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ABSTRACT 

Sprouting response of Ouercus emorvi and Ouercus arizonica was 

studied following a Hay, 1987 wildfire on the Audubon Society 

Research Ranch Preserve in Santa Cruz, Co., AZ. Sprouting 

response of oaks was measured as total number and density of 

sprouts by species and diameter class. Thirty-five of the 109 

trees examined (32%) sprouted in response to the fire, 

including 30.5% of all Q. emorvi and 36.4% of all Q. 

arizonica. In both species, small diameter (<10 cm) trees are 

more likely to sprout than those larger than 10 cm. Ouercus 

emorvi trends toward producing more sprouts/tree than Q. 

arizonica (avg. of 14.03 sprouts to 6.87 sprouts). Among all 

sprouters, however, there is no difference in the number of 

sprouts produced by trees in the two size classes. Sprout 

density is greater in Q. emorvi at 3.58 sprouts/cm. Q. 

arizonica averages 0.89 sprouts/cm. In all sprouters, density 

is greater in smaller stems (4.17 sprouts/cm) compared with 

0.71 sprouts/cm in the larger size class. 
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CHAPTER 1 

INTRODUCTION 

Historical literature as well as fire scarred trees 

attest to the fact that fire has long been a part of 

southeastern Arizona ecosystems. While it is understood that 

fire influences evergreen oak woodlands, fire's role is not 

completely understood. The body of knowledge on fire effects 

in evergreen oak woodlands is based in part on our 

understanding of fire in Arizona's semi-desert grasslands, 

chaparral, and conifer forests, the biological communities 

that border the woodlands at lower and higher elevations, 

respectively. 

For a more complete understanding of the role of fire in 

evergreen oak woodlands, a wide range of factors should be 

investigated. Fire effects literature often presents broad 

generalizations about fire in oak woodlands. Fire effects, 

however, may appear as random responses by organisms to fire 

unless somehow correlated to a number of variables. Some 

sixteen types of oak woodland have been identified by the U.S. 

Forest Service (U.S.D.A. F.S. 1988), involving a wide range of 

topographic and elevational variables. Plants respond to fire 

in different ways to variations in season, weather, and fire 

behavior. Many studies must rely on unplanned wildfires to 

assess the impact of fire on a site and its flora and fauna. 

In such cases it is not possible to report with confidence 
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that a particular response is the result of any one variable. 

A wildfire in May, 1987 allowed the study of post-burn 

sprouting responses of Arizona white oak fouercus arizonica) 

and Emory oak (£• emorvi). Field observations included 

mortality, tolerance to bark charring and crown scorch, top-

kill and number of sprouts produced. Four null hypotheses were 

evaluated: 1) sprouting response of top-killed and non-top-

killed trees is similar, 2) tree diameter is not influenced by 

species and does not influence post-fire sprouting, 3) once 

sprouted, there is no difference in the number of sprouts 

between size classes and species, and 4) once sprouted, 

numbers of sprouts per centimeter of dieuneter is not affected 

by size class or species. 

This study was originally intended to address vegetation 

responses as influenced by fire behavior. Research burns were 

planned on treatment plots where fire behavior would be 

monitored and documented. A post-burn assessment would attempt 

to correlate fire behavior and fire effects. These fires were 

unfortunately cancelled due to fuel and weather conditions 

beyond those that would allow a safe or adequate burn. 

It is hoped that this thesis will add to the 

understanding of the sprouting response of these two oaks. 
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CHAPTER 2 

LITERATURE REVIEW 

A. OAK TAXONOMY 

Ouercus arizonica belongs to the Fagaceae family and is 

a member of the sub-genus Leucobalanus. Species in this group 

are trees or shrubs with usually rough and sometimes scaly 

gray bark, leaves are often lobed but are not bristle tipped, 

and acorns mature in one year. Representatives of Leucobalanus 

are found throughout North America, Europe and temperate Asia 

(Trelease 1924). Q. arizonica becomes a medium to large tree 

up to 18 m tall with wide-spreading branches set conspicuously 

at right angles to the trunk. Its bark is light gray to 

whitish with deep fissures separated by broad ridges. Leaves 

are persistent, oblong-lanceolate to broadly ovate, 2.5 to 7.5 

cm long, leathery, dark green above and paler below (Miller 

and Lamb 1985). Q. arizonica is found in the western Sierra 

Madre, but is chiefly located north of the international 

border, and below the Mogollon Rim (Trelease 1924, Miller and 

Lamb 1985). 

Ouercus emorvi belongs to the black and scarlet oak sub

genus Erythrobalanus. This group of trees and shrubs is 

distinguished by mostly ridged, but not scaly dark bark, 

leaves serrate, often incisely lobed, and acorns that usually 

mature in the second year (Q. emorvi acorns mature in one 

year). Members of Erythrobalanus are found exclusively in the 
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Western Hemisphere, north of the Isthmus of Panama, except for 

a small group in the Columbian Andes (Trelease 1924). O.emorvi 

is a medium sized tree up to 18 m tall. In contrast to Q. 

arizonica. its branches are set at acute angles to the trunk. 

The crown tends to be rounded. Bark is black to dark brown. 

Leaves are semi-evergreen (shedding for a short period each 

year, oblong-lanceolate, 2 to 7.5 cm, with entire margins or 

few teeth, dark green above and paler below (Miller and Lamb 

1985). Its range is similar to Q. arizonica, found from south 

of the international border to below the Mogollon Rim 

(Trelease 1924, Miller and Lamb 1985). 

B. MADREAN EVERGREEN WOODLAND 

The Madrean evergreen woodland, centered in the Sierra 

Madre of Mexico, stretches northward into southeastern Arizona 

(to Yavapai County), southwestern New Mexico, and Trans-Pecos 

Texas (Brown 1982). It is characterized by mild winters and 

wet summers. Mean annual precipitation usually exceeds 400 mm 

with 200 mm falling in the summer growing season, May through 

August. The woodlands elevational range is between 1200 and 

2300 meters (Brown 1982). Freezing temperatures are rare in 

the southern portions of the woodlands, but they increase to 

an average of almost 125 days at the northern limits 

(Ffolliott and Guertin 1987). 

The Madrean evergreen woodland occupies a transitional 
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zone between the semi-desert grasslands below and the conifer 

forest above (Brown 1982). Shreve (1915) sub-divided the 

woodland into upper and lower encinal (Spanish for "place of 

live oaks"). The lower encinal is more open or "orchard like" 

while the upper encinal is of a more dense, closed character. 

In the mountains of southeast Arizona, the most prevalent 

oak species include Emory oak, Mexican blue oak (Q. 

oblonqifolia), Arizona white oak, and gray oak (£. grisea). At 

the upper limits of the encinal, silverleaf oak (£. 

hvpoleucoides) and net-leaf oak (Q. rugosa) become more 

prominent. It is at the upper boundary that encinal species 

begin to mix with components of the oak-pine type, typified by 

one or more Madrean pine, i»e. Apache pine (Pinus 

enaelmannii) , Chihuahua pine (P. leiophvlla var. chihuahuana), 

and Arizona pine (P. ponderosa var. arizonica). Other tree 

species typical of the encinal include alligator and one-seed 

juniper (Juniperus deppeana and J. monosperma) and Mexican 

pinon (P. cembroides) (Brown 1982). 

The principal understory component of the lower encinal 

is grass, primarily the muhleys (Muhlenbergia spp.) and gramas 

(Bouteloua spp.). Cacti and leaf succulents, more typical of 

the semi-desert grasslands, are often present. The shrub 

aspect contains several species important to the Arizona 

chaparral ecosystem centered to the north. These include 

manzanita (Arctostaphvlos spp.) and shrub live oak (Q. 
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turbinella). 

Oak woodland tree densities range from only a few 

scattered trees, to over 150 per hectare (Ffolliott 1985). 

Relatively small, often multiple-stemmed, irregularly formed 

trees are typical. Trees and shrubs grow slowly, rarely 

exceeding 0.25 cubic meters per hectare, equivalent to an 

annual growth rate of less than 1 percent. Growth is 

relatively fast throughout the early and middle stages of 

development, but as trees become older, natural mortality 

increases to a point where net growth is negligible (Ffolliott 

and Guertin 1987). 

Mammals typical of oak woodlands include White-tailed 

Deer (Odocoileus virqinianus), Coati (Nasua nasua), Yellow-

nosed Cotton Rat (Sicnnodon ochroqnathus), and Eastern 

Cottontail (Svlvilacrus floridanus). Madrean evergreen 

woodlands historically supported Mexican Grizzly Bear (Ursus 

arctos), now thought to be extinct (Brown 1982). 

Characteristic birds include Montezuma Quail (Crvtonvx 

montezumae), Arizona Woodpecker (Picoides arizonae), Acorn 

Woodpecker (Melanerpes formicivorus), and Bridled Titmouse 

(Parus wollweberi) (Brown 1982). 

Reptiles and amphibians typical of Madrean woodlands 

include Rock Rattlesnake (Crotalus lepidus), Twin-spotted 

Rattlesnake (C^ pricei). Ditmar's Horned Lizard (Phrvnosoma 

ditmarsi). Clark's Spiny Lizard (Sceloporus clarki), Yarrow's 
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Spiny Lizard (S_s. jarrovi), Barking Frog (Hvlactophrvne 

augusti) / and Tarahumara Frog (Rana tarahiimarant (Brown 1982). 

C. FIRE IN SOUTHEASTERN ARIZONA 

The influence of fire on the grasslands and woodlands of 

southeastern Arizona has long been a subject of debate 

(Leopold 1924, Humphrey 1958, Hastings and Turner 1965, Bahre 

1977, Dobyns 1981, Pyne 1982, Wright and Bailey 1982, Chandler 

et al 1983, Bahre 1985, Bahre and Hutchinson 1985). Factors 

that have influenced the fire history of southeastern Arizona 

are lightning and person-caused fire including ignitions by 

Native Americans, ranchers, and miners, and other factors 

including drought, grazing, fuel wood cutting, and fire 

suppression. 

The fire regime of southeastern Arizona is largely 

dependent on its climate. Swetnam (1990) suggests fire regimes 

in southeastern Arizona are primarily determined by fuel and 

climate dynamics and that lightning ignitions have been a 

greater influence than human-caused ignitions. Fire cycles 

appear to be tied to the global weather phenomena of El Nino 

and La Nina (Swetnam and Betancourt 1990). El Nino events 

produce significantly wetter springs and summers (and a 

reduced fire load), while La Nina influenced weather results 

in much drier springs and summers (with peak fire occurrence). 

The lower elevations of the region are arid and often 
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influenced by episodic drought. The majority of the 

precipitation occurs in the summer thunderstorm season, as 

does the greatest amount of lightning. Lightning acts as an 

ignition source for fires from April through November/ with 

the greatest lightning activity in July (Barrows 1978). Fires 

are most numerous in July and August but are typically small 

because of the usually heavy rain that accompanies the 

lightning. Dry lightning, however, is possible in May and 

early June. 

Prior to the arrival of Anglo-Americans in southeastern 

Arizona, Native Americans may have been responsible for many 

ignitions that burned the grasslands (Dobyns 1981). Newspaper 

accounts from the late 1800's suggest Native Americans were 

significant burners of semi-desert grasslands (Bahre 1985). 

These accounts, however, were usually second hand and most 

often coincided with the lightning season. It is quite likely 

that many of the fires attributed to Native Americans were 

actually lightning ignitions. Aboriginals, however, did 

contribute to the fire load with their use of fire to drive 

game, improve game forage, and to destroy the hunting grounds 

of their enemies as well as facilitate their own escape from 

enemies (Dobyns 1981). The practice of burning stopped as 

Anglo influence increased. 

Hastings and Turner (1965) debate that Native Americans 

and fire were significant in the maintenance of the 
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grasslands, stating that climatic change was the most critical 

influence in the development of shrub dominated grasslands. 

Other authors cite sufficient evidence to argue that Native 

Americans and the fire they employed were important influences 

on semi-desert grasslands (Leopold 1924, Humphrey 1958, Dobyns 

1981, Wright and Bailey 1982, Chandler et al 1983, Bahre 1977, 

Bahre 1985, Bahre and Hutchinson 1985). Decline in territory 

due to Anglo settlement, Indian wars, and the subsequent 

removal of Apaches to reservations put an end to Aboriginal 

burning (Pyne 1982). Ranchers, however, continued this 

practice to improve livestock forage. 

Before 1880, when influence of Anglo-Americans on the 

southern Arizona grasslands increased, the semi-desert 

grasslands probably produced more grass and may have burned at 

about five to ten year intervals (Wright and Bailey 1982). 

Poor seed sources, slow establishment and growth rates of 

mesquite and other shrubs would have permitted fire on a five 

to ten year cycle to effectively control shrub invasion 

(Wright and Bailey 1982). Leopold (1924) estimates a fire 

interval of about ten years in the transition zone between oak 

woodland and the semi-desert grasslands. Leopold also notes 

that since the arrival of white man and the inception of 

grazing, the fire interval had decreased from pre-Anglo 

frequency. Overgrazing resulted in decreased fuel available to 

carry a fire sufficient to consume shrub seedlings. As a 
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result, many grasslands are now dominated by mesquite and 

contain less grass cover (Dobyns 1981, Bahre 1985). However, 

Hastings and Turner (1965) feel that fire frequencies have 

actually increased in the past 100 years. 

No fires in southeastern Arizona have been directly 

attributed to the miners of the late 1800's but miners in 

other areas during the same time period were known to burn off 

vegetation to facilitate location of potential mines (Chandler 

et al 1983). The mining boom of the late 1800's was, however, 

a significant impact on the oak woodlands of southeastern 

Arizona. In the Bisbee area alone, at least 405,000 cords of 

fuelwood were removed from oak-juniper woodlands, mesquite 

thickets, and riparian forests. Larger trees were also cut for 

mine timbers. The woodlands have not decreased in extent as a 

result of this cutting but fewer large trees are present today 

than existed before this exploitation (Bahre and Hutchinson 

1985). 

Fire histories for the region have primarily been 

developed from historical records. Bahre (1985) researched 

southeastern Arizona newspapers for information on fires in 

the mid to late 1800's. Newspaper accounts indicate wildfires 

occurred in all of the major vegetation types of southeastern 

Arizona. Wildfires were roughly twice as frequent in 

coniferous forest and oak-juniper woodlands as in grassland, 

and about three times as frequent in grassland as desert scrub 
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(Bahre 1985). The information used for the early accounts was 

often second hand at best and cannot be relied upon by itself 

for an adequate understanding of the region's fire history. 

Modern records from Saguaro National Monument indicate 

89% of lightning fires between 1937 and 1986 were split 

between pine-oak forest (48%) and ponderosa pine and mixed-

conifer forest. The remainder were in lower elevations (Baisan 

and Swetnam 1990). 

Tree ring analysis often provides an accurate record of 

an area's fire history (Arno 1980). However, growth ring 

boundaries in the evergreen oaks of southeastern Arizona are 

difficult or impossible to distinguish. The absence of clear 

ring boundaries may be due to the lack of a definite dormant 

season. Because of this, dendrochronologists have devoted 

little attention to assessing fire histories in evergreen oaks 

with tree ring analysis. Through study of fire scars in Pinus 

spp. in lower Rhyolite Canyon in the Chiricahua Mountains, 

Swetnam et al. (1989) estimate a fire return interval of about 

11 years. This may be reflective of fire histories in oak 

woodlands and grasslands in the surrounding foothills. 

Fire in Madrean Evergreen Woodlands 

Fire in Madrean evergreen woodlands has often been noted 

but its effects have received very little attention and few 

studies have been conducted. Most studies have examined the 
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effects of fire following wildfires. 

Ouercus emorvi sprouts readily from its root crown when 

top-killed by fire (Johnson et al. 1962, Caprio, pers. comm., 

Carmichael et al. 1978). Johnson et al. (1962) report 33% 

mortality in the 10-15 cm size class, but forty-seven percent 

of those top-killed responded with basal sprouts. Q. 

arizonica. Q. oblonqifolia and Juniperus deppeana also sprout 

from root crowns (Carmichael et al. 1978, Caprio, in prep.). 

J. monosperma shows no adaptation to fire and is killed when 

burned (Johnson et al. 1962, Carmichael et al. 1978). Johnson 

(1962), however, does report J. monosperma above one meter 

tall surviving fire. 

Shrubs and sub-shrubs in oak woodlands display a variety 

of responses to fire. Wheeler's sotol (Dasvlirion wheelsri) 

is not tolerant of severe burns (97% mortality), but survives 

light to moderate burns (Wright 1980). Johnson et al (1962) 

report beargrass(Nolina microcarpa) is harmed by fire (52% of 

plants with some damage). Amole (Agave schottii) and point-

leaf manzanita (Arctostaphvlos punqens) do not survive fire 

(Caprio, in prep.). However, A. punqens regenerates profusely 

from seeds stored in the soil which require heat scarification 

to germinate (Carmicheal et al. 1978). Yucca species tend to 

be tolerant of fire. Very hot fires may cause 25% mortality, 

but generally few plants are killed by fire. Plants return to 

pre-burn stature after two to five years (Wright 1980). 
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Turpentine brush (Haplopappus laricifolius) is not tolerant of 

fire, suffering 95 to 100% mortality following burning. Pre-

burn densities are not reached until ten to twenty years post 

burn (Wright 1980). 

Wright's silktassel (Garrva wriqhtii). catclaw mimosa 

(Mimosa biuncifera), skunkbush sumac (Rhus trilobata), and 

mountain mahogany (Cercocarpus montanus and C. breviflorus) 

all sprout from root crowns (Carmichael et al 1978, Wright et 

al. 1979, and Wright 1980). Ocotillo (Fouquieria splendens) is 

not tolerant of fire. Mortality ranged from forty to sixty-

seven percent in light to severe burns (Wright 1980). Young 

velvet mesquite (Prosopis -juliflora var. velutina) is easily 

top-killed by fire but sprouts vigorously. Larger trees on 

bottomland sites are more tolerant of fire (Wright 1980). 

Snakeweed (Gutierrezia sarothrae) is not tolerant, suffering 

95% mortality. It does recover quickly, however, returning to 

pre-burn densities in five to ten years (Wright et al. 1979, 

Wright 1980). Prickly pear cactus (Qpuntia phaeacantha) and 

cane cholla (O. spinosior) are moderately tolerant (30% and 

45% mortality respectively), both recovering to pre-burn 

levels in 15 years (Wright 1980). Engelmann prickly pear 

cactus (O. enqelmannii) shows no adaptations to fire, being 

killed outright (Carmichael et al. 1978). 

Burning commonly favors forbs over grasses and, under 

drier conditions, annuals may be favored over perennials 
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(Daubenmire 1968). Plant phenology and burning conditions are 

important factors that influence plant response (Mueggler 

1976). Fire is generally least harmful to herbs and forbs 

during the dormant season when soils are wet. Warm season 

grasses are favored by spring burns (Wright 1974), while 

summer burns tend to favor annual grasses (Wright and 

Klemmedson 1965). Grama grass (Bouteloua spp.)/ the grass most 

typical of Madrean oak woodlands, decreases in density in the 

first growing season post-burn (Bock and Bock 1986). That 

study was not long enough in duration to assess longer term 

response of Bouteloua to fire. 

Whether by natural or human causes, fire is an important 

factor in southeastern Arizona ecosystems. Fire in Madrean 

evergreen woodlands has often been noted but little work has 

been directed at the effects of the variables of season and 

intensity on plants in this ecosystem. Wildfires have provided 

most fire effects research opportunities. While it is noted 

that oaks as a group respond to fire by sprouting, little is 

known about how individual species respond to fire. 

D. PLANT RESPONSES TO FIRE 

General effects of fire on plants 

Fire is an important ecological force which has shaped 

numerous plant communities through the world (Ahlgren and 

Ahlgren 1960, Christensen 1985, Cooper 1961, Daubenmire 1968, 
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Kilgore 1973, Mueggler 1976, Wright and Heinselman 1973). Fire 

probably appeared on earth as soon as there was terrestrial 

vegetation to provide fuel. Lightning, as well as other 

natural phenomena, such as volcanic eruption, spontaneous 

combustion and sparks caused by falling rocks, is one of the 

natural causes of fire from the tundra to the tropical forest 

(Trabaud 1987). 

Fire may cause considerable damage to plants by 

interfering with physiological processes and by the direct 

destruction of plants. The most serious fire-caused injury is 

the loss of photosynthetic surface by loss of leaves (Kramer 

and Kozlowski i960). 

Plants generally respond to fire by regeneration of lost 

plant parts or entire individuals through vegetative 

regeneration ("sprouters"), or sexual reproduction 

("seeders"). Plants have adapted to fire by several 

mechanisms, known as "survival traits", including l) continual 

production of dormant buds, protected by bark or soil, which 

begin active growth after injury to stem or crown; 2) heat 

induced flowering; 3) heat induced release of seed held on the 

plant; and 4) heat induced germination of dormant seed (Gill 

1977). Sprouting from dormant buds is the most important 

survival mechanism for oaks. 

Vegetative survival. The survival of perennials after a 

fire depends on the survival of buds. Buds respond to foliage 
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destruction or some other plant damage by producing new shoots 

or sprouts. Sprouting may occur from buds on the trunk that 

have been protected by bark (epicormic), or in stumps and 

roots if above ground parts have been damaged or removed 

(stump or basal sprouting). Sprouting is rare in conifers but 

is the most common form of vegetative reproduction in 

angiosperms (Kramer and Kozlowski I960). 

Sprouts originate from either adventitious or dormant 

buds. Adventitious buds usually develop from callus tissue 

around wounds. Host buds, however, are dormant, increasing in 

size each year enough to stay on the outside of the sapwood 

but under the bark. When the physiological balance of a tree 

is upset by cutting, fire, injury, or disease, dormant or 

adventitious buds are stimulated to produce sprouts (Kramer 

and Kozlowski 1960). 

Bark thickness is an important factor in the protection 

of buds (Hare 1961, Martin 1963). Bark is such an effective 

insulator that some species may survive and produce new leaves 

after intense crown fires. Fire resistant bark is found in 

many Eucalyptus species (Vines 1968) and longleaf pine (Pinus 

palustris) and ponderosa pine (P. ponderosa). 

Soil is also an effective insulator. Mineral soil does 

not conduct heat well and receives only a small proportion of 

the heat produced by a passing fire, therefore, plant organs 

buried in the soil are generally protected from heat. 
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Significant long-term smoldering, with detrimental effects, 

may be possible in soils with a high organic content. Fuel 

load, fuel moisture, amount of fuel consumption, soil moisture 

content, and soil texture all influence the amount of total 

heating and the peak temperatures reached in the mineral soil 

after burning (Covington and Sackett 1990). 

Examples of sprouting following fire include: 50% of the 

small woody shrubs in California and Chile (Mooney and Dunn 

1972), 100% of the shrubs in California coastal sage shrub 

(Halanson and Westman 1985), 65% of the species in South 

African fynbos (Kruger 1977), and nearly all woody species in 

Isreal (Naveh 1974) and southern France (Trabaud 1980). Plants 

are also known to sprout from their bases after fire has 

killed all or some of the above ground parts. Host of the 

trees of California chaparral (Hanes 1971) and European 

garrigues and maquis (Trabuad and Lepart 1980) produce sprouts 

from their bases following fire. Many shrubs, including 

Ouercus coccifera in the Mediterranean Basin (Trabaud 1980) 

sprout vigorously from root suckers. 

Apical dominance is important in a plant's ability to 

produce sprouts. Hormones, including auxin, are produced by 

the parent plant which inhibit dormant buds from sprouting. 

Only removal of above ground foliage and the subsequent 

disruption of hormone production, allows dormant buds to 

become active (Wells 1969, Gill 1977). 
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Stimulation of flowering. Fire may also stimulate plants 

to produce inflorescences. This usually occurs in monocots but 

some dicots with this trait have been described (Gill 1981b). 

This has been observed in Polvqala lewtonii, a dicot endemic 

to fire dependent habitats of Central Florida (personal 

observation). The palms, Serenoa repens and Sabal etonia, of 

central Florida are also induced to flower following fire 

(Abrahamson 1984). 

Seed liberation and dispersal. Many species possess woody 

dehiscent fruits that release seeds shortly after fire. This 

trait allows seed liberation to coincide with favorable 

conditions for germination. Fire stimulated seed release 

permits seed development in a physically and chemically 

enriched habitat (Gill 1981). Seedlings in unburned forest 

conditions are at a disadvantage and often die because of 

insufficient light, fungal attacks, and animal browsing, 

whereas seedlings in a post-burn environment have an increased 

chance of survival because of adequate light and nutrients 

(Ashton and McCauley 1972). North American pine species Pinus 

banksiana. P. contorta, and P. clausa possess serotinous cones 

that remain closed until the heat of a fire melts a wax or 

resin, allowing bracts to open and release seeds (Robbins and 

Myers 1989). 

Stimulation of germination. Fire may remove obstacles to 

germination of seed stored in the soil, volatilizing 
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allelopathic chemicals or removing their source, as in Florida 

rosemary (Ceratiola ericoides) (Johnson 1982)/ opening the 

seed bed to increased light and elevated soil temperatures, or 

by directly causing the removal of protective seed coats 

(Chandler et al 1983). Response of buried seeds (death or 

germination) depends not only on properties of the seed, but 

also on characteristics of the fire, including soil 

temperature and duration of heating, and the position of the 

seeds in the soil (Trabaud 1987). Following fire, many annual 

and biennial herbaceous species germinate and flower 

abundantly, only to disappear in two to three years. 

Germination in chaparral is thought to be a result of the 

removal of old vegetation and destruction of phytotoxic 

substances (Christensen and Muller 1975). 

Plant characteristics in relation to fire 

Plant characteristics play an important role in plant 

survival. Important variables include: age and size, bark 

characteristics, phenology, and species. 

Aae and size. Age influences resistance to heat damage. 

Older trees are less susceptible to stem and top-kill than 

younger trees. Directly related to tree age are tree height, 

diameter, and bark thickness and composition. Size of the 

parent tree and bark thickness also may influence a sprouting 

response (Kramer and Kozlowski 1960). Older trees with thicker 
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bark are less susceptible to injury than younger, thinner 

barked trees. Sprouts per tree increase with diameter up to a 

point where increasing bark thickness begins to hinder the 

emergence of dormant buds. The possibility of bud traces being 

interrupted also increases with time. Older trees are able to 

produce more sprouts because the bud traces have been able to 

branch with increasing age. In oaks, sprouting appears to 

correlate inversely with tree diameter. Sprouts increase with 

size up to 13 centimeters and begin decreasing with further 

increases in diameter (Kramer and Kozlowski 1960). 

Large trees may suffer little or no damage if the lower 

edge of the crown is 9 to 13 meters above the ground. Small 

trees and shrubs often sustain heavy damage with complete 

crown or trunk kill during most fires. Not all tree parts are 

equally sensitive to fire although individual plant parts may 

die at 52" C. The surface-to-volume ratio of plant parts 

influences the susceptibility to heat damage; leaves have a 

high ratio and are easily damaged, whereas twigs and other 

parts are less susceptible (Plumb 1980). 

Phenology. Phenology and weather have been suggested as 

important differences between dormant and growing season 

burns. Temperature and rainfall are weather variables 

important to plant survival following fire. Scorch height 

influences whether or not buds are heated to lethal 

temperatures. Scorch heights are higher in the summer due to 
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higher ambient temperatures. The length of time a plant goes 

without adequate rain is also critical. 

A plant1s physiological condition is important in how it 

responds to fire. Ferguson (1957) states, "the ability of a 

stem to sprout is a function of its physiological condition 

rather than the character of the injury, particularly the 

amount of carbohydrate reserves in a plant's roots or 

rhizomes. Sprouting should be least vigorous when the reserves 

are the lowest." 

Waldrop et al. (1987) suggest, "top-kill early in the 

growing season halts carbohydrate production at a time when 

carbohydrate reserves are normally at their lowest levels." 

Evergreen and deciduous species vary in how they store 

and use carbohydrate reserves throughout the year (du Sablon 

1906). Carbohydrate reserves in deciduous species are lowest 

in the spring when leaves are forming and increase through the 

summer to maximum levels before leaves drop. Evergreens 

exhibit an opposite pattern, having their highest reserves in 

the spring, with a decrease through the summer before reaching 

their lowest levels in mid to late summer. Food reserves are 

replenished through the fall and winter. This pattern in 

evergreens is explained by colder winter temperatures reducing 

respiration more than photosynthesis (du Sablon 1906). 

Other workers have confirmed du Sablon*s findings. Woods 

et al. (1959) found carbohydrate levels in two deciduous oaks 
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(Quereus laevis and Q. incana) to be at their lowest in late 

April and early Hay as leaves were expanding. Starch reserves 

in Pinus echinata are lowest in fall, highest in the spring 

(Hepting 1945). Grano (1955) girdled Q. stellata and Q. 

falcata at 2 to 4 week intervals in Arkansas. In 0.falcata 

the greatest mortality and lowest sprouting response followed 

April and June girdling, while more Q. stellata were killed 

when girdled between Hay and July. Girdling in Hay produced 

the fewest sprouts. 

The carbohydrate reserve theory has been disputed by 

other workers, however. Working with sweetgum (Liquidamber 

stvraciflua). Wenger (1953) suggests sprouting vigor may 

depend more on hormone levels, photoperiod, and other factors. 

Auxin, which inhibits sprouting of lateral buds, is produced 

by growing buds in the spring. High levels of this hormone 

could inhibit sprouting. Vogt and Cox (1970) found that 

seasonal variations in carbohydrate reserves in Ouercus 

palustris did not affect the number, height, or weight of 

sprouts produced after cutting. It is suggested that sprouting 

vigor may be influenced by hormones such as gibberellins and 

cytokinins. 

Species. Species vary in their resistance to fire and 

recuperative capacities following damage. Differences in heat 

tolerance are probably due to variation in thickness, 

composition, and chemical content of bark (Hare 1961, Spalt 
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and Reifsnyder 1962, Plumb 1980). 

Fire characteristics in relation to Plant response 

Fire behavior, expressed in rate of spread 

(distance/time), heat per unit area (heat/area), fire line 

intensity (heat/linear distance/time), flame length 

(distance), and reaction intensity (heat/area/time), affects 

the time/temperature response, and thus the amount of damage 

that occurs. Heat input to the surface of the bark is governed 

by fire temperatures and their durations (Martin 1963). Fires 

of low intensities may cause little or no damage to a plant's 

foliage, but may eventually kill the plant through long 

duration smoldering. 

Scorch height is a function of flame length and ambient 

temperature and provides a measure of the amount of the tree 

canopy that has been subjected to lethal temperatures. Wind, 

type and amount of fuel, and ambient air temperature are key 

determinants in predicting scorch heights. 

Differential Heating. The eddy effect caused by air 

movement around a tree often results in the leeward side of 

the tree receiving greater heat from the fire. This is evident 

by fire scars typically found on the uphill side of the tree 

(Gill 1974). Fuel also tends to accumulate on the uphill sides 

of trees, resulting in greater and longer heating of the tree 

trunk. 



31 

Other factors influencing Plant response 

Temperature. The length of time that living tissue can 

withstand high temperature is inversely proportional to the 

temperature to which it is exposed (Martin et al 1969). The 

lethal temperature for most intact plants ranges from 43 to 

59* C (Hare 1961). 

With temperatures below the threshold (49-52" C), even 

with continuous exposure, cambium will not be killed. As 

temperatures increase, however, less exposure is necessary to 

cause tissue death. Temperatures above 52" C are considered 

fatal to the cambium. At 57" C pine seedlings are rapidly 

killed (Hare 1961). Plant tissue in roots and at the base of 

trees is often killed by residual smoldering that maintains 

lethal temperatures for extended periods. 

Ambi ent Temperature. initial bark temperature may 

determine whether or not cambium is killed. Pinus palustris 

and Licruidamber stvraciflua are both about 50% more resistant 

to fire at 2" C than at 21' C (Plumb 1980). 

Site, sprouting is usually more vigorous on better 

quality sites, probably due to more available moisture and 

nutrients and perhaps more food stored in the roots (Wenger 

1953). 

Fire is a significant influence on plants and plant 

communities throughout the world. Fire may cause considerable 

damage to individual plants through interruption of 
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physiological processes or outright destruction of the plant. 

Response of plants to fire is usually by regeneration from 

seeds or sprouts. Important variables affecting plant 

regeneration include plant characteristics such as age, size, 

and phenology, fire behavior, and site quality. 

E. OAK RESPONSE TO FIRE 

The effect of fire on oaks has been studied in the 

eastern United States but little work has been done in the 

west. Eastern studies have primarily dealt with the response 

of oaks to various types of damage, including fire (Rouse 

1986). It is well documented that most oak species sprout from 

a root crown and/or a below ground bud zone in response to 

damage (Plumb 1980). Sprouting from dormant buds is the most 

important survival mechanism for oaks. As much as 75% of the 

oak forest of Pennsylvania originates from sprouts (Kramer and 

Kozlowski 1960). 

Several factors influence direct fire-caused mortality in 

oaks. These include: species, season of burning, bark 

characteristics, size, vigor, tree form, fire behavior, and 

stocking level (Plumb 1980, Rouse 1986). In general, species 

respond differently to fire, large trees are generally more 

resistant to fire than smaller trees, and bark thickness and 

composition is important in the protection of tree cambium 

(Plumb 1980). 
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Work in southern California on five species of oak has 

shown varying degrees of sensitivity to fire. The trunk and 

crown of Ouercus aqrifolia is able to survive most fire 

damage, while Q. wizlisenii. Q. kelloggii, Q. chrvsolepis, are 

less tolerant of fire and may survive fire with some degree of 

charring or be top-killed. Q. dumosa, a shrub or small tree 

usually growing in chaparral, almost always is top-killed. All 

five species exhibit a sprouting response, from a few weeks 

post burn to the next growing season (Plumb and Gomez 1983). 

Q. inopina of central Florida scrub habitats protects itself 

by having 70 percent of its biomass underground. Pre-burn 

coverage may be regained as soon as three years following fire 

(Johnson et al. 1986). Little (1938) observed that Q. alba and 

Q. stellata had more but shorter sprouts per stump than did Q. 

coccinea and Q. velutina. Evergreen oaks in California 

typically sprout vigorously from the base. Deciduous white 

oaks, including Q. lobata, Q. qarrvana. and Q. douglasii, also 

sprout from the base, but not as vigorously as the evergreen 

oaks (Griffin 1971). 

Season of burn has been shown to induce different 

responses from oaks. During the dormant season, oaks are 

generally less susceptible to injury (Gruelach 1973). In 

Florida, growing season burns have different effects on oaks 

than do dormant season burns (Chaiken 1952, Lotti et al. 1960, 

Langdon 1981, Waldrop et al 1987). Annual summer fires are 
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more effective than biennial summer burns in completely 

killing root systems, while top-kill is higher following 

spring fires than following fall, summer, or winter fires 

(Glitzenstein and Piatt, unpub.). Ferguson (1961) found top-

kill of Ouercus stellata and £. falcata lowest following 

winter burns (2%) and highest after spring and summer burns 

(10%). Sprouts from top-killed stems were larger, taller, and 

more numerous after winter and late summer than after late 

winter or spring burns (Ferguson 1961). Ambient air 

temperatures tend to be lower in the dormant season, requiring 

higher energy release by the fire to reach lethal temperatures 

(Loomis 1973). The seasonal effects of fire on plants is 

possibly due to 1) differential physiological sensitivity to 

heat, 2) differences in fire intensity, and/or 3) differences 

in initial ambient temperature (Plumb 1980). 

Bark thickness, as well as other characteristics such as 

bark configuration and chemical and moisture content 

contribute to fire resistance but have not been fully 

explained (Plumb 1980, Plumb and Gomez 1983, Rouse 1986). 

Tree height, diameter, and bark thickness are all 

directly correlated to tree age. Younger trees are more 

susceptible to top-kill and stem-kill, while older, larger 

trees are generally more resistant (Ferguson 1957). Bark 

thickness and composition also change with age; sensitivity 

may be increased or reduced. Larger trees have a greater 
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capacity as a heat sink and usually have thicker bark. Most 

southern California oaks (Ouercus dumosa, Q. chrvsolepis. Q. 

agrifolia, Q. kelloqqii. and Q. wislizinii) less than 15 

centimeters in diameter will be top-killed by a hot fire, 

while seedlings and trees less than 5 centimeters will be 

killed outright by most fires (Plumb 1980). Sprouting seems to 

increase with size up to 13 centimeters in diameter and begin 

decreasing with diameters above 15 centimeters, although 

exceptions do occur (Kramer and Kozlowski I960). Griffin's 

(1980) data for Ouercus lobata support Jepson's (1910) 

observation that sprouting vigor declines with age. Ninety-

three percent of the trees that sprouted were in the 10 to 39 

centimeter diameter size class, while the largest tree to 

sprout was 66 centimeters. Wenger (1953) suggests sprout size 

may be related to size of the root system as well as available 

water and nutrients. Greater amounts of cambium also allow 

larger trees to survive damage by being able to compensate for 

cambial loss (Rouse 1986). 

Trees of low vigor do not sprout well and may not be able 

to heal as quickly as more vigorous trees (Little 1938). 

Intense summer fires can reduce the vigor of oaks (Rouse 

1986). Overstocked stands tend to be of smaller, less vigorous 

trees that are more likely to be fire damaged (Rouse 1986). 

Meyer (1988) found no difference in the sprouting response of 

£. emorvi of low and high vigor, however, vigor was important 
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in Q. arizonica. Of those trees that did not sprout following 

cutting, 71% were of low vigor. 

A dying tree will often produce a massive seed crop 

(Smith 1962). Acorns can be killed by fire because of high 

moisture contents. Moisture inside the acorn can heat up and 

burst the seed coat (Spurr and Barnes 1973). Initial seedling 

morphology is important to an oak's ability to sprout 

following fire. Many oak seedlings develop an "s" shape just 

below the soil surface that allows them to protect dormant 

buds from the heat of a fire (McQuilken 1982). 

The significance of vegetative reproduction is great in 

areas that are unfavorable to seedling establishment. Oaks 

may have developed the ability to reproduce vegetatively in 

response to living in environments prone to periodic fire and 

to compete with other xerophytic forms that also rely on 

sprouting in response to burning (Muller 1951). The influence 

of fire on acorn survival is not understood, but it is likely 

that fire is a negative influence. With the removal of the 

mulch cover by fire, acorns are subject to dehydration, 

lessening the chance of successful germination (Griffin 1971). 

McClaran and Bartolome (1989), however, suggest fire is a 

positive influence on tree recruitment in stagnant Ouercus 

douqlasii populations by removing above-ground stems and 

stimulating production of sprouts. 

Griffin (1980) evaluated the response of ouercus lobata 
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to three intensities of fire. A crown fire top-killed all 

individuals but 53% sprouted from roots. In a severe ground 

fire, 82% of the trees survived, of which 90% produced basal 

sprouts. Sprouts from top-killed trees emerged sooner and 

appeared more vigorous than those with live crowns. Mortality 

was low in a moderate ground fire. 

Fire frequency also is important to oak survival. Fires 

that occur too frequently may be detrimental to oaks. 

Sufficient time must elapse between fires to allow trees to 

recuperate and for seedlings and/or sprouts to become 

established, it can be assumed that if the fire return 

interval is too short, some oak species may be replaced by 

species with shorter rotation ages, such as grasses, or by 

species with widely disseminating seed sources, like some 

woody shrubs (Plumb and McDonald 1981). 

Sprouting from dormant buds is the most important 

mechanism for survival from fire induced damage in oaks. 

Factors that may influence post-fire response include species, 

season of burn, bark characteristics, size, vigor, tree form, 

fire behavior, stocking level, and fire frequency. 
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CHAPTER THREE 

STUDY AREA DESCRIPTION AMD METHODS 

A. STUDY AREA 

A study area was chosen at the Research Ranch, a 3170 

hectare area of semi-desert grassland and oak woodland, 

located 10 km south of Elgin, Santa Cruz County, Arizona 

(Figure 1). The ranch was set aside in 1968 by the Appleton 

family for ecological research and is managed by the National 

Audubon Society. The property has not been grazed or 

manipulated since 1967. 

The Research Ranch is situated at the southern edge of 

the Sonoita Basin, between the Huachuca Mountains and Canelo 

Hills to the south and the Mustang and Whetstone Mountains to 

the north. The landscape is primarily rolling hills with an 

average elevation of 1478 meters. Erosion along several 

canyons which cross the ranch is the major physiographic 

influence. Sanchini (1981) estimated tree density in oak 

woodlands of the Research Ranch to average 124 trees per 

hectare, with Q. arizonica populations generally about one-

third the densities of Q. emoryi populations. 

Soils supporting oak woodland at the Research Ranch are 

aridisols of the Bernandino-White House-Hathaway association. 

These soil types are deep gravelly loams on fans or piedmont 

plains with an effective rooting depth of 150 cm or more 

(Bonham 1972). 



Arizona 

The Research Ranch 

Figure 1. Location of the Research Ranch, Santa Gruz Co., AZ. 
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Southern Arizona receives about one-half of its total 

annual precipitation in July and August. Host of the remainder 

falls from December to mid-March (Bonham 1972). Climatic data 

collected from 1910 to 1970 at United States Weather Service 

recording stations at Canelo and Fort Huachuca were used to 

estimate rainfall and temperature figures for the Research 

Ranch (Bonham 1972). Mean annual rainfall was 43.01 cm with 

21.38 cm falling during July and August. The period of 

December through March averaged 11.17 cm. The mean minimum 

temperature was 6.73° C and maximum averaged 22.73" C. Daily 

temperatures may exceed 38° C from May to September and 

freezing temperatures are common between December and March. 

The study area is located in an east-west oriented 

drainage on the west side of Turkey Creek, approximately 1 km 

south of ranch headquarters. Oak woodlands in Turkey Creek are 

characterized by an average of 230 Q. emorvi per hectare with 

an average diameter of 25.9 cm and 60 Q. arizonica per hectare 

averaging 30.1 cm in diameter (Sanchini 1981). Side-oats grama 

(Bouteloua curtipendula) dominates the herb/shrub component 

with an average cover value of 11.7 percent (Bonham 1972). 

Plains lovegrass (Eraqrostis intermedia) is the most common 

associate of B. curtipendula. 

B. METHODS 

The study site was burned May 6, 1987 by a lightning 
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fire. Field measurements, including tree diameter, top-kill, 

degree of charring, tree height, scorch height, and previous 

damage, were conducted on May 10, 1987 (Table 1). Data were 

gathered on a total of 109 trees (87 &. emorvi. 22 Q> 

arizonica). Sprouts were counted and mortality or survivorship 

was noted 7 months post-burn on November 22, 1987. Because of 

a limited number of trees of specific diameters, two size 

classes - less than 10 centimeters and greater than 10 

centimeters, were established for comparison. 

A T-test was used to evaluate the null hypothesis: 

sprouting response of top-killed and non-top-killed trees is 

similar. An Analysis of Variance was conducted to evaluate the 

null hypotheses: 1) tree diameter is not influenced by species 

and does not influence post-fire sprouting, 2) once sprouted, 

there is no difference in the number of sprouts between size 

classes or species, and 3) once sprouted, numbers of sprouts 

per centimeter of diameter is not affected by size class or 

species. A significance level of p<.05 was used for evaluation 

of test results. 

Environmental factors at the time of the burn were 

measured at ranch headquarters approximately 1 km north (Table 

2). Fire behavior was estimated using BEHAVE (Andrews and 

Chase 1989). 

Fire behavior estimations require inputs of fuel model, 

time-lag fuel moisture, mid-flame windspeed, terrain slope,and 
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direction of wind relative to the slope. Fuel models are 

mathematical models devised to predict fire behavior in 

representative fuel complexes. Fuel models are determined by 

the size and amount of fuel available for burning (Rothermel 

1972). Fuels at the Turkey Creek fire fit Fuel Model l, 

represented by grasses less than 30 centimeters tall. 

Available fuels average 0.74 tons/acre (Anderson 1982). 

Fuel moisture is an approximation of the percentage of 

moisture in a fuel compared to its oven dried weight. The 

time-lag fuel moisture concept is based on the amount of time 

required for a certain size of fuel to lose or gain moisture 

in relation to surrounding environmental conditions. Fine 

fuel moisture contents at Turkey Creek were estimated by 

employing tables that compare relative humidity and 

temperature (National Wildfire Coordinating Group 1981). 

Temperature and relative humidity data were obtained at ranch 

headquarters. 

Terrain slope was measured on site with a clinometer. 

Wind direction and speed were recorded at Ranch 

Headquarters. Mid-flame windspeed was estimated by multiplying 

weather station wind velocity readings by the wind reduction 

factor of .36. 

Because the fire burned over the course of two hours and 

was influenced by winds of varying speeds, a range of mid-

flame windspeeds was used for fire behavior estimations. 
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At mid-flame windspeeds of 2 km/hr, flame lengths of l.l 

meters and scorch heights of 6.6 meters could be expected. 

Wind speeds up to 12 km/hr may produce flame lengths of 2.3 

meters and scorch heights of 12 meters. The greatest scorch 

height actually measured was 10.7 meters (100% scorch) in a 

non-sprouting tree. The greatest scorch height in a sprout 

producing tree was 7.9 meters (100% scorch). Table 3 

summarizes the range of fire behavior values predicted for the 

conditions at the time of the burn. 



Table l. Description of field measurements 
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PARAMETER DESCRIPTION 

TREE DIAMETER 

TOP-KILL 

DEGREE OF CHARRING 

TREE HEIGHT 

SCORCH HEIGHT 

NUMBER OF SPROUTS 

PREVIOUS DAMAGE 

At ground level in centimeters 

Appearance of living tissue 
above ground - yes/no 

Light - spotty char or scorch 
with scattered pitting of the 
bark 
MArtium - continuous charring 
with areas of minor reduction 
in bark thickness 
Heavy - continuous charring, 
pronounced reduction in bark 
thickness with underlying wood 
sometimes exposed 

Height from ground to top of 
crown in meters 

Height of brown foliage above 
ground in meters 

Count 

Presence of fire or mechanical 
scars 
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Table 2. Environmental parameters at time of Turkey creek 
fire, May 6, 1987. 

Time: 
Wind: 
Temperature: 
Relative humidity: 
Fine fuel moisture: 
Fine fuel loading: 
Aspect: 
Time since last burn: 

1600-1800 hr 
N/NE 16-19 km/hr 
23 "C 
25 % 
5 % 
70 g/m2 
north 
12 years 
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Table 3. Fire behavior estimations for the Turkey Creek Fire. 

INPUTS; 

Fuel model 
1-hr fuel moisture, percent 
Mid-flame windspeed, km/hr 
Terrain slope, percent 
Direction of wind 
Temperature 

1 (short grass, 30 cm) 
5 
2,4,6,8,10,12 
48 
upslope 
23" C 

OUTPUTS! 

Type of Fire: head 

Midflame Rate of 
Windspeed Spread 
(km/hr) (m/min) 

Fireline Flame 
Intensity Length 
(kw/m) (m) 

Effective 
Windspeed 
(km/hr) 

Scorch 
Height 
(m) 

2 17 303 1.1 5.7 6 
4 23 403 1.3 6.7 6 
6 33 575 1.4 8.0 8 
8 47 822 1.7 9.6 9 
10 65 1145 2.0 11.3 10 
12 88 1546 2.3 13.1 12 

OUTPUTS CONSTANT AT ALL WINDSPEEDS: 

Heat per unit area (kj/sq.m) : 1050 
Reaction intensity (kw/sq.m) : 159 
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CHAPTER FOUR 

RESULTS 

In the entire sample population of this study, Arizona 

white oak (n = 22) diameters are larger than those of Emory 

oak (n = 87). Arizona white oak diameters average 25.80 

centimeters compared to 20.05 centimeters in Emory oak (T = 

1.115). The range of diameters for both species was 2.54 to 

55.88 centimeters. Nearly 32% of the 109 trees sprouted, 

including 31% of all Emory oak (n = 27) and 36.4% of all 

Arizona white oak (n = 8) (Appendix I). 

Ten (37%) of the Emory oak sprouters were top-killed 

trees. Top-killed Ouercus emorvi produced an average of 21.18 

sprouts compared to 8.8 sprouts in trees that were not top-

killed (n = 16). Of the 8 white oak sprouters, 1 (12.5%) was 

a top-killed tree. Of all trees that sprouted, the response 

between top-killed and non top-killed trees is similar (T = 

2.002) (Figure 2). 

Seventy-seven percent of the Arizona white oak (n = 17) 

and 87% of the Emory oak (n = 76) survived the fire. Twenty-

seven percent of all Arizona white oak (n = 6) were top-

killed. Five of those trees did not survive. Twenty-four 

percent of the Emory oaks (n = 21) were top-killed, with 11 

trees dying (Appendix I). 

Smaller stems (<10 centimeters) of both species are more 

likely to sprout than those larger than 10 centimeters (p = 
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0.000). The average diameter for all sprouters is 10.72 

centimeters (range 2.54 - 35.56 centimeters). Average 

diameters of sprouting Arizona white oaks are larger than 

those of Emory oak, 15.72 centimeters to 9.18 centimeters (p 

= 0.018). All non-sprouters average 26.13 centimeters, with 

Emory oak averaging 24.8 centimeters and Arizona white oak 

31.57 centimeters. Sprouting Emory oaks produced 14.03 sprouts 

to 6.87 sprouts for Arizona white oak (p = 0.167) (Figure 3). 

Once a tree has sprouted, there is no difference in the 

number of sprouts produced by the two size classes. Trees 

smaller than 10 centimeters in diameter average 11.68 sprouts 

while those larger than 10 centimeters produced an average of 

13.58 sprouts (p = 0.488). The range of sprouts for trees less 

than 10 centimeters was 2 to 36. For the larger trees it was 

1 to 65 sprouts (Figure 4). 

Of all trees that sprouted, Emory oak trends toward more 

sprouts per tree, producing 14.03 sprouts per tree to 6.87 

sprouts per tree for Arizona white oak (p = 0.167). 

Emory oak produced a greater number of sprouts per 

centimeter of diameter than did Arizona white oak. Emory oak 

generated 3.53 sprouts per centimeter of diameter to 0.89 for 

Arizona white oak (p = 0.091). Smaller stems in both species 

produced an average of 4.17 sprouts per centimeter to 0.71 

sprouts per centimeter in the larger size class (p = 0.034) 

(Figure 5). 
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n = 10 
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TOP-KILLED NOT TOP-KILLED 

SPECIES 

FIGURE 2. Average number of sprouts for top-killed and 
non top-killed trees. The number of sprouts by top-
killed and non top-killed trees is similar, T = 2.002. 
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sprouters 

non-sprouters 

Pill sprouters + non-sprouters 

n = 14 

n = 22 n = 74 n = 60 

n = 109 n = 87 

Quercus 
arlzonica 

Quercus 
emoryl BOTH 

SPECIES 

Figure 3. Average diameters of sprouting and non-
sprouting Quercus arlzonica and Q. emoryl. Diameters 
of sprouting Q. arlzonica are larger than those of Q. 
emoryl, p = 0.018. Sprouters of both species are 
smaller in diameter than non sprouters, p = 0.000. 
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Figure 4. Number of sprouts per diameter class and 
species. The number of sprouts produced by each size 
class is similar, p = 0.488. 
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Figure 5. Average number of sprouts per centimeter of 
diameter. Smaller stems produce a greater number of 
sprouts per centimeter diameter, p = 0.034. 
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Table 4. Probability values for the ANOVA F statistic 
describing species, sprouting response, and interaction 
effects with average dieuneter. 

Variables and Interactions 

Species Sprouting Interaction 
Response 

Average dieuneter 0.018 0.000 0.972 
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Table 5. Probability values for the ANOVA P statistic 
describing species, diameter class, and interaction effects on 
sprout density and number of sprouts produced. 

Variables and Interactions 

Species Diameter Interaction 
Class 

Sprouts / centimeter 
of diameter 0.091 0.034 0.209 

Sprouts 0.167 0.488 0.785 
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CHAPTER FIVE 

DISCUSSION 

The null hypothesis: number of sprouts produced by 

top-killed and non-top-killed trees is similar, cannot be 

rejected. The small sample size in Q. arizonica did not allow 

a comparison by species of top-killed versus non top-killed 

sprouters. However, if all trees that sprouted are considered, 

the sprouting response is similar. 

Size of the original stem is important in whether or not 

a tree sprouts. The null hypothesis: size has no apparent 

effect on whether or not a tree sprouts, can be rejected. 

Smaller stems (<10 cm) are much more likely to sprout than 

those greater than 10 centimeters. Other authors (Ferguson 

1957, Griffin 1980) reported that smaller stems are more 

susceptible to heat damage and are likely to sprout in 

response. Bark thickness is less in smaller trees, decreasing 

the protection to the cambium. Smaller diameter trees are most 

likely younger, and consequently shorter, making them more 

susceptible to top-kill through total crown scorch or 

consumption. 

The null hypothesis: once sprouted, there is no 

difference in the number of sprouts produced between size 

classes or species, may be accepted. While smaller trees are 

more likely to sprout, there is no difference in the number of 

sprouts produced by the two size classes of either species. 
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All trees <10 centimeters in diameter produced an average of 

11.68 sprouts compared to 13.58 in the larger size class. 

Kramer and Kozlowski (i960) suggest oaks less than 13 

centimeters in diameter produce more sprouts than larger 

trees. Emory oak, does however, trend toward producing more 

sprouts than Arizona white oak. Meyer (1988) found Emory oak 

produced more sprouts than did Arizona white oak in both 

clearcut and partially thinned plots. Meyer also found that 

the proportion of non-sprouting trees was less in Emory oak. 

The null hypothesis: once sprouted, numbers of sprouts 

per centimeter of diameter is not effected by size class or 

species, may be rejected. Overall, smaller stems generated 

more sprouts per centimeter of diameter than larger trees. 

Emory oak also produced a greater number of sprouts per 

centimeter of diameter than did Arizona white oak. These 

differences suggest that as trees of the two species develop, 

they possess a set number of buds that they will maintain 

throughout their lives. Buds are not gained or lost, but are 

more densely arranged in the smaller trees. As a tree 

increases in size, the number of buds per centimeter of 

diameter will apparently decrease. 

Degree of bark char has been identified as an important 

factor on oak response to fire (Plumb 1980). However, small 

sample sizes prevented an accurate assessment of the influence 

of charring. It should be noted however, that 48.57% of all 
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trees that were stimulated to sprout had no evidence of bark 

charring. Over twenty-eight percent were lightly charred, 

while 22.8% were heavily charred. Of the trees that did not 

survive the fire, 56.25% had no charring, 25% light char, 

12.5% medium char, and 7.14% were heavily charred. 

The char figures, while not conclusive, indicate that 

heating of the trunk is not the major cause of tree injury. 

Scorch height and percentage of the crown scorched may be a 

factor in oak response. Of the trees that sprouted, 74.28% 

were 100% scorched (the entire crown received enough heat to 

kill, or at least brown, 100% of the leaves). Almost ninety-

four percent of the trees killed by the fire were 100% 

scorched. The resiliency of these species can be illustrated 

by 3 trees that sprouted despite 100% scorch and heavy bark 

char. 

BEHAVE was accurate in predicting scorch heights for the 

oak/grassland fuel model. Based on work by Ryan (1982) and Van 

Wagner (1973), the BEHAVE mortality module is useful in 

predicting mortality in northern conifers but does not include 

a model for oaks. Such information would be useful in 

predicting oak mortality. 

The limited amount of fire ecology work in Arizona oak 

woodlands has been conducted following wildfires. In these 

studies (Johnson et al. 1962, Johnson 1962, Caprio,in prep.), 

it was not possible to gather data on the sites prior to their 
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burning. Vegetation characteristics of the sites were inferred 

from trees and shrubs remaining after the fire and by 

examining unburned sites nearby. Additionally, it was not 

possible to determine the behavior and intensity of the fire 

other than by conjecture based on plant mortality and ash 

present on the site. To make an accurate assessment of the 

effects of fire on the various resources of the oak woodland 

(vegetation, wildlife, soils, water, etc.), it is important to 

attempt to properly document the seasonal, environmental, fire 

behavior, and fuel load characteristics prior to burning. 

Without this information, the observer, in effect, would be 

describing the effects of an unknown variable (Kauffman 

1986). 

This study assessed oak response immediately post-burn 

and six month post-burn. Post-burn conditions may also 

influence plant response to fire. Long drought can prevent the 

re-establishment of some plants or kill them after they 

appear. Trees still alive after six months may actually have 

been stressed and not survived the next growing season. 

Precipitation data for the Research Ranch for the six months 

following the Turkey Creek fire, May through October (May 

included because burn was in first week of the month), 

indicate wide departures from the monthly means. May, June, 

and August rainfall totals were 51, 59, and 57 percent above 

normal, respectively. July was much drier than the norm (23%), 
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September near normal (98%), and October received 48% of its 

average rainfall. For the period rainfall was 21 percent above 

the average. How these precipitation amounts influenced post-

fire sprouting response cannot be adequately understood after 

only one year. Managers must be aware that oak mortality 

cannot be accurately assessed immediately after the fire. Top-

killed trees may produce sprouts possibly several weeks 

following the burn, or trees that seemingly survived the fire 

may have in fact been stressed enough to eventually succumb to 

environmental stresses such as heat or drought. 

In the case of the Turkey Creek fire, it is fortunate 

that, although weather and fire behavior information was not 

gathered on-site during the burn, a recording weather station 

was located 1 kilometer to the north. This allowed a 

reasonable assumption of fire characteristics and their 

influence on plant response. It however must be understood 

that fire behavior estimations are not absolute and represent 

only a generalized picture of the fire behavior on a burn. 

Fuel loads may vary throughout a site, resulting in varying 

fire intensities and residence times. Topography and weather 

influence a fire by causing the fire to burn with the wind or 

upslope (head fire), burning with greater intensities and 

longer flame lengths, or burn into the wind with low intensity 

and short flame lengths (backing fire). Flame length and 

ambient temperature determine scorch height. Flame length and 
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scorch height information is useful to fire managers in 

prescribed burn planning. Burn objectives should include 

maximum flame lengths and scorch heights allowable to meet 

resource goals. All but one of the 16 trees killed in the 

Turkey Creek fire sustained 100% scorch, indicating the 

importance of adjusting prescriptions and lighting patterns to 

control crown scorch. 

From an evolutionary standpoint, species can be grouped 

into three broad categories: those that resist fire with 

little or no damage, those that regenerate rapidly after 

defoliation, and those killed by fire. Plants that resist or 

survive fire have certain adaptive traits that afford the 

greatest fire survival probability. Such plants have thick 

bark that protects the cambium from the heat of the fire and 

tend to be tall with crowns high enough off the ground to 

minimize scorch damage (Hare 1965, Martin 1963, Vine 1968). 

Vegetatively reproducing species tend to have structural and 

chemical properties that enhance flammability, and stands of 

all ages and states of health experience fire (Chandler et al. 

1983). Emory oak and Arizona white oak appear to possess both 

types of survival traits. As individuals mature and their bark 

thickens and crown increases in distance from the ground, 

these oaks are able to withstand fire. In their earlier stages 

of growth however, bark is not as thick and crowns are not at 

a safe height. This leaves the trees vulnerable to top-kill. 
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Through vegetative regeneration, however, individuals are able 

to persist. Semi-evergreen oaks such as Ouercus arizonica and 

Q. emorvi, shed leaves in early spring. This may be an 

evolutionary adaptation to drought stress as well as the high 

possibility of experiencing fire at this time of the year. 

Management implications of using prescribed fire in oak 

woodlands may be guided by the resource goals. From a wildlife 

standpoint, fires should be of adequate intensity to promote 

sprouting, but not so intense as to result in top-kill. This 

situation could provide a mast crop of acorns as well as fresh 

sprouts for browse. Fire return intervals should be close to 

ten years to allow sufficient time for the sprouts to mature 

and be able to withstand the next fire. Stands managed for 

fuelwood production may require infrequent fire or fires of 

low intensity to allow development of trunks. A regime of 

frequent fires may be necessary should the manager wish to 

reduce the density of oaks in the stand. 

Frequent fire helps maintain fire adapted species and 

ecosystems such as many grassland types. In communities with 

low soil nutrient content, fire may lead to rapid 

decomposition and recycling of nutrients. Natural selection 

under such conditions may have lead to structural and chemical 

composition that favors high flammability and thus helps to 

maintain a variety of successional stages and species in a 

community. Several authors have proposed hypotheses that 
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suggest fire adapted species and communities possess 

properties that encourage flammability, thereby maintaining 

themselves (see Hutch 1970). Trees in oak woodlands of 

southeastern Arizona are not able to actively promote fire as 

would be suggested by these hypotheses, but have adapted to 

live in a pyrogenic environment dominated by grasses. 
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CHAPTER SIX 

CONCLUSION 

Fire effects are not a random phenomenon and can be 

predicted with some accuracy. Predictions are based on the 

assumption that all variables are constant. Predictions are 

also based on past observations. In the case of Ouercus 

emorvi and Q. arizonica. documented observations are limited. 

While it is accepted that these two species are generally fire 

tolerant and will sprout in response to burning, it should not 

be assumed that they will respond similarly to fire at 

different times of the year or at varying fire intensities. 

My results indicate the sprouting response of Emory oak 

and Arizona white oak are similar. As has been found in other 

oaks, smaller stems of these two species are most likely to 

sprout in response to fire. However, if a tree is stimulated 

to sprout, size has little effect on the number of sprouts 

produced. Smaller stems produce a greater number of sprouts 

per centimeter, suggesting a tree possesses a static number of 

buds throughout its lifetime. Additionally, top-kill appears 

to have little effect on the number of sprouts produced. 

Work directed at determining plant response to varying 

season and fire intensity would be helpful to managers in 

planning prescribed fires. Work to determine longer term 

responses of oaks as well as documentation of pre-burn 

conditions and fire behavior would also be valuable. 
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APPENDIX I. Mortality, survivorship, and sprouting response 
data for 22 ouercus arizonica and 87 Q. emorvi trees sampled 
followed May 7,1987. 

Sprouters 

SPECIES DIAMfcm) T/Sm CHAR(2) HT(m) SC. HT f m) SPROUTS 
Q.arizonica 2.54 S L 1.5 1.5 5 
Q.arizonica 2.54 T N 1.0 1.0 6 
Q.arizonica 3.81 S N 2.5 0.0 2 
Q.arizonica 5.08 S N 2.0 1.9 4 
Q.arizonica 20.32 S H 5.5 5.0 11 
Q.arizonica 22.86 S H 4.5 0.0 11 
Q.arizonica 33.02 S H 7.7 6.7 1 
Q.arizonica 35.56 S N 4.3 1.0 15 

mean 15.72 (standard error = 4.94) 

Q.emoryi 2.54 S N 3.0 0.0 3 
Q.emoryi 2.54 s N 1.4 1.4 5 
Q.emoryi 2.54 T N 2.5 2.5 7 
Q.emoryi 2.54 T N 3.0 3.0 8 
Q.emoryi 2.54 T H 3.2 3.2 36 
Q.emoryi 2.54 S N 1.0 1.0 8 
Q.emoryi 2.54 S N 2.0 2.0 18 
Q.emoryi 2.54 S N 2.5 2.5 14 
Q.emoryi 2.54 T L 2.0 2.0 19 
Q.emoryi 2.54 T N 3.0 3.0 31 
Q.emoryi 2.54 T L 1.5 1.5 13 
Q.emoryi 2.54 S L 1.5 0.0 15 
Q.emoryi 2.54 S L 1.5 1.5 25 
Q.emoryi 2.54 T N 0.5 0.5 4 
Q.emoryi 2.54 S N 0.5 0.5 8 
Q.emoryi 5.08 S N 2.0 2.0 5 
Q.emoryi 5.08 S N 1.8 1.8 5 
Q.emoryi 5.08 S H 2.0 2.0 9 
Q.emoryi 5.08 S L 1.9 1.9 24 
Q.emoryi 15.24 T H 5.2 5.2 3 
Q.emoryi 15.24 T H 5.0 5.0 65 
Q.emoryi 20.32 T H 4.9 4.9 36 
Q.emoryi 25.40 S L 5.0 5.0 7 
Q.emoryi 25.40 S L 6.0 6.0 5 
Q.emoryi 25.40 S L 6.4 6.4 6 
Q.emoryi 27.94 S L 7.9 7.9 2 
Q.emoryi 27.94 S L 7.2 3.3 1 

mean 9.18 (standard error = 1.91) 
mean - all sprouters 

10.72 (standard error = 1.89) 
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Table 3 (cont •  ) .  

Non-Sorouters 

SPECIES DIAM(cm) T/S(l> CHAR(2) HT (m) SC.HT(m) 

Q.arizonica 2.54 T H 1.5 1.5 
Q.arizonica 20.32 S N 6.6 6.6 
Q.arizonica 20.32 t N 6.0 6.0 
Q.arizonica 25.40 t H 6.8 6.8 
Q.arizonica 27.94 S M 5.9 5.4 
Q.arizonica 30.48 s N 8.7 8.2 
Q.arizonica 30.48 s N 6.9 6.9 
Q.arizonica 33.02 t N 5.7 5.7 
Q.arizonica 35.56 s N 7.0 6.5 
Q.arizonica 35.56 s N 4.3 0.0 
Q.arizonica 35.56 s M 4.9 4.3 
Q.arizonica 40.64 t M 6.6 6.6 
Q.arizonica 55.88 s N 8.9 5.8 
Q.arizonica 83.82 s H 9.0 8.5 

mean 31.57 (standard error = 3.44) 

Q.emoryi 5.08 S N 1.5 1.5 
Q.emoryi 7.62 t L 3.0 3.0 
Q.emoryi 7.62 t L 1.8 1.8 
Q.emoryi 12.70 s N 10.2 0.0 
Q.emoryi 12.70 s H 5.5 5.5 
Q.emoryi 12.70 t N 5.5 5.5 
Q.emoryi 12.70 s N 6.4 5.8 
Q.emoryi 12.70 s L 7.5 6.2 
Q.emoryi 12.70 s N 5.6 5.1 
Q.emoryi 15.24 s N 5.5 5.5 
Q.emoryi 15.24 t N 2.5 2.5 
Q.emoryi 15.24 t N 4.4 4.4 
Q.emoryi 15.24 s M 5.9 4.0 
Q.emoryi 15.24 t N 4.1 3.3 
Q.emoryi 15.24 t L 5.1 5.1 
Q.emoryi 15.24 t N 4.2 4.2 
Q.emoryi 15.24 s L 6.4 4.0 
Q.emoryi 17.78 s L 7.0 6.0 
Q.emoryi 20.32 s N 6.3 6.3 
Q.emoryi 20.32 s L 5.3 5.3 
Q.emoryi 20.32 s L 7.0 7.0 
Q.emoryi 20.32 t N 5.0 5.0 
Q.emoryi 20.32 s N 6.9 6.9 
Q.emoryi 22.86 s N 6.4 5.5 
Q.emoryi 22.86 s L 5.4 5.4 
Q.emoryi 22.86 s N 5.5 5.0 
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Table 3 (cont.). 

Non-Sprouters 

SPECIES DIAM(cm) T/S(1) CHAR(2) HTfm) SC.HT(ltl) 

Q.emoryi 22.86 S N 8.5 8.5 
Q.emoryi 22.86 S L 6.4 6.4 
Q.emoryi 22.86 S L 6.4 6.4 
Q.emoryi 25.40 S L 8.5 8.5 
Q.emoryi 25.40 S L 6.4 6.4 
Q.emoryi 25.40 S L 6.4 6.4 
Q.emoryi 25.40 S N 7.8 7.8 
Q.emoryi 25.40 S L 8.1 8.1 
Q.emoryi 25.40 S M 6.1 6.1 
Q.emoryi 25.40 S N 7.7 5.6 
Q.emoryi 25.40 S N 5.5 4.6 
Q.emoryi 25.40 s N 4.6 4.6 
Q.emoryi 25.40 t N 4.4 4.4 
Q.emoryi 25.40 t L 5.6 5.6 
Q.emoryi 25.40 s L 10.7 0.0 
Q.emoryi 25.40 S N 5.9 3.1 
Q.emoryi 27.94 s H 5.5 5.5 
Q.emoryi 30.48 s N 7.2 7.2 
Q.emoryi 30.48 s M 5.2 5.2 
Q.emoryi 30.48 s L 6.9 6.9 
Q.emoryi 33.02 s N 10.9 6.5 
Q.emoryi 33.02 s N 9.4 9.0 
Q.emoryi 33.02 s N 13.4 7.0 
Q.emoryi 33.02 s H 7.7 7.7 
Q.emoryi 33.02 s L 6.8 6.3 
Q.emoryi 35.56 s N 12.6 0.0 
Q.emoryi 35.56 s N 6.5 6.5 
Q.emoryi 38.10 s N 9.1 8.7 
Q.emoryi 40.64 s S 8.1 7.4 
Q.emoryi 40.64 s H 10.4 7.6 
Q.emoryi 45.72 s N 13.5 7.1 
Q.emoryi 48.26 s L 10.7 10.7 
Q.emoryi 50.80 s L 13.0 0.0 
Q.emoryi 55.88 s L 10.6 10.6 

mean 24.84 (standard error = 1.40) 

mean - all non - sprouts 
2 6.13 (standard error = 1.33) 

mean - all trees 
21.37 (standard error = 14.40) 
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Table 3 cont. 

1 = Top-kill/survive, t = survived initial fire, dead after 
6 months. 

2 = Char class: No charring, Light (spotty char or scorch 
with scattered pitting of bark, no reduction in bark 
thickness), Medium (continuous charring with areas of 
minor reduction in bark thickness), Heavy (continuous 
charring, pronounced reduction in bark thickness) 
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