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ABSTRACT 

Emory oak (Ouercus emorvi) and Arizona white oak 

(£. arizonical, currently being harvested for fuelwood in 

encinals of southern Arizona, usually regenerate through 

stump sprouting. Adjacent to a Huachuca Mountain 

fuelwood cutting area, 3 replications of four thinning 

treatments (25%, 50%, 75%, and 100% intensity) were 

established in January, 1986. Regeneration was assessed 

one year later by examining the effects of thinning 

intensity, partial or complete stem cluster cutting, and 

tree characteristics. Clearcutting greatly increased the 

proportion of stumps that sprout for Emory oak and 

increased sprout volume production for both species in 

comparison to thinned plots. Partially cut multi-stemmed 

tree clusters were less likely to sprout and have less 

sprout volume growth after one year than completely cut 

clusters. Regression models were developed to estimate 

sprout volume production based on thinning intensity, 

percent stem basal area cut, tree vigor, number, of tree 

stems, and heart rot. 
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CHAPTER 1 

INTRODUCTION 

Encinals, forest types dominated by evergreen 

oaks (Ouercus spp.), are present in most mountain ranges 

of southeast Arizona and provide many benefits to the 

local human population (Brown 1982). They are rich in 

vegetation and wildlife and support a diverse ecological 

community. Oaks, one component of this community, have a 

great variety of uses including wildlife cover and 

habitat, scenic amenity, human and animal food, 

construction wood, and fuelwood (Ffolliott and Guertin 

unpub.; Marshall 1957). To date, however, little thought 

has been given to proper management of this resource. 

Before the turn of the century most wooded areas 

in southern Arizona were clearcut to provide fuel and 

building materials to local mining operations. Over 47 

million cords of fuelwood were consumed during the silver 

boom (1879-1886) near Tombstone, AZ (Bahre and Hutchinson 

1985). Regrowth from these cut areas is again being 

harvested for firewood. 

Human population growth in southern Arizona and 

steadily increasing costs of home heating have increased 

pressure to permit greater availability of oak firewood. 
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Fuelwood demand in the state should increase during this 

decade to over 2 million cords per year (Ffolliott et al. 

1979). The USDA Forest Service and US Army, Fort 

Huachuca Forestry Section, are local management agencies 

that currently sell permits to commercial and private 

cutters for fuelwood harvest from encinals. 

To restock cut stands, encinal oaks are primarily 

dependent on vegetative regeneration. Seedlings have 

high mortality and slow growth rates and rarely 

contribute to restocking a stand (Pase 1969). Stump 

sprouting, on the other hand, is reliable and sprout 

growth invariably exceeds seedling growth. Hence, these 

woodlands are well suited to coppice silvicultural 

practices (Smith 1986). To date, however, little is 

known about the effects of silvicultural treatments on 

stump sprouting of Emory oak (Ouercus emorvil and Arizona 

white oak (£. arizonica), the dominant species in Arizona 

encinal. 

The primary objective of this study was to 

examine sprouting response of these species in relation 

to current or potential silvicultural practices. 

Secondary objectives were to relate stump sprouting to 

tree and site characteristics, and to examine sprout 

number and volume relationships. 
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CHAPTER 2 

LITERATURE REVIEW 

GENERAL OAK BIOLOGY 

Oaks may generally be described as broadleaf 

trees, both evergreen and deciduous, which produce acorns 

as fruit. Oaks belong to the family Faqaceae and are 

closely related to beeches (Facrus spp.)/ tanoaks 

(Lithocarpus spp.)/ and chestnuts (Castanea spp.) (Miller 

and Lamb 1985). Three subgenera exist in the United 

States: Ouercus. the white oak group, Ervthrobalanus. 

the red oak group, and a less common intermediate 

subgenus, Protobalanus (Tucker 1980). Differences 

between these groups are described for a variety of 

characteristics including leaf, flower, and acorn 

morphology and time to acorn maturation. White oaks 

usually have rounded leaf lobes and have acorns that 

mature in one year. Red oaks usually have leaves with 

pointed, and at times, bristle-tipped lobes and acorns 

that generally mature in two years (Tucker 1980). 

DRYLAND AND EVERGREEN OAKS 

In southern Arizona, as in other semi-arid 

regions, oaks show adaptations to a hot, dry climate with 
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extended periods of drought. Species found in such 

locales are relatively short and shrubby, which can lower 

wind resistance and decrease transpiration (Miller and 

Lamb 1985). They have small, sclerophyllous leaves and 

may exhibit other xeromorphic characteristics (Rundel 

1987; Seddon 1974). This encourages moisture preservation 

but decreases photosynthetic capacity (Caldwell et al. 

1986). Deep tap roots and profuse lateral roots allow 

some dryland oaks to make use of both ephemeral surface 

moisture and deeply stored moisture (Davis and Pase 

1977). Where severe frost is infrequent, dryland species 

are usually evergreen or semi-deciduous, shedding a 

majority of their leaves only during periods of extreme 

frost or drought. The evergreen oaks display smaller 

leaf to stem and above-ground to below-ground biomass 

ratios than mesic species. Adaptations to lower soil 

fertility and opportunistic reproduction are other 

characteristics of dryland oaks (Axelrod 1975). 

Axelrod (1975) describes two major climatic 

regions where dryland oaks are found. In places of 

Mediterranean climate, including southern Europe and 

southern California, evergreen oaks tolerate wet winter 

and dry summer conditions. Another drought tolerant 

group is found in Arizona, New Mexico, Texas, northern 

Mexico and elsewhere. Axelrod theorizes that all of 
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these areas were once part of a global band of sclerophy-

llous vegetation that retreated during the late Pleis

tocene trend to aridity. He links two distinct 

sclerophyllous woodlands, the Madrean province in North 

America and the Tethyan province which includes southern 

Europe and portions of Asia, based on remarkably similar 

vegetation and community structure. In southern Arizona, 

encinals (members of the Madrean province) retreated up 

mountain slopes as the climate became more arid and exist 

today as disconnected portions of a previously continuous 

vegetation type. 

Most investigation into the management of 

evergreen oaks in North America has occurred in 

California (Plumb 1980; Plumb and Pillsbury 1987). 

Although oaks there have common evolutionary roots with 

encinal species, they have adapted to the Mediterranean 

climate found in that state. Of particular interest 

because of its extensive range and economic value is 

coast live oak (£. aarifolia). Indigenous to coastal 

hills from Mexico to beyond San Francisco and occupying 

7-9 million hectares, this species has long supplied fuel 

and other wood products. Site index equations and 

biomass inventories have been developed for coast live 

oak and other hardwoods (DeLasaux and Pillsbury 1987). 

Studies have also been conducted involving silvicultural 
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prescriptions, pathogens and plant protection, wildlife 

and recreation, and utilization of many California 

evergreen oak species (Plumb and Pillsbury 1987). Walt 

et al. (1985) describe the issues that sparked this body 

of research. Their concerns, which included the lack of 

basic knowledge of oak ecology, conflict between range 

and forestry interests, inconsistent oak regeneration, 

and lack of a regional management plan, are equally 

applicable to Arizona encinal. 

ENCINAL ECOLOGY 

Encinals are part of a larger, regional 

vegetation group called Madrean evergreen woodlands 

(Brown 1982). This woodland group is centered in the 

Sierra Madre of Mexico and extends northward into 

mountains of southeastern Arizona, southwestern New 

Mexico, and southwestern Texas. The two main components 

of Madrean evergreen woodlands are encinals at lower 

elevations and Mexican oak-pine woodlands between encinal 

and montane conifer forests. Characteristic species and 

tree density is variable throughout the range for both 

these woodland types but physiognomy and general ecology 

is comparable throughout. 

In southern Arizona, encinals are bordered at 

lower elevations by desert grasslands or, rarely, desert 

scrub. Encinals usually fall between 1200 and 1800 
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meters of elevation. Oaks are occasionally found along 

drainages at elevations lower than 1200 meters and the 

general elevation boundaries vary according to aspect and 

between adjacent mountain ranges (Brady and Bonham 1976; 

Niering and Lowe 1984; Wallmo 1955). 

In the Huachuca Mountains, Mexican blue oak (£• 

oblonaifolial is the first species encountered on the 

elevational gradient. This woodland type is very open 

(< 20% canopy cover) and dominated by a rich mixture of 

grasses including Bouteloua spp., Aristida spp., and 

Andropoaon spp. Occasional Emory oak, Arizona white oak, 

or alligator juniper (Juniperus deppeana) may be 

encountered (USDA Forest Service 1987). 

At slightly higher elevations, Emory oak becomes 

dominant or, at times, codominant with Arizona white oak 

and alligator juniper (Wallmo 1955). This habitat type 

contains the same rich grass mixture as previously 

described and includes a diverse mix of shrubs and forbs. 

Tree canopy cover occasionally reaches 50% but usually is 

5-25% (USDA Forest Service 1987; Brady and Bonham 1976). 

Emory oak is at times shrubby but becomes fairly tall 

(18 m maximum) on better sites (Phillips 1912). Despite 

being a member of the red oak group its acorns mature in 

one year (Miller and Lamb 1985). Described as half 

evergreen, it loses some or all of its leaves during 
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periods of unusual cold or drought. Arizona white oak, 

similar in size and habit to Emory oak, is distinguished 

from that species by having pale leaf undersides, whitish 

bark, and a more erect morphology (Miller and Lamb 1985). 

Both species have hard, dense wood and are popular for 

firewood (Bennett 1988). 

At higher elevations (approximately 1800 m), the 

importance of Arizona white oak increases. Emory oak may 

continue to be codominant or be replaced by silverleaf 

oak (£. hvpoleucoides). Alligator juniper may be common 

and occasional border pinyon fPinus discolorV are 

present. Important shrubs include Rhus trilobata. Nolina 

microcarpa. and Cercocarous breviflorus. Muhlenberaia 

emerslevi joins the grass species previously mentioned 

(USDA Forest Service 1987; Brown 1982). 

OAK REGENERATION 

There are four main forms that oak recruitment or 

regeneration can take: seedlings, seedling sprouts, 

stump sprouts, and clones. These forms occur for 

practically all oak species, and most mature trees result 

from a series of regenerative processes. Regeneration is 

closely affected by environment and silvicultural 

practices. 

Seedlings, which result from sexual reproduction, 

are defined as young plants with stems and roots of the 
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same age (McQuilkin 1975). Seedlings are in fact the 

precursor of all oaks but it is often a long process 

before a germinating acorn becomes a dominant tree in the 

stand (Harper et al. 1985; Clark and Watt 1971). Of key 

importance in seedling establishment are abundant acorn 

production, proper substrate, adequate rainfall, limited 

competition with neighboring plants, and protection from 

herbivores (McClaran 1987). Carvell and Tryon (1961) 

reported that 1 to 2 inches of litter was needed for 

germination and establishment of oaks in West Virginia. 

Packed mineral soil will not permit radicle penetration 

nor does it provide a consistent moisture regime. Wet or 

shady sites are not conducive to successful seedling 

establishment among northern deciduous oaks (Arend and 

Scholz 1969). 

Regardless of germination rates and seedling 

density, seedlings usually contribute very little to 

stand reestablishment after a cut or burn. In one study 

in southeastern Ohio, only 12% of young oaks under a 

mature stand were of seedling origin (Merz and Boyce 

1956). This seedling proportion in advance reproduction 

becomes insignificant as the young trees mature. 

McQuilkin (1975) reported that of 443 white oak (Q. alba) 

stems reaching dominance in a Missouri clearcut, zero 

were of seedling origin. 
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Seedling sprouts are defined as those sprouts 

that have stems several to many years younger than their 

root systems (McQuilkin 1975). They are caused by 

repeated seedling dieback and are the predominant form of 

immature oaks (Arend and Scholz 1969). Causes of dieback 

can be cutting, burning, browsing, herbicide, or dense 

shade. In some cases, oak stools can be up to 30 years 

older than their stems, and can produce rapid sprout 

growth under certain conditions (Merz and Boyce 1956). 

McQuilkin (1975) reported 95% survival of white oak 

seedling sprouts ten years after clearcutting and average 

annual growth seven times that of seedlings. 

Stump sprouts, sometimes called coppice growth, 

arise from the base or roots of saplings or trees 

(McQuilkin 1975). Physiologically, this is caused when 

dormant buds on the root collar receive auxins after the 

removal of apical buds (Vogt and Cox 1970). This is the 

most frequent form of regeneration in managed stands or 

stands subject to frequent fire. White oak stump 

sprouts, ten years after clearcutting, had a 97% survival 

rate and achieved height growth 88% greater than 

seedlings and diameter increase nearly double that of 

seedling sprouts (McQuilkin 1975). There is evidence of 

decreased sprouting vigor and wood quality after numerous 

coppice cycles (Arend and Scholz 1969). 
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Frequency and vigor of stump coppice has been 

related to a number of factors. Sprout frequency and 

growth for some eastern oaks have been positively 

correlated to site quality (Ross et al. 1986). Johnson 

(1977) found that some Missouri oak species sprout more 

readily after burning than after cutting. Roth and 

Hepting (1969) concluded that stump sprouting is not 

affected by butt rot in the cut tree but that sprouts 

arising from such stumps were susceptible to butt rot. 

Johnson (1975) reported that while stump sprouting of 

northern red oak seemed unaffected by tree age, the 

sprouting frequency of other species decreases as age or 

diameter increases. Lynch and Bassett (1987) found that 

sprouting of cut white oak in Michigan decreases with 

tree age and that sprouting for that species is also 

affected by aspect and site quality. 

Seasonality and short-term weather patterns have 

been related to certain sprouting parameters. Longhurst 

(1956) tested the effects of cutting season on stump 

sprouting for four California oaks. For evergreen oaks, 

sprouting response was not significantly different when 

season of cutting or stump size varied. Deciduous oaks, 

on the other hand, sprouted more vigorously after a 

winter cut and showed a decrease in sprouting for larger 

size classes. During exceptionally dry periods, 



19 

California scrub oak (£• dumosal occasionally delays 

sprouting up to two years after a burn (Plumb 1963). Cobb 

et al. (1985) theorized that drought causes some sprouts 

to not have a late summer flush as is generally common 

for the species. 

Uncommonly, certain oak species clone or 

reproduce vegetatively through spreading rhizomes. In 

dry portions of its range, Gambel oak regenerates 

primarily by this method (Brown 1958). Clonal spreading 

allows greater species survival and longevity in marginal 

environments (Muller 1951). Concurrently, species that 

regenerate vegetatively are often less dynamic in 

evolutionary terms and maintain their genetic makeup 

longer than other species (Axelrod 1975). This form of 

regeneration also limits long range expansion of the 

species; such expansion would require transport and 

caching of viable acorns by birds and rodents (Harper et 

al. 1985). 

Although the body of knowledge is incomplete, 

oaks in dry regions such as Arizona seem to depend on 

vegetative processes of regeneration to a greater extent 

than more mesic species. Clonal reproduction in Gambel 

oak through spreading rhizomes has already been 

mentioned. Muller (1951) described Hinckley oak (£. 

hincklevil. a west Texas species, as relying solely on 
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rhizome sprouting for regeneration. Thought to be a 

relic of moister times, this species inhabits an area 

which is too dry for seed germination and seedling 

establishment. 

Pase (1969) studied seedling survival of Emory 

oak and shrub live oak (£. turbinella) in south central 

Arizona. He reported that although seedling production 

is occasionally prolific after heavy rains, mortality of 

over 70% could be expected within 3 years. He speculated 

that most mortality is drought caused and that only once 

every 10 years is there adequate rainfall to allow 

seedling establishment. 

Emory oak is also reported to sprout prolifically 

when damaged or killed by fire (Pase 1969). Johnson et 

al. (1962) reported that 47% of fire-killed Emory oak in 

southeastern Arizona had significant basal sprouting. 

Thirty-three percent of Arizona white oak on the same 

site sprouted after one year. They surmised that these 

percentages would have been greater had it not been a 

year of unusually low precipitation. Phillips (1912) 

reported that inspection of uncut Emory oak stands 

revealed zero trees of seedling origin; all were 

resprouts after fire or other injury. He reported that 

stumps sprout prolifically regardless of aspect although 

sprouting vigor seemed to decrease with tree age. 



21 

CHAPTER 3 

METHODS 

SITE DESCRIPTION 

The Huachuca Mountains are located within the 

Mountain section of the Basin and Range Province. They 

occur in southern Cochise County, Arizona near the 

Mexican border (Brady and Bonham 1976). Lower elevations 

are generally piedmont of granitic parent material. 

Located above the piedmont are quartzite cliffs capped by 

limestone (Wentworth 1985). 

Annual precipitation in the study area averaged 

38 cm over a ten year period ending with the year of the 

study. Precipitation for that year was 46 cm (Dept. of 

the Army 1986). Annual precipitation in this region is 

subject to high variation. Mean annual temperature is 

approximately 14° C with about 200 frost-free days per 

year (Brady and Bonham 1976). Soils are primarily 

Huachuca very gravelly fine sandy loam and Ridgelite 

extremely gravelly loam (U.S. Army/SCS 1985). These 

soils are generally shallow, low in organic material, and 

excessively drained. 

The Fort Huachuca Military Reservation, a 

cooperative agency in this research effort, manages over 
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Figure 1. Location of study site (from Duenez 1987). 
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6000 ha of encinal. The study area was located adjacent 

to a fuelwood cutting area in Garden Canyon, which is 

administered from Fort Huachuca. Three criteria were 

used in specific site selection: it should be 

representative of current fuelwood cutting areas, it 

should be adjacent to those cutting areas, and it should 

be sizable enough to include 3 replicates that are 

similar in soil type, physiography, stand density and age 

structure, and disturbance history (Morgan unpub.). 

The experimental blocks (hereafter called lower, 

upper, and hillside blocks) had average slopes of 6, 10, 

and 14% respectively. The upper and hillside blocks had 

northwest aspects while the lower block had an aspect of 

west-northwest. All blocks were at approximately 1600 m 

of elevation (Duenez 1987). 

The study area was a Ouercus emorvi/Bouteloua 

curtipendula habitat type (USDA Forest Service 1987) with 

Emory and Arizona white the only oaks represented. 

Overall, about 70% of the trees sampled and 70% of the 

total basal area was Emory oak. There was considerable 

variation between blocks for both parameters. Twenty-

five percent of the Emory oaks sampled were single-

stemmed with a mean of 2.6 + 0.2 stems per tree. Thirty 

three percent of the Arizona white oaks were single-

stemmed with a mean of 2.3 + 0.2 stems per tree. Table 1 
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lists the important statistics regarding oak inventory in 

the study area. 

EXPERIMENTAL DESIGN AND MEASUREMENTS 

The study was conducted using a randomized 

complete block design consisting of three blocks with 

four plots each. Twenty by 30 m plots for each of 4 

treatments (25%, 50%, 75%, and 100% basal area removal) 

were distributed in each block. 

Emory oak and Arizona white oak stems were 

selected and cut between January and March, 1986 

according to prescribed cutting intensities (Duenez 

1987). Stems having a basal diameter < 4 cm were not 

included in sampling. Before cutting, quantitative and 

qualitative measures of variables were noted for cut and 

uncut stems (Table 2). 

In the summer of 1987, each tree from which one 

or more stems were removed was examined for sprouting 

response. Based on observations that mature trees 

usually have five or fewer stems, only the five dominant 

sprouts per tree were measured. The sprout variables 
s 

included basal diameter, height, and browse damage (Table 

3). 
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Table 1. Original density and stocking of Emory oak and 
Arizona white oak on study area. 

Species 

Emorv oak Arizona white oak Total 

Number per 
plot 

Number per 
hectare 

Basal area 
per plot (m2) 

Basal area 
(m2/ha). 

16.3 

271.7 

0.55 

9.25 

7.3 

121.7 

0.24 

4.05 

23.6 

393.4 

0.80 

13.30 
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Table 2. Tree measurements taken (from Duenez 1987). 

Variable 

diameter (cm) 

Measurement description 

basal diameter of cut and 
uncut stems, measured directly 
above root collar 

vigor ocular estimate: 

1 = vigorous sprouting, full 
crown 

2 = >90% live crown, some 
sprouting 

3 = moderate crown, some 
chlorotic foliage 

4 = dead branches, pronounced 
chlorosis, no sprouting 

5 = pathogens present, more 
branches dead than live 

stump height (cm) 

heart rot 

height of tallest stump 
measured from groundline 

ocular estimate: 

1 = little or no rot in 
heartwood of cut stems 

2 = moderate to heavy rot in 
some or all stems 



Table 3. Sprout measurements taken. 
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Variable 

sprout height (m) 

sprout diameter (cm) 

browsing 

Measurement Description 

length of stem from root 
collar to tip 

diameter of sprout directly 
above root collar 

ocular estimate of the 
degree to which sprouts 
had been damaged by 
browsers: 

1 = little or no visible 
damage 

2 = leaf damage and 
limited stem damage 

3 = majority of stems have 
been browsed, lateral 
stem growth 
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SPROUT VOLUME ESTIMATION 

A parameter of sprouting response was needed to 

evaluate regeneration success. Sprout volume was chosen 

because it is a function of both diameter and height 

growth, which are crucial indicators of sprout vigor and 

potential for success. An empirical model for sprout 

volume estimation was developed using diameter, length, 

and volume data acquired during destructive sprout 

sampling adjacent to the study site. 

Between 40 and 45 unbrowsed sprouts of each oak 

species were chosen to represent 19 size classes between 

0.1 and 2.0 m in height and between 0.1 and 2.0 cm in 

diameter. The sprouts were cut, measured, and placed in 

labeled bags. Later, stem volumes were measured in a 

xylometer. A linear regression approach was used to 

estimate an equation describing the relationship between 

sprout volume and the independent variables. 

The regression line estimated for Emory oak, 

log volume = 1.81 + 3.02 * log diameter, 

was highly-significant (adj. R2 = 0.97, p < 0.001). The 

equation developed for Arizona white oak, 

log volume = 1.69 + 2.45 * log diameter, 

was also highly significant (adj. R2 = 0.95, p < 0.001). 

Arizona white oak sprouts were of less volume then Emory 

oak sprouts of equal diameter. 
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Several steps were taken to arrive at these 

regression equations. High collinearity between diameter 

and length (Emory oak, R2 = 0.83; Arizona white oak, R2 = 

0.90) indicated that one variable, length, should be 

eliminated from further analysis. Plotting stem diameter 

versus stem volume revealed a curvi-linear relationship 

and indicated a possible need for data transformation. 

Several transformations were attempted and the function 

log volume = a + b * log diameter was superior, 

explaining 14% and 13% more of the variability in sprout 

volume than did the untransformed model for Emory oak and 

Arizona white oak respectively. 

In order to determine whether the functional 

relationship between diameter and volume differs 

significantly between the two species, a test of 

difference between two regression slope values (Sokol and 

Rohlf 1969) was conducted. This test indicated that the 

relationship between sprout diameter and volume is indeed 

different for Emory oak and Arizona white oak (F = 19.61; 

P < 0.05). 

ANALYSIS OF SPROUTING RESPONSE 

Analysis addressed four major topics: thinning 

level, partial versus complete stem cluster removal, stem 

diameter, and regeneration prediction. The first three 

examined regeneration resulting from current or potential 
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silvicultural prescriptions. The last item examined ways 

that sprout volume production might be predicted on a 

tree by tree basis. 

Proportion of stumps that sprouted and sprout 

volume production were compared between categories of the 

following factors: species, thinning intensity, shade, 

entire versus partial stem cluster cutting, stem 

diameter, heart rot, number of stems per tree, and tree 

vigor. Browse damage was related to species and thinning 

intensity only. Analysis of variance was used to detect 

significant relationships. Multiple comparisons of group 

means were accomplished using Student/Newman/Kuels test 

when variance was homogeneous and Student's t-test when 

variance was non-homogeneous (Sokol and Rohlf 1969; 

Norusis 1986). Linear regression analysis was used to 

relate two continuous variables, stem diameter and sprout 

volume. For two dichotomous variables, heart rot and 

tree vigor, a likelihood ratio was calculated to test the 

independence of the proportion of stumps that do not 

sprout (Sokol and Rohlf 1969). A significance level of 

p < 0.05 was used for all tests. 

A stepwise linear regression approach was used to 

investigate the relationship between sprout volume and 

all significant independent variables. A natural 

logarithmic transformation was used on the volume data to 
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increase the linearity of the relationships. For Emory 

oak, independent variables were thinning level and 

percent tree basal area removed. For Arizona white oak 

the independent variables included were thinning level, 

percent tree basal area removed, and number of stems per 

tree. For Arizona white oak, regression analysis was 

conducted separately for two data sets, those stumps with 

heart rot and those without. 

A linear regression approach was also used to 

compare number of sprouts to sprout volume production in 

clearcut treatment plots. Additional regression analyses 

were conducted to examine relationships between number of 

sprouts per stump and variation in stump height and 

circumference for completely cut trees. 
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CHAPTER 4 

RESULTS 

Total sample size for Emory oak was 186 trees. 

Twenty-five percent of these trees were single-stemmed 

and over 95% had five or fewer stems. Approximately 46% 

were completely cut trees or tree clusters. Total sample 

size for Arizona white oak was 82 of which 32% was 

single-stemmed and 98% had 5 or fewer stems. Of the 

total sample, 59% were completely cut trees or tree 

clusters (Table 4). 

THINNING INTENSITY 

For Emory oak, it was determined that there was a 

significant difference between sprouting failure in 

clearcut plots and that of lower thinning levels (p = 

0.03). In clearcuts, only 6% of the stumps failed to 

produce sprouts while approximately 28% did not sprout in 

other thinning treatments. Proportion of stumps that 

sprouted was not related to thinning intensity for 

Arizona white oak, although this could be due to small 

sample size (for several groups, n < 5) (Table 5). 

Mean sprout volume production was significantly 

related to thinning level for both species (p < 0.001 for 

Emory oak; p < 0.001 for Arizona white oak). Both 
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Table 4. Sample sizes and tree characteristics for Emory 
oak and Arizona white oak on the study site. 

Data Category Emorv oak Arizona white oak 

Sample size per thinning level 

25% 38 15 

50% 55 14 

75% 51 25 

100% 42 28 

Total 186 82 

Sample size per tree cluster cutting method 

Complete 43 20 

Partial 101 34 

Percent of trees 
single-stemmed 25.3 31.7 

Mean basal 
diameter (cm) 14.63 15.43 

Diameter 
range (cm) 4.0-38.0 6.0-30.0 

Mean tree 
height (m) 4.18 4.28 
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Table 5. Effects of thinning level on Emory oak and 
Arizona white oak sprouting response. Letters denote 
groups with means that are not significantly different 
(p < 0.05). 

Thinning Non-sprouting Volume (cm^h 
level n proportion Mean S.E. 

Emory oak 

25% 38 0.29 a 84.8 a 31.5 

50% 55 0.29 a 57.0 a 13.3 

75% 51 0.27 a 354.6 b 112.0 

100% 42 0.07 b 758.6 c 108.1 

Arizona white oak 

25% 15 ' 0.40 a 57.4 a 14.0 

50% 14 0.29 a 94.5 a . 51.2 

75% 25 0.40 a 102.5 a 22.9 

100% 28 0.21 a 600.4 b 113.5 
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species had significantly higher sprout volume production 

inexception of Emory oak in the 75% thinned plot. In 

that case, sprout production was several times that of 

production in 25% or 50% thinned plots (Table 5). 

Sprout volume production between clearcut and 

thinned plots for only completely cut trees or clusters 

revealed that, for both species, sprout volume was 

several times greater in clearcut plots (Table 6). 

Browse damage varied significantly between 

treatment groups for Emory oak. Approximately 22% of the 

sprouts in the clearcut plots.were at least moderately 

browsed while all other thinning levels had percentages 

between 55% and 60% that did not differ significantly. 

Browse damage to Arizona white oak did not differ between 

treatment groups, probably due to small sample sizes. 

Overall, 59% of the sprouts sampled for that species were 

moderately or heavily browsed (Table 7). 

COMPLETE OR PARTIAL STEM CLUSTER CUT 

Emory oak stumps failed to sprout in 12% of the 

cases from completely cut clusters and 34% of the cases 

from partially cut clusters. Arizona white oaks did not 

sprout in 15% and 50%, respectively, of the cases in 

these two groups (Table 8). 

For Emory oak, mean sprout volume production 

differed significantly between the two groups. In 
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Table 6. Comparison of Emory oak and Arizona white oak 
sprouting response between clearcut and thinned plots. 
Letters denote groups with means that are not sig
nificantly different (p < 0.05). 

Thinning 
level 

< 100% 

100% 

< 100% 

100% 

Non-sprouting 
proportion Mean 

Volume (cml) 

Emory oak 

43 0.12 a 295.2 b 

42 0.07 a 704.3 d 

Arizona white oak 

20 0.15 a 107.0 a 

28 0.21 a 471.8 C 

S.E. 

30.7 

100.5 

10.4 

32.9 
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Table 7. Relationship between thinning level and sprout 
browse damage for Emory oak. Letters denote groups with 
means that are not significantly different (P < 0.05). 

Thinning 
level n 

Proportion 
browsed 

Standard 
error 

25% 17 0.55 a 0.03 

50% 28 0.59 a 0.16 

75% 28 0.56 a 0.07 

100% 40 0.22 b 0.07 
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Table 8. Comparison of Emory oak and Arizona white oak 
sprouting response between completely and partially cut 
trees or tree clusters. Letters denote groups with means 
that are not significantly different (P < 0.05). 

% Basal Area 
removed 

100% 

<100% 

100% 

<100% 

43 

101 

20 

34 

Non-sprouting 
proportion 

Volume (cm^-l 
Mean 

Emory oak 

0.12 a 334.0 c 

0.37 b 77.2 a 

Arizona white oak 

0.15 a 125.9 b 

0.50 b 50.6 a 

S.E. 

100.5 

30.7 

32.9 

10.4 
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thinned Emory oak stands, regeneration from completely 

cut trees was approximately 5 times as voluminous as that 

from partially cut trees. Volume production of Arizona 

white oak was also significantly different between groups 

although the difference in means was not as pronounced as 

that for Emory oak (Table 8). 

TREE CHARACTERISTICS 

Mean tree diameter was not significantly 

different between sprouting and non-sprouting trees for 

both species. Although the mean tree diameter for non-

sprouting stumps was higher than that of sprouters in 

every case, sample sizes were too small and variance too 

high to conclude that pattern to be significant. 

There was no significant relationship between 

stem diameter and sprout volume production for either 

species (R2 < 0.001). No variation in sprout volume 

production was explained by variation in tree basal 

diameter. 

In the case of Arizona white oak, number of stems 

was significantly related to sprout volume. Trees were 

grouped for those having 1,2, or 3 stems (mean volume = 

229.0 cm3) and those having 4 or 5 stems (mean volume = 

613.5 cm3). Sprouting of Emory oak was not affected by 

number of stems per tree. 
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For Emory oak, the relationship of heart rot to 

tree diameter was found to be significant with larger 

stems more prone to heart rot. However, there was no 

relationship between heart rot and either proportion of 

stumps which sprouted or sprout volume production. For 

Arizona white oak, heart rot was unrelated to stem 

diameter and proportion of stems that sprouted. Sprout 

volume production was generally lower for rotten trees. 

For both species, variation in tree vigor had no 

significant effect on sprout volume production. 

Likewise, proportion of stumps that sprouted for Emory 

oak was virtually the same for trees of low vigor or high 

vigor. There was a significant relationship between 

vigor and sprouting proportion in Arizona white oak. Of 

those tree that failed to sprout after cutting, 71% were 

of low vigor. 

REGENERATION PREDICTION 

For Emory oak, the regression model developed 

provided a limited explanation of variation in sprout 

volume production. For Arizona white oak, analysis for 

trees without heart rot produced a significant regression 

equation. This model significantly improved the 

predictability of sprout volume based on the independent 

variables (Table 9). 
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Table 9. Regression models for prediction of sprout 
volume production per stump of Emory oak and Arizona 
white oak (p < 0.05). 

EMORY 
OAK 

Variable 

C 

TI 

BAR 

Coefficient 

1.38 

0.82 

1.24 

Adi. R— 

0.35 

ARIZONA 
WHITE 
OAK 

TI 

BAR 

STEMS 

0.40 

2.72 

0.27 

0.51 

C = constant, TI = thinning intensity 
BAR = proportion basal area removed, 
STEMS = number of stems per tree 
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Sprout number to sprout volume relationships 

were not significant (Arizona white oak, adj. R2 = 0.30; 

Emory oak, adj. R2 < 0.01). Also, variation in number of 

sprouts could not be predicted by variation in stump 

height or circumference. For Arizona white oak, no 

significant relationship could be detected while for 

Emory oak the relationship was weak (Adj. R2 = 0.27). 
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CHAPTER 5 

DISCUSSION 

Thinning level is an important consideration when 

including fuelwood harvest in a woodland management plan. 

Silviculturalists are interested in determining the 

prescription that allows maximum harvest while insuring 

adequate regeneration (Smith 1986). Selecting a thinning 

level is one of the basic decisions a land manager makes 

when planning a wood harvest and some knowledge of 

sprouting response to different levels is important. 

Compounding the effects of thinning intensity on 

sprouting response is an additional factor, browsing by 

wildlife, mostly deer and rabbits. Clearcut plots were 

not damaged to the same extent as thinned plots; browsers 

seemed to prefer feeding under tree cover. This acts to 

further limit sprout growth in thinned plots and would be 

an important consideration when managing oak woodlands 

for wildlife. 

There have been few similar studies of encinal or 

evergreen oak species. Phillips (1912) inferred from 

visual observation that shade had no effect on sprouting 

of Emory oak stumps. Sprout regeneration in stands of 

canyon live oak (£. chrvsolepis) in southern California 
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which were thinned to 30% of their original basal area 

was compared to regeneration in clearcut stands. After 

one growing season, sprouts from the clearcut plots 

averaged almost twice the height growth of thinned plots 

(Conard 1987). Most other studies concerning 

regeneration of evergreen oaks considered only clearcut 

or burned sites and did not investigate factors that 

might affect regeneration in thinned stands (Johnson et 

al. 1962; Longhurst 1956; Bartolome et al. 1987). 

As encinal oaks are frequently multi-stemmed, two 

possibilities exist for thinning a stand by a selected 

intensity. If a 50% thin is desired, all stems from 50% 

of the tree units could be cut, or 50% of the stems from 

each tree could be cut. The benefit in terms of wood 

harvested is comparable between the two methods. 

Sprouting response, however, is definitely not comparable 

which could be useful knowledge when selecting 

silvicultural treatments that encourage or discourage 

stump sprouting. 

Smith (1986) claims that uncut stems can draw on 

the tree's food supply or produce hormonal sprouting 

inhibitors. He recommends that all stems be cut, in 

order to take advantage of a stand's regeneration 

capability. Apparently, most forestry researchers have 

shared this viewpoint; work has not been published 
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pertaining to partial stem removal of multi-stemmed oaks. 

Stem diameter may be related to stem age, which 

is an important factor in determining a stand's rotation 

age. In a coppice silvicultural system, rotation age or 

frequency of harvest depends not only on mean annual 

increment of the stand but also on regeneration 

expectations and sprout growth potential. A 

determination is necessary as to the optimum harvest age 

for these species with regard to sprout regeneration 

(Medema and Lyon 1985). There are several complications 

concerning age determination of dryland oaks and its use 

in stand management. Because of oak's propensity for 

vegetative reproduction, a tree age is usually a fraction 

of the age of its roots system (Merz and Boyce 1956). It 

is unknown if root age is more important than stem age in 

influencing regeneration. Furthermore, age determination 

through annual ring analysis is problematic for encinal 

oaks. Depending on precipitation or other factors, a 

tree may have more than one periods of rapid growth per 

year. Missing rings are not uncommon (Swetnam 1988). 

Results showing that diameter of the cut stem 

does not affect sprouting conflict with Phillips (1912) 

who visually estimated that smaller Emory oak stumps 

sprouted more often and with greater vigor than larger 

stumps. Longhurst (1956) found no relationship between 
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sprouting and stump diameter for two California oak 

species. In studies involving more mesic oak species, 

sprouting frequency has been related to stump diameter 

(Johnson 1977; Lynch and Bassett 1987; Roth and Hepting 

1943). 

The analyses described above have indicated ways 

that regeneration may be manipulated by silvicultural 

practices. A land manager may also want to predict 

sprouting on a tree by tree basis given known stand and 

tree characteristics. Attempts have been made to create 

models for oak regeneration prediction. Johnson (1977) 

used tree age, tree diameter, and site index to predict 

the probability that individual stumps would sprout 

successfully in Missouri. Lynch and Bassett (1987) tried 

unsuccessfully to apply Johnson's model to oak species in 

Michigan. 

Johnson (1977) used site index as one factor in 

his sprout prediction models. Tree vigor was the only 

measurement in this study that might be related to 

microsite quality although vigor is also affected by 

other factors such as weather, pests, or genetics. 

Perhaps because of this complication, tree vigor was not 

related to stump sprouting for either species. 

Models for regeneration of Emory oak and Arizona 

white oak proved to be only somewhat useful in sprout 
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volume prediction. The coefficients of determination for 

the two equations indicate that much of the variation in 

sprout volume production remains unexplained. 

Examination of other factors including site quality, 

slope, aspect, number of coppice rotations, and season of 

cutting might increase the reliability of the models. 

In contrast to this study which used sprout 

volume, some studies have used number of sprouts to gauge 

the success of regeneration (Conard 1987). 

Unfortunately, high volume variation among individual 

sprouts make it an unreliable parameter. However, if 

there were a significant relationship between number of 

sprouts and sprout volume growth then factors influencing 

number of sprouts would also need to be included in 

predictive models. Regression analysis revealed that no 

significant relationships exist between sprout number and 

sprout volume and, therefore, no further analysis 

including number of sprouts is advisable. 

This study assessed regeneration only for the 

first year after cutting. For regeneration to be 

successful, sprouts would have to continue to grow and 

eventually become mature individuals in the stand. The 

treatments that affected first year sprouting response 

may have compounding or contradictory effects on 

subsequent growth. For this reason, regeneration from 
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the sampled stumps should be reevaluated after several 

additional growing seasons. 
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CHAPTER 6 

CONCLUSIONS 

Predicting first year sprout growth of Emory oak 

and Arizona white oak on a tree by tree basis is not 

precise. A portion of the variability in sprout growth 

can be explained by the factors percent tree basal area 

removed, thinning intensity, tree vigor, number of tree 

stems, and heart rot but most of the variation in sprout 

growth remains unexplained. 

General prediction is feasible at the stand 

level. Clearcutting a stand results in a significantly 

higher proportion of stumps that sprout and also 

increases sprout volume growth during the first year 

after cutting. Sprouts in clearcut areas are also less 

likely to be browsed. 

Sprouting response can be influenced by partially 

or completely cutting stem clusters. For both species, a 

completely cut cluster sprouts more frequently and 

experiences greater sprout volume growth during the first 

year after cutting. 

Generally, Emory oak sprouts more frequently than 

Arizona white oak and usually produces greater sprout 

volume after one year. 
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