non-fire frequency variables (soils, climate, topography) constant, and are as bio-

physically similar to each other as possible. The sites, however, exhibited 
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Figure 1. Location of study sites. 



Table 1. Site characteristics for Apache pine/long tongue muhly habtiat type study sites. 

Site Fire 

Frequency 

Location 

UTM 

(Zonel2) 

Elevation 

(feet) 

Aspect Slope 

(%) 

Parent 

Material 

Soil 

Classification 

(USDA) 

Basal 

area' 

(ftVacre) 

Herbaceous 

Production^ 

(lbs/acre) 

El Tigre 0 E663200/ 

N3534200 

7000' nnw 55-65 Siltstone-

Limestone 

Udic and Lithic 

Haplustalfs 

70.7 1000 

Upper 

Sawmill 

2 E561134/ 

N3477818 

7200' nw 40-50 Limestone Lithic and Udic 

Haplustalfs 

85.3 875 

McClure 5 E558300/ 

N3482730 

7400' nnw 55-60 Limestone-

Siltstone 

Lithic and Udic 

Haplustalfs 

87.3 1000 

Plantio 9 E59916/ 

N3423753 

7200' nw 50-60 Limestone-

Siltstone 

Lithic and Udic 

Haplustalfs 

84.7 2000 

Pinos 

Grandes 

13 E599083/ 

N3424344 

7700' nw 40-55 Limestone-

Siltstone 

Lithic and Udic 

Haplustalfs 

68.8 550 

1. Basal area for conifer trees with a diameter at breast height greater than 5 inches (Avery and Burkhart 1994). 

2. Using weight estimate method (Pechanec and Pickford 1937), 
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very different fire frequencies. 

The five study sites were located in the Chiricahua and Huachuca Mountains, 

Arizona, and the Sierra Los Ajos, Sonora (Figure 1). Classification using Brown et al. 

(1994) system of biotic classifications classifies vegetation on the sites as forest and 

woodland formations, climate as cold temperate zone, biome as Madrean Montane 

Conifer Forest, and series as pine and oak-pine. 

El Tigre Study Site 

The El Tigre site is located in the Chiricahua Mountains in Pinery Canyon within 

the boundaries of the Coronado National Forest. The site is about halfway between 

Pinery Campground and the El Tigre Mine at an elevation of 7,100 feet. The site 

classifies as Udic and Lithic Haplustalfs, fine, mixed, fiigid. High Sun Mild (HSM), 5,-1, 

Pien2/Mulo map unit under USDA Forest Service Terrestrial Ecosystem Survey criteria, 

based on the presence and amoimt of larger, mature Apache pines and abundant long 

tongue muhly cover, as well as other species common to this habitat type. However, with 

the amount of regenerating Douglas-fir on this site, this site will likely succeed to a 

Douglas-fir/Gambel oak habitat type association using USDA Forest Service Region 3 

classification criteria. 

riimate- Climate is cold temperate with most of the precipitation occurring during 

the summer months (Rzedowski 1994, Muldavin 1996). Mean annual precipitation can 
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be extrapolated from nearby Rustler Park Ranger Station at 8^00 feet in elevation and 

West Turkey Creek Ranger Station at 6,500 feet in elevation (Bennett et al. 1996). 

Turkey Creek receives a mean annual precipitation of 24 inches, while Rustler Park 

receives 29 inches in mean annual precipitation (Bennett et al. 1996). Assuming an 

increase of 0.35 inches of precipitation per 100 foot increase in elevation, the 

precipitation should be approximately 24 inches (Bennett et al. 1996). The site is on the 

warmer end of a frigid soil temperature regime and the wetter end of the ustic soil 

moisture regime (Soil Survey Staff 1992). 

Land use - The El Tigre mine, adjacent to the study site, was worked as part of the 

California Mining District in the 1940s (Wilson 1995). No effects of disturbance as a 

result of mining are evident within the study site. As early as 1865, soldiers out of Fort 

Bowie established a lumber camp in Pinery (Pinery is a name for a lumber camp and 

sawmill)or Pine Canyon (Wilson 1995). Commercial logging began in 1879 in the 

vicinity of Turkey Pen Canyon, where a sawmill produced 20,000 board feet of lumber 

per day (Wilson 1995). 

There is also mention by Wilson (1995) of "Downings sawmill harvesting 

timbers out of Pinery Canyon for mines on the eastem slope of the Chiricahua Mountains 

in the late 1880s." The duration of the operation was unknown, however, after timber 

had been cut out of Pinery Canyon, the mill was moved to Pine Canyon and then to 

Barfoot Park. The forest in the vicinity of Barfoot Park produced 4 million board feet of 
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timber in 1902 (Kellogg 1902). Kellogg also mentioned that in the vicinity of Barfoot 

Park, 400 acres of forest would yield 10,000 board feet per acre and 50,000 acres in the 

Chiricahua Mountains were capable of sustained growth with an average stand of 5,000 

board feet per acre. The last major timber sale was conducted in Pine and Rattlesnake 

Canyon in 1941 (Wilson 1995). 

The area in the vicinity of Pinery Canyon had not been grazed intensively prior to 

1924 (Cooperidge and Hussey 1924). Kellogg (1902) stated that little damage had been 

done by livestock, due to hvestock not frequenting the higher mountains. A permit for 10 

cattle year-long (CYL) was issued around 1910 and this increased to 159 CYL for 1928 

as part of the Paradise Grazing Allotment (USD A Forest Service 1962). USDA Forest 

Service grazing management plans reports that as of the early 1950s, the high points, high 

country and tops and steep slopes were underused as far as utilization. However, most of 

the information for grazing records (Allotment Management Plan) for the Paradise 

allotment was collected in the lower elevations (USDA Forest Service 1962). 

Vegetation. - The vegetation is a Pinus spp.-Ouercus SPP. association (Brown et 

al. 1994). Many of the Pinus en^elmanii species seemed to indicate a degree of 

hybridization with Pinus arizonica. This hybridization between Pinus eneelmanii and 

Pinus arizonica was observed by Bennett et al. (1996) in this same area of Pinery Canyon. 

The site is classified as a Pinus engelmanii / Mnhlenhergia loneilieula (Pien2/Mulo) 

habitat type association using USDA Forest Service Region 3 criteria (Muldavin et al. 

1996). 
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Major overstory species are Pseudotsuea menziesii. Pinus engelmanii Pinus 

discolor. Ouercus gambelii. Juniperus deppeana r Quercus hvpoleucoides. and Ouerctis 

rugosa. Major understory species are Franeela betulaefolia. Muhlenhergia longilieula. 

Bromus anamolous. Elvmus arizonica. Panicum hulhosum- Koeleria macrantha. Achillea 

millefnhiim- Bidens lemmoni. Brickelia grandifolia. and Ctalmm mexicanum, 

Phvsiographv. - This site is located on siltstone parent material with limestone 

inclusions. Pallister et al. (1994) describe the parent material as sedimentary and 

volcanic rocks of Pinery Canyon. Parent material is shale and siltstone with interbedded 

limestone conglomerate. Parent material is Lower Cretaceous in age. The western slope 

of the Chiricahua Mountains is the watershed for the Wilcox Playa and rises fix)m 

Sulphur Springs Valley at 4,920 feet to over 9,000 feet. 

Fire Freouencv. - Fire frequency for Pinery Canyon in the Chiricahua Mountains 

was extrapolated from Pine Canyon (Kaib et al. 1996) and Rustler Park at 0 fires since 

1900 (Seklecki et al. 1996 and personal communication with Tom Swetnam, 1998). 

Using Secklecki et al. (1996) master fire chronology for the areas adjacent to Pinery 

Canyon, the last widespread fire was around 1895. 

Upper Sawmill Study Site 

The Upper Sawmill site is located on Fort Huachuca near the boundary with the 
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Miller Peak Wilderness Area of the Coronado National Forest, adjacent to the 

intersection of the Crest Trail and Sawmill Springs Trail. The site is northeast of Pat 

Scott Peak and South of Sawmill Spring at 7,200 feet in elevation. The site classifies to a 

Lithic and Udic Haplustalfs, fine, mixed, frigid, HSM 5,-1, Pien2/Mulo map unit using 

the USDA Forest Service Terrestrial Ecosystem Survey methodology for ecosystem 

classification. 

riimate. - Climate is cold temperate with most of the precipitation occurring 

during the siunmer months (Rzedowski 1994, Muldavin 1996). Mean annual 

precipitation at Fort Huachuca varies firom 15 inches at the base of the moimtains to 25 

inches at higher elevations (Bowers and McLaughlin 1994/ Assuming an increase of 

0.35 inches per 100 foot increase in elevation, the precipitation for this site is 25 inches 

(Bennett et al. 1996). Average January temperature is approximately 40® F and average 

July temperature is 65° F for the higher elevation of Fort Huachuca (Bowers and 

McLaughlin 1994). The site is on the warmer end of a frigid temperature regime and the 

wetter end of the ustic soil moisture regime (Soil Survey Staff 1992). 

T^d-use - Cair Canyon was the site of the first sawmill in the Huachuca 

Mountains in 1878. At this time the mill was producing 8,000 to 10,000 board feet per 

day and by June 1880, 1.75 million board feet of lumber had been produced for the mines 

in Tombstone (Wilson 1995). Another portable sawmill was established at the mouth of 
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Huachuca Canyon by the Army garrison in 1879. This same year, the Hartford mining 

district was established in Ramsey Canyon. Another sawmill was located in Sawmill or 

Upper Tanner Canyon around this time, and as of 1880 was delivering 5,000 to 7,000 

board feet of lumber per day to Harshaw, Arizona. By the mid-1880s, another sawmill 

was established at Sunnyside Canyon on the opposite western slope of the Huachuca 

Mountains and of the two study sites (Wilson 1995). 

The accelerated rate of timber harvesting on the Huachuca Mountains lasted less 

than a decade. Most of the "good timber" had been cut by the turn of the century and 

reforestation was well underway (Kellogg 1902). Kellogg (1902) mentions areas in the 

Huachuca Mountains where advanced regeneration was occurring at a rate of 5,000 to 

10,000 trees per acre, averaging five feet in height. The sites have not been grazed within 

the last couple of decades. In addition, sites on slopes greater than 40% are considered to 

be non-capable rangelands by the USDA Forest Service. Grasslands at the lower 

elevations of Fort Huachuca have not been grazed by livestock since the mid-1960s, 

when a small buffalo herd was removed (Robinett 1994). 

Vegetation. - The site, using Brown et al. (1994) system, supported a Ouercus 

SPP.-Pinus angelmani association site. The site is a Pinus engelmanii / Muhlenherpia 

Inngiligula habitat type association under USDA Forest Service Region 3 classification 

criteria (Muldavin et al. 1996). 

Major overstory species are Pinus gnpelmanii- Pinus ponderosa. Ouercus 
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arizonica. Ouercus hvploleucoides. Ouercus rueosa. and Junipeni.s deppeana. Major 

understory species are: Muhlenhergia longilieula. Panicum hulhosum. PiptnnhaetinTn 

pringlei. Elvmus arizonica. Galium mexicanum. Bidens lemmoni. Ageratina herbacea. 

Bidens heterosperma. Tradescantia pinetorum. and Ipomoea puprurea. 

Physiography. - Eyen though Hayes and Raup's 1968 geology map locates the site 

on siliceous yolcanic rocks the study site is actually located on a continuation of 

limestone from one of the Carboniferous limestone formations. Parent material 

characteristics, including the limestone composition, and presence of conglomerates 

indicate that the parent material is likely limestone of the Earp Formation of 

Peimsylvanian age (Hayes et al. 1968). This formation oyerlies the Horquilla and 

Escabrosa Formations, which are the same geologic formations as sites in the Sierra Los 

Ajos (Aponte 1973). The site drains into Garden Canyon, which forms part of the San 

Pedro Watershed. This watershed ranges in elevation from 4,260 feet to 9,443 feet. 

Fire Frequency. - Fire frequency is two for the Upper Sawmill site. The study site 

is located on an earlier fire history study site of the Uniyersity of Arizona Tree Ring Lab 

(Danzer et al. 1996, 1998). The last fire on the site was the Pat Scott Peak Fire in 1983. 

McClure 

The McCIure site is located on Fort Huachuca in upper McClure Canyon on the 
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slope opposite Lyle Peak and Pine Park, approximately 500 feet east of the boundary with 

the Coronado National Forest. The site is 7,400 feet in elevation. The site classifies as 

Lithic and Udic Haplnstalfs, fine, mixed, frigid, Pien2/Mulo map unit under USDA 

Forest Service Terrestrial Ecosystem Survey methodology. 

Climate- The climate will be the same as that of the Upper Sawmill study site. 

Land-use- This site has the same land-use history as the Upper Sawmill site. 

Vegetation. - Site vegetation classification was a Pinus spp.-Ouercus SDP. 

association using Brown et al. (1994) . The site is a Pinus engelmanii / Muhlenhergia 

longiligula habitat type association under USDA Forest Service Region 3 classification 

criteria (Muldavin et al. 1996). 

Overstory species are Pinus enplemanii- Pinus strobiformis. Ouercus gambelii. 

Juniperus deppeana. Ouercus hvpoleucoides. and Pinus discolor. Understory species are 

IVfiihlenherpia longiligula. Muhlenherpia virescens. Elvmus arizonica. Panicum 

hiilhoCTiiw Bidens lemoni. Galium mexicanum. Gentianela microcalvx. Delphiniiim 

andesicola. Hedeoma hvsopifolia. Hvmenoxis guinguesguamata. and Pseudocvmpoterus 

montana. 

Physiography. - Parent material is limestone of the Horquilla Formation of 
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Pennsylvanian age (Hayes and Raup 1968). The parent material is characterized by 

interfoedded red siltstone. This is the same geologic formation as the two study sites in 

the Sierra Los Ajos (Aponte 1973). 

Fire Frequency. - Fire frequency for the McClure site is five fires since 1900. 

This site is located on a previous fire history study site fiom the University of Arizona 

Laboratory of Tree Ring Studies (Kaib et al. 1996). Using a master fire chronology for 

McClure Canyon complied by Mark Kaib (1997), as a reference, the last widespread fire 

occurred in 1946. 

Plantfo Study Site 

The Plantio site is located one canyon north of Frijolito Canyon, east of Joya Del 

Packard, and south of Puerto Tanano at 7,200 feet in elevation, approximately 1.5 miles 

southeast of the Pinos Grandes site. The site classifies as Lithic and Udic Haplustalfs, 

fine, mixed, frigid HSM 5,-1, Pien2/Mulo site under USD A Forest Service Terrestrial 

Ecosystem survey methodology. 

riimate. - Climate is cold temperate with most of the precipitation occurring 

during the simmier months (Rzedowski 1994, Muldavin 1996). Mean anniial 

precipitation varies fit)m 15 to 30 inches, depending on elevation (Solis-Garza et al. 1993, 

Dieterich 1983). A ssuming an increase of 0.35 inches of precipitation per 100 foot 
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increase in elevatioru the precipitation should be approximately 26 inches (Beimett et al. 

1996). Average annual temperature ranges from approximately 59° F at the higher 

elevations and to 63° F in the lower elevations. Mean monthly temperature for June, the 

hottest month, is 75° F and 46° F for January, the coldest month (Solis-Garza et al. 1993). 

The site is on the warmer end of a frigid temperature regime and on the wetter end of the 

ustic soil moisture regime (Soil Survey Staff 1992). 

Land-use- Land use history for the Mexican sites is undocumented, but some 

information was obtained from interviews with Secretaria de Medio Ambiente, Recursos 

Naturales y Pesca (SEMARNAP) personnel and local residents of the area. One can 

postulate that historically, the sites have not been heavily grazed likely as a result of the 

high number of fires that occur in the area, steep topography, limited access to waters, 

remoteness of the area, different grazing practices, and personal communication with 

ranchers in the area. 

Dieterich (1983) described grazing as hght and non-uniform. According to Jesus 

Quintero, ranch foreman in charge of the grazing allotment on which the two sites are 

located, there were about one dozen cattle grazing the entire northern part of the mountain 

range as of September 1997. This information leads one to believe that historically, these 

areas have not been grazed intensively at least since the late 1950s. The sites in Mexico 

were logged during the 1940s (Villanueva 1996). Reported drug activity, remoteness of 

the range, and lack of roads currently act as deterrents to use of the Sierra's resources. 
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Vegetation. - The site was classified as a Pinus engelmanii / Muhlenhertna 

longiligula habitat type association under USDA Forest Service Region 3 criteria 

(Muldavin et cil. 1996). Vegetation association using Brown et al. (1994) is a Ouercus 

SDP.-Pinus engelmanii site. 

Major overstory species are Pinus enpelmanii- Pinus strobiformis. Ouercus 

gamhelii- and Tiiniperus deppeana. Major understory species are Rnhinia neomexicana. 

Fraxinus papillosa. Muhlenhergia longiligula. Muhlenhergia virescens. Elvmus arizonica. 

Galium meYiraniim. Erigeron vreelandi. Lonicera albiflora. Ageratina rothrocki. and 

Toxicodendrum rvdbergi. 

Physiography. - The site located on the Horquilla Limestone Formation of 

Pemisylvanian age (Aponte 1973). This formation occurs in the Huachuca Mountains on 

which the McClure site is located. Drainage is into Mariano Las Borregas Canyon, which 

drains into the Rio Bavispe. 

Fire Frequency. - No previous fire history sites are located within this study site. 

However, according to Chris Baisan and Tony Caprio, there are three previous fire 

history collection sites located within 1.5 miles of this site. These fire history sites were 

used to extrapolate the fire firequency for this site. The fire fiequency for this site was 

assumed to be lower than the Pinos Grandes site since it is subject to spreading fires fix)m 
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one watershed (Swetnam and Baisan 1996). The fire frequency is approximately 9 fires. 

Pinos Grandes 

The Pinos Grandes site is located about halfway between Cerro Pelon and Puerto 

Tanano at 7,700 feet in elevation. The site classifies to a Lithic and Udic Haplustalfs, 

fine, mixed, frigid, HSM 5,-1, Pien2/Mulo map unit using USD A Forest Service 

Terrestrial Ecosystem Survey methodology. 

Climate -The climate is the same as the Plantio study site. 

Land-use - Land-use is the same as that described for the Plantio study site. 

Vegetation. - Vegetation association is a Ouercus spp.-Pinus engelmanni site 

(Brown et al. 1994). The site was also classified as a Pinus Rn^elmanii / Mnhlenbergia 

longiligula habitat type association using USDA Forest Service Region 3 criteria 

(Muldavin et al. 1996). 

Major overstory species are Pinxis engelmanii. Pinus strobiformis. Ouercus 

arizonica. Ouercus gamhelii. and Tnnipenis deppeana. Major understory species are; 

Cercocarpus montanus. Muhlenhertna longiligula. Elvmus arizonica. Panicum bulbosxmi. 

Miihlenher^a glauca. Potentilla SOP.. Bidens lemmoni. Galium mexicanum. Gentianela 

micrncalvY. Agastache pallida. Viola SPP.. Thermopsis montana. and Pteridium 

aqiiiliniiim 
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Physiography.- The site is located on the Horqnilla Limestone Formation of 

Pennsylvanian age (Aponte 1973). This same formation underlies the Huachuca 

Moimtain study sites (Aponte 1973). Drainage is into Caflon Eyans; this is the watershed 

for the Rio Los Ajos which eventually drains into the Rio Sonora. However, the site is 

immediately adjacent to a saddle that forms the watershed boimdaiy with the Mariano 

Las Borregas Canyon and Rio Bavispe Watershed. 

Fire Frequency. - The Finos Grandes site is located approximately 700 feet 

southwest and along the same ridge as Puerto Tanano. Puerto Tanano was one of the 

sites used by Dieterich (1983) and Swetnam and Baisan (1996) to reconstruct the fire 

history for the area. A map of collection sites (provided by Chris Baisan of the 

Laboratory of Tree-Ring Research) for fire history material for sites in the Sierra Los 

Ajos locates one of the collection areas on this study site. In addition, the site will 

essentially have the same fire firequency as Puerto Tanano, which was sampled by 

Dieterich (1983) (visual confirmation of sampled snags and trees by Mark Kaib, 1997). 

The site is situated like Puerto Tanano, in such a way that it is subject to fires fix)m two 

watersheds. Tony Caprio (former Laboratory of Tree-Ring Research, Research 

Assistant), who sampled the area for fire scarred material, indicates that this will likely 

result in a high fire firequency of 13. The last recorded fire was in 1972. However, the 

abundance of charcoal, Pteridium aauilinium and Thermopsis montana indicate 
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occurrence of a low intensity fire within the last couple of years (Alanis-Morales 1996). 

Field Methods 

Site Selection 

All sites were selected based on similarities of climate, vegetative, parent 

material, and topographic characteristics (Table 1). Many of these characteristics were 

expressed in soil characteristics (Table 2) (Jenny 1994). Sites were classified as the same 

Map Unit using USDA Forest Service Region 3 Terrestrial Ecosystem Survey (TES) 

methodology (USDA Forest Service 1985). The sites were also the same habitat type 

association using USDA Forest Service Region 3 habitat type keys (Muldavin et al. 

1986). As part of the TES classification protocol, vegetation was classified to the series 

level and one descriptive and representative soil profile was classified to the family level 

using USDA Soil Taxonomy (Soil Survey Staff 1992). Other information obtained 

included soil characteristics, slope, aspect, landfomi, and elevation were also recorded. 

Additional site infomiation that was critical to this study was knowledge of fire 

history. Fire history was determined based on composite fire chronologies firom fire-

scarred tree collections on or near the study sites (Swetaam and Baisan 1996). Several 

tentative sites were selected in the Sierra Los Ajos during June, 1997. Sites selected were 

representative of larger landscapes while maintaining TES Map Unit criteria. No 

unharvested sites were found that met the selection criteria. However, these sites were 
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Table 2. Soil A horizon characteristics for all study sites. 

Site pH TtlC TtlN NH4-N PC)4 CEC Texture A horizon 
(%) (%) (ppm) (ppm) (meq/lOOg) depth (cm) 

El Tigre 7.0 3.54 0.16 9.72 968 42.8 S. Loam 8.7 

Upper 7.2 3.54 0.16 5.17 265 27.9 

Sawmill 

Loam 8.8 

McClure 7.9 5.77 0.26 19.0 249 35.5 Loam 10.2 

Plantio 7.6 4.16 0.20 14.0 258 27.3 Loam 7.9 

Pinos 6.9 5.67 0.24 19.9 348 41.8 

Grandes 

Loam 7.4 
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representative of most pine-oak ecosystems in the borderland area. Therefore, the 

different site and stand histories were assumed to have a direct cause-and-effect 

relationship for the different fire frequencies for each of the sites. 

Analogous sites in the United States were selected by searching for areas in 

southeastern Arizona with similar parent material, aspect, slope gradient, soils, and 

vegetation type. Several tentative sites were located on the Huachuca and Chiricahua 

Moimtains. Final site selection was determined by similarities in Terrestrial Ecosystem 

Survey Map Unit and habitat type criteria and fire firequency differences from sites in 

Sierra Los Ajos. 

Sampling 

Sampling was designed to measure fuel loading on the study sites. Each site was 

sampled using a 2.5 acre systematic grid of plots located at equally distanced intervals 

spread out over the entire study site (Figure 2) (Hayek and Buzas 1997). This 2.5 acre 

study site has been used in previous fire studies in pine and pine-oak ecosystems 

(Harrington 1985, Ful6 and Covington 1994a and 1994b, Amo et al. 1997). Twenty-five 

plots per grid were established on the Sierra Los Ajos sites and thirty plots per grid for 

the Chiricahua and Huachuca Mountain sites. The center of the plot was the initiation 

point for a randomly oriented planar intersect transect that measured downed woody 

material (Brown 1974). Plots were measured within a short time of each other to lessen 

the effect that precipitation and climate might have on fuels. 
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Figure 2. Sampling design for study sites. 
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Fuel Loading 

Downed woody material was all material derived of downed trees and other 

woody plants. This material can include logs, woody matter, branches, twigs and roots 

(Harmon et al. 1986). Coarse woody debris (CWD) was any woody material larger than 

3.0 inches in diameter (Graham et al. 1994). Fuel was any dead vegetative material lying 

above the mineral soil, specifically downed woody material, that can combust (Pyne et al. 

1996, DeBano et al.l998). 

Heavy and Fine Fuels. 

Downed woody material was measured using Brown's (1974) planar-intersect 

method. Twenty-five transects, 53 feet in length, were measured on the two Sierra Los 

Ajos sites. Thirty transects, 53 feet in length, were measured on each of the two sites on 

the Huachuca Mountains and the one site in the Chiricahua Mountains (Brown et al. 

1982, Busse 1994). Downed woody material was divided into 4 diameter classes (0.1 to 

0.25 inches, 0.25 to 1 inches, 1 to 3 inches, and greater than 3.0 inches sound) and an 

additional class (greater than 3.0 inch rotten) of rotten woody debris as defined by Brown 

(1974). These size classes correspond to the four time-lag classes of the United States 

National Fire Danger Rating System (1-hour, lO-hour, 100-hour, and 1000 hour fuels, 

respectively) and definitions for coarse woody debris (CWD) (Anderson 1982, Graham et 
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al. 1994, Pyne et al. 1996). 

The planar intersect transect was randomly oriented from plot center (Figure 2). 

Different diameter size classes of woody debris intersected by the planar transect were 

tallied using Brown's (1974) tally rules. Tallies of the different diameter classes and their 

specific gravity were used in determining loading in tons per acre using Brown's (1974) 

procedures. Squared average diameters for non-slash ponderosa pine were used for 0.1-

0.25 inch, 0.25-1 inch and 1.0-3.0 inch fuels, respectively. Specific gravities used for 

these same size classes were those included in Brown's (1974) calculations for ponderosa 

pine. Specific gravities for greater than 3.0 inch sound fuels and greater than 3.0 inch 

rotten fuels were 0.40 and 0.30, respectively (Brown 1974). 

Measurements and data analyzed: 

1. Heavy Fuels 

a. Fuels 1-3 inches in diameter (loading in tons/ac) 

b. Sound fuels greater than 3 inches in diameter (loading in tons/ac). 

c. Rotten fuels greater than 3 inches in diameter (loading in tons/ac). 

d. Coarse Woody Debris (loading tons/ac). 

2. Fine Fuels 

a. Fuels 0.25-1 inch in diameter (loading in tons/ac) 

b. Fuels 0.1-0.25 inches in diameter (loading in tons/ac) 

3. Total fuel loading (Sum of heavy and fine fuels)(loading tons/ac). 
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Analytical Procedures 

Comparative statistics were used to test the hypothesis that fire fi^uencies do not 

have an effect on fuel loading at the 0.05 level of significance. All analysis of variance 

(ANOVA) tests were tested for assiraiptions of homoscedacity using Levene's test for 

unequal variances (Ramsey and Shafer 1997). Normality assumptions were assessed 

using residual and normal probability plots. Downed woody material data were skewed 

as is typical of many downed woody material studies (Hannon et al. 1986). Therefore, 

downed woody material data was natural log transformed to meet ANOVA assumptions 

(Zar 1974). 

One-way classification analysis of variance was used to determine the effects of 

different fire firequencies for all downed woody material classes. To accoimt for imequal 

sample sizes, the Tukey-Kramer multiple range test was used to determine differences 

among different fire firequencies. The Tukey-Kramer test accounts for differences in 

sample numbers between the Mexican and United States sites (Ramsey and Shafer 1997). 

Transformed data were only used to perform statistical analysis. 
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RESULTS AND DISCUSSION 

Fuel Loading 

Heavy Fuels 

Fuels 1.0-3.0 Inches in Diameter. - There was a significant difference between 

sites for the 1-3" downed woody material size class (Figure 3). Low-fire firequency sites 

(El Tigre and Upper Sawmill) had the greatest amount of 100-hour fuels than did the 

other three sites. The El Tigre site had 4 times as much loading as the Plantfo site. 

There were no difference among sites with a fire fi^uency of 5,9, and 13 fires. 

The amoimt of this size class on the Upper Sawmill site might indicate the severity of the 

1983 Pat Scott Peak Fire. Moderate-to-severe fires consume this size class material. 

Patchy areas of dead and downed branches visible on the site were likely a result of 

scorching and branch-kill firom the 1983 Pat Scott Peak Fire. 

Sound Fuels Greater Than 3.0 Inches in Diameter- - The differences were 

observed in the extreme fire frequencies (low and high). Fuels greater than 3 inches that 

are sound were different between sites (Figure 4). Sites with the lowest fire firequencies 

had almost 3 to 4 times the amount of this size class material than did the sites with high 

fire firequencies. There was no difference between these two sites (El Tigre and Upper 

Sawmill). With the exception of the McClure site with its intermediate fire firequency, 

there was an inverse relation between low and high fire frequencies and amount of this 

size class material. 
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(0.56)ac 

(0.56)b (0.62)b 

El Tigre (0) Upper McClure (5) Plantio (9) Pinos 
Sawmill (2) Grandes(13) 

Site (Fire Frequency) 

Figure 3. Fuels 1-3 inches in diameter. 

(Mean fuel loading for fuels 1-3 inches in diameter for all study sites. Standard errors in 

parentheses.  No statistical difference for means with the same letter (Appendix Bl).  
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El Tigre (0) Upper McClure (5) Plantio (9) Pinos 
Sawmill (2) Grandes (13) 

Site (Fire Frequency) 

Figure 4. Sound fuels greater than 3 inches in diameter. 

(Mean fuel loading for sound fuels greater than 3 inches in diameter for all study 
sites. Standard errors in parentheses. No statistical difference for means with the 

same letter, (appendix B2)) 
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Rotten Fuels Greater Than 3.0 hiches in Diameter. - Fuels greater than 3 inches 

that were rotten were different among the different fire frequencies (Figure 5). The El 

Tigre and McCIure site had the greatest amount of rotten woody debris greater than 3 

inches in diameter. There was no difference between sites with a fire frequency of 9 and 

13. Due to the lack of fire consumption, the large amount of this size and quality class 

material was expected on the site with the lowest fire frequency. The McClure site had 

the greatest amount, almost 24 times the amount than that of the Pinos Grandes site. 

The amount of rotten woody debris might reflect the environmental conditions 

that characterize the McClure site. One possible explanation is that this site with a fire 

frequency of 5 fires had the deepest A horizon of all of the sites (Table 2), this might 

indicate the greatest surface stability of all sites which could contribute to a higher rate of 

decomposition than the other sites (Edmonds 1991). 

The low amount of rotten 1000-hour fuels on the Upper Sawmill site was (once 

again) likely a result of the moderate severity of the Pat Scott Peak fire. Fires high and 

moderate in severity readily consiune rotten lOOO-hour fuels (Sackett 1979). Studies of 

prescribed bums indicate a consumption of up to 95% of the rotten woody debris (Sackett 

1980, Harrington 1981). Also, the amount of rotten CWD on the sites is likely an 

indication of time since last fire. Sites with the lowest rotten CWD loading have all had 

fires within the last 15 years. 

Coarse Woodv Debris. - Sites were different in the amount of coarse woody 
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(lJO)bc 
(lJO)bc 

El Hgre (0) Sawmill Niduie (5) Plantio (9) Pinos Grandes 
(2) (13) 

Site (Rre Frequent') 

Figure 5. Rotten fuels greater than 3 inches in diameter. 

(Mean fiiel loading for rotten fuels greater than 3 inches in diameter for all study sites. 
Standard errors in parentheses. No statistical difference for means with the same letter 

(Appendix B3)). 
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debris (Figure 6). Coarse woody debris loading was inversely related to fire firequency; 

this substantiates previous statements made of the inverse relation between fire firequency 

and amounts of fiiel (Harmon et al. 1986, Graham et al. 1994, Jurgensen et al. 1997). The 

lowest fire firequencies had the highest amount of CWD. The site with the lowest fire 

firequency had almost four times the amount of 1000-hour fiiels than the sites with the 

highest fire fi-equencies. There were no differences between sites with a fire firequency of 

0 and 2, and between sites with a fire firequency of 5 and 9. 

Assimiing CWD, and its relation to ectomycorrhizal activity, can be used as a 

proxy for healthy, fimctioning forest soils; the amounts of CWD can determine the 

"health" of forest soils relative to different fire firequencies (Graham et al. 1994). There is 

a concern in areas with firequent fires that there is "nutrient depletion" of a site as a result 

of the consimiption and volatilization of organic matter by firequent fires. There is also 

concern that high fire firequencies have also interrupted the degradation of organic matter 

and natural cycling of nutrients in the ecosystem (Jurgensen et al. 1997). Therefore, the 

amount of these size class materials on a site is often used as an indicator of a properly 

fimctioning soil (Harmon et al. 1986, Graham et al. 1994, Jurgensen et al. 1997). 

Results indicate that sites with intermediate fire fi-equencies were within the 

recommended amounts of CWD for properly fimctioning soils (Graham et al. 1994). 

High fire firequencies were below the recommended amounts of CWD, while sites with 

low fire frequencies were above the recommended amounts of CWD. Graham et 

al.(1994) recommend 5 to 10 tons 
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(2.45)ac 

(2.45)ac 
(2.45)bc 

(2.69)bc 

El Tigre (0) Upper McCliire (5) Plantio (9) Pinos 
Sawmill (2) Grandes (13) 

Site (Fire Frequency) 

Figure 6. Coarse woody debris. 

(Mean loading for coarse woody debris for all study sites. Standard error in 
parentheses. No statistical difiference for means with the same letter (Appendix B4).) 
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per acre for the ponderosa pine/Gambel oak (Pipo/Quga) habitat type. The Pipo/Quga 

habitat type is similar to the Pieii2/Muio habitat type since soils, climate, and plant 

composition are similar between these 2 habitat types (Muldavin et al. 1996). All of the 

sites had Gambel oak present and ponderosa pine is known to hybridize with Apache 

pine (Peloquin 1994). 

The 8.18 average tons per acre of CWD in this study are comparable to other 

loadings in pine-oak ecosystems in the Madrean Archipelago. Alanis-Morales (1996) 

reported a range of 5 to 20 tons per acre of "heavy fuels" in a Pinus duraneesis stand near 

Madera, Chihuahua. Sackett (1979) reported an average of 7.8 tons per acre in ponderosa 

pine stands on the San Carlos Indian Reservation. Pole Bridge Canyon RNA in the 

Chiricahua Mountains had an average of 11.12 tons per acre (personal communication 

with Amy Beussink 1998). This site was similar in vegetation and fire history to the El 

Tigre site, a few miles north in Pinery Canyon. Harrington (1981, 1987) reported ranges 

of 3.0 to 15.0 tons per acre in Arizona pine stands on the Santa Catalina Mountains that 

had not burned in 70 years. Christopherson (1989) reported that 6.0 tons per acre of 

CWD were reduced to 4.0 tons after a prescribed fire on this same moimtain range. 

Fine Fuels 

Fuels 0.1-0.25 Inches in Diameter - There were differences in 0.1-0.25 inch in 

diameter downed woody material (1-hour fuels) among fire frequencies (Figure 7). The 

site with the lowest fire frequency (El Tigre) had the greatest amount of 1-hour fuels. 

This site had almost five times the amount of 0.1-0.25" fuels than the two sites with 
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(0.12)b (0.12)b 

El Tigre (0) Upper McClure (5) Plantio (9) Pinos 
Sawmill (2) Grandes 

(13) 

Site (Fire Frequency) 

Figure 7. Fuels 0.25-1 inch in diameter. 

(Mean fuel loading for fuels 0.25-1 inch in diameter for all study sites. Standard error in 
parentheses. No statistical difference for means with the same letter (Appendix B6).) 
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the highest fire firequency, and was significantly different that the rest of the sites. 

However, there were no differences in this fiiel class among sites with a fire frequency of 

2, 5, 9, and 13. 

Fuels 0.25-1.0 Inches in Diameter. - There were also differences between 0.25-1" 

fuels among ail fire firequencies (Figure 8). The lowest fire frequency had the highest 1-

hour fuel loading of all the sites. It had nearly twice as much as the Upper Sawmill site, 

and 5 times the amount of the Mexican sites with the highest fire frequencies. Once 

again, the site with a fire frequency of 0 was different from the rest of the sites, while 

there were no differences among sites with a fire frequency of 2, 5, 9, and 13. 

Results from this study indicate that there were no difference in fine fuel loading 

for sites that have burned 2, 5,9, and 13 times in this century. Determining fine fuel 

loading for an area or landscape is important from a fire management perspective, since 

the amount of surface fuels less than 1 inch in diameter are of concern in most cases 

involving the prediction of fire behavior. Fuels less than 1 inch in diameter affect several 

fire behavior characteristics such as: ignition, spread, intensity, spotting, and torching 

(Anderson 1982). Fuels less than 0.25 inch in diameter are very conducive to rapid rates 

of spread, since they are generally considered the primary carrier of a surface fire (Pyne et 

al. 1996). Given these resiilts, a fire frequency of 2 will produce the same fuel loading as 

a fire frequency of 13. 
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Figure 8. Fuels 0.1 to 0.25 inches in diameter. 

(Mean fuel loading for fuels 0.1-0.25 inches in diameter for all study sites. Standard 
error in parentheses. No statistical difference for means with the same letter 

(Appendix B5).) 
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Total Fuel Loading. 

Total fuel loading of fuels 0.1 to greater than 3.0 inches in diameter were different 

among the sites. The results for total amount of downed woody material indicated an 

inverse relation between fire frequency and the amount of downed woody material 

(Figure 9). There is evidence that stand age was not a factor in differences in total fuel 

loading. The United States sites have similar ages and land use histories, yet exhibit 

different fuel loadings; the same holds true for the 2 Mexican sites. 

The average total fiiel loading measured in this study of 11.07 tons per acre in the 

Pien2/Mulo habitat type was comparable with Ponderosa pine ecosystems in New 

Mexico and Arizona. These ecosystems have an average of 9.2 tons per acre of downed 

woody material (greater than 1.0 inches in diameter) (Sackett 1979). Harrington (1982, 

1987) found a total fuel loading of 5 to 11 tons per acre in the Santa Catalina Mountains. 

Graham et al. (1994) reported CWD loadings from 5 to 13 tons per acre for ponderosa 

pine/Gambel oak habitat types in northern Arizona. 

Fire frequency and its effects on total fuel loading, surface cover, and soil 

physical and biological components can affect the surface A horizon, particularly, in 

Madrean pine-oak ecosystems with their characteristic steep topography, increased fire 

frequencies, and precipitation events (Neary et al. 1996). The consumption of the 

downed woody material and Utter cover can increase rain drop impact and erosion; this 

can affect water and air infiltration into the soil, soil moisture, soil organic matter, 

nutrient supplying and holding capacity, and overall fertility (Swanson 1981, Neary et al. 
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Figure 9. Total fuel loading. 

(Mean total fuel loading for all study sites. Standard error in parentheses. No statistical 
difference for means with the same letter using the Tukey-Kramer HSD test.) 



63 

1996). 

No statistical difference was found between depths of A horizons among the 

different sites. However, in shallow soils, an A horizon with an average depth of 10.24 

cm for the El Tigre site and 7.44 cm for the Plantio site, may be a significant difference in 

terms of water and nutrient holding capacity. Subsequendy, it was the sites with the least 

amounts of all surface fuels, including CWD, and highest fire firequencies that had the 

shallowest A horizon (Table 2). This is undesirable firom a soil management and quality 

perspective (Graham et al. 1994, Rhoton and Linbo 1997). 

Decomposition rates may dictate the amoimt of total fuel loading over time in 

areas where fire is absent (Christopherson 1989, Edmonds 1991). This decomposition 

rate and its effect on fuel loading must be strongly considered on sites like El Tigre which 

have had no fire in this century. Subsequently, the slow decomposition rates in these 

ecosystems indicate a high rate of fuel accumulation in the absence of fire (Sackett and 

Haase 1996). 
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CONCLUSIONS 

An inverse relation existed between long term fire fi^uencies and loadings of 

larger size class fuels. Study sites with intermediate fire firequencies exhibited variabiUty 

in both quantities and quaUties of some size classes of fuels. Most of the sites with varied 

responses in fuel loading trends were also sites that have had their natural fire fi-equencies 

disrupted. The Mexican sites, with their relatively unaltered fire frequencies, were the 

most consistent in their response trends to fire frequencies. 

Soil, vegetation, topo-geographic, and climate variables of the study sites were 

similar. Therefore, differences in fuel loading could be attributed to differences in fire 

frequencies. There was evidence that differences in stand age did not affect fuel loading 

on these study sites. Consequently, the effects of fire frequency on fuel loading 

expressed themselves in differences among all size classes. 

The importance of the effects of different fire frequencies depend on management 

goals and objectives. High fire frequencies (greater number of fires per unit time) can be 

an advantage in reducing fuels for watershed or fire management objectives but a 

disadvantage in management of soil quality and wildlife habitat. In addition, time since 

last fire can be just as important as number of fires in a given time period for assessing 

fire frequency effects. 

The study sites with the highest fire frequencies consistently had the lowest fuel 

loadings in all size classes, fix)m a fire management perspective, this would be an 

advantage in control, suppression, and subsequent air quality factors when fires do occur. 



However, fine fiiel loadings were the similar for sites with 2, 5, 9, and 13 fires in this 

century. And, intermediate fire frequencies restxlted in the same fuel loadings as sites 

with high fire frequencies. 

By using Graham's (1994) size criteria for CWD, and assimiing that this 

Pien2/Mulo habitat type is similar to the ponderosa pine/Gambel oak habitat type from 

which the recommended amounts of CWD were determined, the study sites with high fire 

frequencies are below the reconmiended amounts of coarse woody debris. Therefore, a 

high fire frequency is a disadvantage from a soil quality perspective (Jurgensen et al. 

1997, Rhoton and Linbo 1997). 

As a result of low fire frequencies, slow decomposition rates, and socio-political 

factors, fiiel loadings on the El Tigre and Upper Sawmill sites were above the amounts 

recommended for most fire management objectives and reconunended amounts of CWD. 

Conversely, the Pinos Grandes and Plantio sites, with their high fire frequencies, had fiiel 

loadings that were below recommended amounts for management objectives like soil 

quality and wildlife habitat Therefore, based on the results of this study, the effects of 

intermediate fire frequencies can be advantageous for multiple management objectives 

like fire, soil quality, and wildlife. 

One must consider that if lack of effective fire suppression and light to moderate 

grazing on the Mexican sites has resulted in the continuation of a regular fire frequency 

characterized by widespread, low intensity surface fires (Dieterich 1983, Swetnam and 

Baisan 1996), these sites should represent the dynamics and functions of this ecosystem 
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would be if the natural fire frequency had not been interrupted as it was on sites in the 

United States (Fule and Covington 1994b). More natural fire frequencies have resulted in 

decreased ftiel loads. These fiiel loading characteristics play a role in the ecological 

functioning of these sites, contributing to an overall greater biodiversity, and ecosystem 

stability that many people have qualitatively reported (Leopold 1937, Marshall 1967, 

Fishbeinder et al. 1994). 
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Appendix A. Conversion Chart 

To Convert To Multiply By 

Acres Hectares 0.405 

Feet square Meters square 0.09 

Feet Meters 0.305 

Inches Centimeters 2.540 

Centimeters Inches 0.394 

Miles BCilometers 1.6 

Pounds Kilograms 0.454 

Tons Tonnes 1.102 

Tons/acre Tonnes/hectare 2.242 

Tons/acre Kilograms/square meter 0.224 

Pounds/acre Kilograms/hectare 1.12 



68 

Appendix B1: Analysis of Fuels 1-3 Inches in Diameter. 

Analysis of variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 4 19.912499 4.97812 8.9726 
Error 135 74.899984 0.55481 Prob>F 
C Total 139 94.812483 0.68210 <.0001 

Alpha=0.05 
Comparisons for all pairs using Tukey-Kramer HSD 

Abs(Dif)-
LSD 

El Tigre Upper 
Sawmill 

Finos 
Grandes 

Plantio McClure 

El Tigre -0.53177 -0.17894 0.229240 0.378425 0.415006 
Upper 
Sawmill 

-0.17894 -0.53177 -0.12359 0.025599 0.062180 

Finos 
Grandes 

0.229240 -0.12359 -0.58252 -0.43334 -0.39791 

Plantio 0.378425 0.025599 -0.43334 -0.58252 -0.5471 
McClure 0.415006 0.062180 -0.39791 -0.5471 -0.53177 

Positive values show pairs of means that are significantly different. 
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Appendix B2: Analysis of Sound Fuels Greater Than 3 Inches in Diameter. 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 4 57.38329 14.3458 11.3616 
Error 135 170.45819 1.2627 Prob>F 
C Total 139 227.84147 1.6391 <.0001 

Alpha=0.05 
Comparisons for all pairs using Tukey-Kramer HSD 

Abs(Dif)-
LSD 

El Tigre Upper 
Sawmill 

Plantio Pinos 
Grandes 

McClxire 

EI Tigre -0.8022 -0.517 0.284414 0.447646 0.852366 
Upper 
Sawmill 

-0.517 -0.80222 -0.00081 0.162427 0.567147 

Plantio 0.28441 -0.00081 -0.87878 -0.71555 -0.31257 
Pinos 
Grandes 

0.44764 0.162427 -0.71555 -0.87878 -0.47581 

McClure 0.85236 0.567147 -0.31257 -0.47581 -0.80222 

Positive values show pairs of means that are significantly different. 
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Appendix B3: Analysis of Rotten Fuels Greater than 3 inches in Diameter. 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 4 19.08480 4.77120 6.3372 
Error 135 101.64056 0.75289 Ih'ob>F 
C Total 139 120.72536 0.86853 0.0001 

Alpha=0.05 
Comparisons for all pairs using Tukey-BCramer HSD 

Abs(Dif)-
LSD 

McClure El Tigre Upper 
Sawmill 

Plantio Pines 
Grandes 

McClure -0.6194 -0.40527 0.049113 0.203848 0.305382 
El Tigre -0.4052 -0.61946 -0.16508 -0.01035 0.091188 

Upper 
Sawmill 

0.04911 -0.16508 -0.61946 -0.46473 -0.36319 

Plantio 0.20384 -0.01035 -0.46473 -0.67859 -0.57705 
Finos 

Grandes 
0.30538 0.091188 -0.36319 -0.57705 -0.67859 

Positive values show pairs of means that are significantly different. 



71 

Appendix B4: Analysis of Coarse Woody Debris. 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 4 46.74150 11.6854 7.7977 
Error 135 202.30680 1.4986 Prob>F 
C Total 139 249.04830 1.7917 <.0001 

Alpha=0.05 
Comparisons for all pairs using Tukey-BCramer HSD 

Abs(Dif)-
LSD 

El Tigre Upper 
Sawmill 

McClure Piantio Pinos 
Grandes 

El Tigre -0.8739 -0.42202 0.170108 0.430550 0.654873 
Upper 
Sawmill 

-0.4220 -0.87395 -0.28182 -0.02138 0.202942 

McClure 0.17010 -0.28182 -0.87395 -0.61351 -0.38919 
Piantio 0.43055 -0.02138 -0.61351 -0.95737 -0.73304 
Pinos 
Grandes 

0.65487 0.202942 -0.38919 -0.73304 -0.95737 

Positive values show pairs of means that are significantly different. 
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Appendix B5: Analysis of Variance for Fuels 0.1-0.25 inches in Diameter. 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 4 3.1477047 0.786926 24.3996 
Error 135 4.3539609 0.032252 Prob>F 
C Total 139 7.5016656 0.053969 <.0001 

Alpha=0.05 
Comparisons for all pairs using Tukey-BCramer HSD 

Abs(Dif)-
LSD 

El Tigre McClure Upper 
Sawmill 

Pinos 
Grandes 

Plantio 

El Tigre -0.1282 0.165921 0.238573 0.249099 0.254279 
McClure 0.16592 -0.12821 -0.05556 -0.04503 -0.03985 
Upper 
Sawmill 

0.23857 -0.05556 -0.12821 -0.11768 -0.1125 

Pinos 
Grandes 

0.24909 -0.04503 -0.11768 -0.14045 -0.13527 

Plantio 0.25427 -0.03985 -0.1125 -0.13527 -0.14045 

Positive values show pairs of means that are significantly different. 
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Appendix B6: Analysis of Fuels 0.25-1 Inch in Diameter. 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 4 4.095860 1.02396 11.0935 
Error 135 12.460932 0.09230 Prob>F 
C Total 139 16.556792 0.11911 <.0001 

Alpha=0.05 
Comparisons for all pairs using Tukey-Kramer HSD 

Abs(Dif)-
LSD 

El Tigre Upper 
Sawmill 

McClure Pinos 
Grandes 

Plantio 

El Tigre -0.2169 0.055915 0.098814 0.203619 0.267130 
Upper 
Sawmill 

0.05591 -0.2169 -0.174 -0.06919 -0.00568 

McClure 0.09881 -0.174 -0.2169 -0.11209 -0.04858 
Finos 
Grandes 

0.20361 -0.06919 -0.11209 -0.2376 -0.17409 

Plantio 0.26713 -0.00568 -0.04858 -0.17409 -0.2376 

Positive values show pairs of means that are significantly different. 
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