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Geographic information systems (GIS) technology was 

used to analyze factors influencing habitat use by an 

endangered species, the red-cockaded woodpecker. The study 

area was the western part of the Raven Ranger District of 

the Sam Houston National Forest, Texas. The factors 

considered included both structural characteristics and 

spatial relationships among stands of trees in the habitat. 

It was determined that most of the suitable habitat in 

the study area was already being used by red-cockaded 

woodpeckers for nesting colonies. The rest of the forested 

area was unsuitable because of dense basal area, presence 

of hardwood midstory, or both. 

Active woodpecker colonies differed from inactive 

colonies (stands which previously held active colonies) in 

a number of landscape characteristics. They were larger 

and closer to other active colonies, had greater 

gravitational attraction (in a geographic sense) to other 

active colonies, and had lower isolation coefficients than 

inactive sites. More open (non-forested) land typically 



surrounded inactive colonies than active ones, and active 

colonies were better connected to other colonies through 

forested corridors than were colony sites that had become 

inactive. 

Analysis of satellite imagery was not successful as a 

means of identifying suitable red-cockaded woodpecker 

nesting and roosting habitat. This lack of success may 

have been because the satellite image was captured in the 

fall, when spectral distinction between pines and hardwoods 

is small. If so, a spring image might give better results. 

Analysis of colonies that changed status following the 

cutoff date for this study appeared to substantiate that 

there are landscape characteristics which differ between 

active and inactive colonies, and that these 

characteristics could be good predictors of status change. 

Thus, the results of this study were not only descriptive 

of landscape-scale preferences of the red-cockaded 

woodpecker, but could be used in management of the species. 
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CHAPTER 1 

INTRODUCTION 

The red-cockaded woodpecker (Picoides borealis) is an 

endangered species of bird that occurs in the pine forests 

of the southern United States coastal plain. It was 

federally listed as endangered under the provisions of the 

Endangered Species Conservation Act of 1969 (35 Federal 

Register, October 13, 1970: 16047) and subsequently under 

the Endangered Species Act of 1973 (40 Federal Register, 

September 26, 1975: 44418). The woodpecker is a colonial 

breeder with highly specific nesting habitat requirements; 

only certain pine species, preferably longleaf pine (Pinus 

palustris) (U.S. Fish and Wildlife Service 1985), or, in 

Texas, loblolly and shortleaf pines (P. taeda and P. 

echinata) (Conner and Rudolph 1989) are selected for nest 

excavation. The nest trees are generally more than 70 

years old and are normally suffering from heart-rot (also 

known as red-heart) fungus (Fomes pini) infestations (Lay 

and Russell 1970). Furthermore, they require open forest, 

avoiding second-growth pine and hardwood midstory (Murphey 

1939). They are ecologically important in that they are 

the only woodpeckers of southern pine forests that excavate 

in living pine trees, providing nest sites for other cavity 



dwellers (U.S. Forest Service 1985). The woodpecker is 

insectivorous, and forages primarily in living trees. 

Numbers of the red-cockaded woodpecker are declining 

rapidly throughout its range due to loss of nesting habitat 

by both logging and suppression of fire (Ligon et al. 

1986). In three of the National Forests in Texas, the 

Angelina, Davy Crockett, and Sabine, the decline has been 

precipitous, amounting to a decrease in active colonies of 

10 percent per year between 1983 and 1988 (Conner and 

Rudolph 1989). 

The woodpecker is currently at the center of a 

controversy between conservationists and the timber 

industry. A Texas District Court decision in 1988, 

resulting from action brought by three conservation 

organizations against the Forest Service, placed much of 

the National Forest lands in East Texas off-limits to 

logging to protect red-cockaded woodpecker habitat (Sierra 

Club v. Lyng 1988). Logging was banned within a circle of 

radius 1200 m around each nest colony. The debate over the 

logging ban has at times been heated, with the bird being 

referred to as "the Texas spotted owl." A recent headline 

in a popular daily newspaper read: "In Florida, loggers vs. 

bird-watchers" above an article on the red-cockaded 

woodpecker (Kanamine 1993). This sort of attention is 

rarely constructive. As another indicator of the level of 

interest in the topic, a broad-market book about the red-



cockaded woodpecker has recently been published (McFarlane 

1991). 

The primary goal of the study described in this 

dissertation was to determine what spatial characteristics 

of pine stands are required for the habitat to be suitable 

for red-cockaded woodpecker breeding colonies. To achieve 

this end, habitat used by the woodpeckers was compared to 

other areas of apparently suitable, but unused, habitat, 

and currently active colony sites were compared to once-

occupied, but now inactive, colonies. The research tested 

the thesis that the red-cockaded woodpecker is limited, at 

least in part, by landscape ecological characteristics. 

The characteristics considered were: 

(1) patch size 

(2) patch shape 

(3) patch connectivity 

• distance to other suitable habitat 

• attraction among patches 

• isolation of patches 

• existence of corridors between patches 

• existence of barriers between patches 

In addition, the relationship between timber 

characteristics and colony status was examined; these 

included stand age and density, tree size, and amount of 

hardwoods. The null hypothesis, in each case, was that 



colony status, as active or inactive, was independent of 

each of the parameters under investigation. 

Metric units are used throughout this dissertation 

except for standard timber parameters. Basal areas are 

reported in ft2/acre, and tree diameter at breast height 

(dbh) is given in inches. This approach was taken to make 

the results presented here compatible with and comparable 

to the majority of published work. 

The second phase of the project was an attempt to 

identify suitable red-cockaded woodpecker habitat on 

satellite imagery. The application of satellite image 

interpretation to this problem was particularly pertinent 

because of the specificity of the woodpeckers' cavity tree 

requirements and the large area to be considered. Field 

surveying for all suitable woodpecker habitat is a 

tremendous undertaking which requires repeated effort as 

trees mature and die. The success of using Thematic Mapper 

(TM) satellite imagery for habitat identification of some 

birds with highly specific habitat needs has been 

demonstrated (for example, Hodgson et al. 1987; Shaw 1989). 

These studies involved identification of suitable habitat 

of other endangered species, the wood stork (Mvcteria 

americana) in Georgia and the golden-cheeked warbler 

(Dendroica chrvsoparia) in Texas, respectively. Field 

studies to confirm habitat locations inferred from image 

analysis indicated that image interpretation can be a 



highly accurate method of identifying habitat across a 

large area. 

The ultimate goal of this project was to determine the 

overall habitat requirements of the red-cockaded 

woodpecker, and therefore provide information to assist 

habitat management in East Texas' National Forests to 

conserve the species. Furthermore, the methodologies 

derived during the research may have direct use for 

Recovery Plans in other states and for other endangered 

species with similarly restrictive habitat requirements. 



CHAPTER 2 

LITERATURE REVIEW 

This chapter presents a brief review of the literature 

pertinent to the study. The first section concerns the 

red-cockaded woodpecker, its natural history, habitat 

requirements, and past and present status. Next is a 

description of landscape ecology, followed by a discussion 

of how geographic information systems (GIS) are appropriate 

tools for a study of this kind. Finally, the chapter 

contains an overview of remote sensing, as applicable to 

this prqject. 

The Red-cockaded Woodpecker 

The red-cockaded woodpecker, shown on Figure 1, is a 

small, black-and-white woodpecker, approximately 21 cm in 

length. It takes its name from a tiny streak of red 

plumage between the white of the cheek and the black of the 

nape in male birds (Peterson 1980). While unremarkable in 

appearance, the red-cockaded woodpecker has a few unique 

behavioral adaptations, some of which appear to be 

contributing to its decline. 

A search of the literature revealed that the bird has 

been classified several different ways since its discovery. 



Figure 1. The red-cockaded woodpecker (after Conner and 

Rudolph 1989) 
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The pioneer ornithologist Alexander Wilson named it Picus 

querulus. which name it retained at least through the late 

19th Century, but by the time Murphey wrote about the bird 

in Bent's Life Histories (1939) it was named Drvobates 

borealis. this name being ascribed to Frangois Vieillot. 

By 1966, the scientific name had changed again, this time 

to Dendrocopus borealis (Robbins et al. 1966). The 

American Ornithologists' Union (AOU) has settled on the 

name Picoides borealis (Sibley 1986); since this is the 

definitive group for avian nomenclature, P. borealis is the 

name used here. In some recent press Dendrocopus borealis 

has reappeared; this is presumed to be referring to work 

long completed or to some authors' flouting of AOU 

conventions. 

Distribution 

Historically, the red-cockaded woodpecker has ranged 

across the coastal plain pine forests of the southeastern 

United States, from Virginia through eastern Texas and 

Oklahoma (Murphey 193 9). Figure 2 shows its current range 

and the extent of the Atlantic and Gulf Coastal Plain 

physiographic region (Hunt 1974), which it closely follows. 

It is essentially non-migratory, although some individuals 

have been found outside their typical range. Figure 3 

shows counties in which the birds have been recorded; the 

outlying records are quite distinct. 
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Habitat Requirements 

Numerous ornithologists have observed that this 

species generally excavates its nest cavity in living pine 

trees infested with red-heart fungus (Fomes pini, syn. 

Phellinus pini) (Pearson 1936; Murphey 1939). Some 

authors, however, have found that the woodpecker is by no 

means dependent on fungal infection of trees. Conner and 

Locke (1982) found heartwood decay in only 63 percent of 

the cavities, and 44 percent of cavity start holes, that 

they examined. However, in loblolly pine, the dominant 

pine species in my study area, 100 percent of cavities and 

start holes were in heartwood-decayed trees. Red-heart is 

rarely successful in trees under 75 years of age (Lay and 

Russell 1970), which has led the bird to become reliant on 

older, and therefore generally larger, trees for excavation 

(Conner and O'Halloran 1987). The mean age of cavity trees 

in the National Forests of Texas is 106 years (Conner and 

Rudolph 1989). Furthermore, only open forest is used, with 

substantially fewer hardwoods and lower overstory and 

midstory basal areas than in unused habitat (Locke et al. 

1983). In one study in Florida, overstory and midstory 

stem densities, and midstory crown area, were significantly 

lower within 200 meters of a nest tree than between 200 and 

400 meters away (Hovis and Labisky 1985) . Utilized habitat 

in East Texas had tree-ring evidence of growth having been 

suppressed and released in cycles, indicating periodic 
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perturbations such as fire or shelterwood cutting (Conner 

and O'Halloran 1987). Such perturbations would have the 

effect of keeping the habitat open. Red-cockaded 

woodpeckers also have been observed to use residual trees 

in seed-tree/shelterwood stands (Conner et al. 1991b), 

those referred to in the United States Forest Service 

(USFS) database as "in-regeneration stands." 

All active cavity trees have resin flow around the 

holes caused by shallow excavations by the resident 

woodpeckers. As resin flow ceases, the birds abandon the 

site and excavate another cavity (Ligon 1970). This is 

apparently the reason that only living pines are used: the 

reason for requiring resin flow is disputed. Some authors 

feel that the resin flow, creating a white plate around the 

hole, is f'or identification purposes (e.g., Lay and Russell 

1970); others believe the most likely reason is defensive: 

the sap flow has the effect of protecting the nests from 

snakes. In Texas, Boone (1980) observed that rat snakes 

(Elaphe obsoleta lindheimeri) and other, unidentified, 

snakes were observed in woodpecker holes with either dry or 

no resin, while none were found in trees with active gum 

flow around the cavity. One study with gray rat snakes 

(Elaphe obsoleta spiloides) found that the snakes avoided 

trees with fresh resin flow; indeed, one subject died after 

contacting the resin. As resin flow ceased, and the 

residue hardened, the avoidance by snakes was less marked 
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but still observed (Jackson 1974). It was suggested that 

phenols in the gum may be toxic to snakes. A study-

conducted in East Texas, using amounts of pine sap more 

similar to those observed around active red-cockaded 

woodpecker cavities, found that even small quantities of 

resin were sufficient to reduce mobility of rat snakes' 

ventral scales, and thus their climbing ability (Rudolph et 

al. 1990b). 

The presence of heart-rot in a tree may ease 

excavation, which might otherwise be difficult in living 

pines. Red-cockaded woodpeckers may take a year or more to 

complete a cavity (Jackson 1977), which has been suggested 

as a reasonable amount of time to excavate in healthy (non-

decayed) xylem (Conner and Locke 1982). The preference for 

open, park-like, stands, devoid of hardwood midstory, may 

well be a defense-related requirement: the effect of a 

resin barrier around the hole would be lessened by 

encroaching midstory, since this could provide a pathway to 

foraging snakes. There is no clear consensus on this 

point, however (Conner and Rudolph 1992; personal 

communication). 

In winter, the general habitat requirements are 

similar to those during the breeding season, although 

foraging behavior changes, as described in the next 

section. 
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Behavior and Breeding Biology 

The red-cockaded woodpecker is a cooperative breeder, 

meaning that a breeding pair will often be accompanied at 

the nest site by one or more helpers, typically male 

offspring from the previous year. Each group, or clan, 

occupies a colony that consists of from one to 30 trees 

with cavities of different status, from incompletely 

excavated (start holes), through completed active cavities, 

to abandoned, inactive cavities (USFS 1985) . Of those 

colonies studied in Texas, none had more than one nest 

tree; the other active cavities were used as roost sites 

(Lay and Russell 1970) . Suitable nest trees may be used by 

several generations (Ligon 1970.) . 

Home ranges are strongly defended by resident red-

cockaded woodpeckers; fights with encroaching birds are not 

uncommon. The bird has something of a reputation for being 

quarrelsome -- one of their earlier scientific names was 

Picus querulus (Murphey 1939). One study in South Carolina 

reported territories ranging from 3 0 to 195 hectares, with 

a mean of 70 hectares (Hooper et al. 1982). There was a 

highly significant correlation between size of the home 

range and the total observed range (within which they were 

seen but did not defend the boundaries). The large range 

in territory size led the authors to test four hypotheses 

on which factors might be controlling the home-range size. 

Total forage quantity was rejected as a factor, there being 
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a positive relationship between quantity and territory-

size. There was a weak inverse relationship with habitat 

quality and a weak direct relationship with clan size. The 

strongest individual correlation was with population 

density: there was an inverse relationship between 

territory size and the number of active clans within 2 km 

of the nest tree. 

A study in East Texas reported distances between 

colony centers in the Angelina National Forest (ANF) and 

the Fairchild State Forest (FSF) (Lay and Russell 1970) . 

In the ANF distances varied from 362 to 825 meters, with a 

mean of 501 m; in the FSF results were remarkably similar, 

ranging from 362 to 724 m, with the same mean, 501 m. 

Based on these measurements, and assuming circular 

territories, the area per colony ranged from 10 to 53 

hectares. 

In a Florida study of fall foraging movements (Nesbitt 

et al. 1978), three clans had ranges of 58, 59, and 91 

hectares, for an average of 70 hectares. This is similar 

to the results of the South Carolina study (Hooper et al. 

1982), but considerably larger than territories measured by 

Lay and Russell (1970) in East Texas. Winter forage range 

may be larger than the home range: a study in Louisiana 

measured 1.3 individuals per 40 hectares (Morse 1972). 

With a typical clan size of three to five birds, this would 

correspond to 90 to 150 hectares per clan. 
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The previous discussion indicates that clan territory-

size is variable across the range of the red-cockaded 

woodpecker. The strongest factor found to be limiting size 

was population density. This may indicate potential for 

increasing population if the species were better dispersed. 

Forest stands dominated by pines over 20 years of age, 

contiguous with and contained within 800 m of an active 

colony, are considered to be foraging habitat (USPS 1991) . 

The diameter at breast height (dbh) of pine trees within an 

optimal forage stand is 9 inches or greater; red-cockaded 

woodpeckers will also use poletimber of 4 to 9 inches dbh, 

but they generally do not use seedling/sapling stands 

(Hooper et al. 1980). They have also, rarely, been 

observed feeding on pine logging slash (Schaefer et al. 

1991). 

The red-cockaded woodpecker has evolved numerous 

behaviors, presumably in the face of its highly specific 

habitat needs. Cooperative breeding has traditionally been 

thought of as a response to habitat saturation -- if there 

is no available habitat, young birds have no breeding 

option. A study on the acorn woodpecker, another 

cooperatively breeding species, indicated that habitat 

quality (as determined by winter food availability) may be 

the controlling factor, not habitat availability (Stacey 

and Ligon 1987). They found that most helpers occurred in 

high-quality habitat, and that first-year birds that 
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forewent dispersal to lower-quality habitat, and therefore 

breeding, but eventually became the breeding birds in their 

home habitat, could have higher lifetime fitness than birds 

that dispersed to lower-quality habitat and bred there. 

This may be the case with the red-cockaded woodpecker also. 

If this is so, it might explain absence of birds from what 

appears to be suitable habitat, if, in fact, that habitat 

is of lower quality than their home ranges. 

Another adaptation, one that appears geared to 

avoiding conflict in these quarrelsome and somewhat 

colonial birds, is feeding niche partitioning. At least 

during the summer, when pair bonding is important, males 

and females feed at different heights on pine trees, the 

males taking the upper trunk and limbs, the females feeding 

lower on the trunk (Ligon 1970). Morse (1972) found that 

in winter both males and females foraged similarly on the 

trunks of longleaf pines. 

Clutch size is typically two to four eggs, and the 

hatching rate is about 95 percent. However, the fledging 

rate is only 50 percent, lower than the 66 percent average 

for hole-nesting passerines (Ligon 1970). One might, then, 

expect a production of one to two young each nesting 

season. Adult mortality is reported as being low. The 

limiting factor on population would therefore not appear to 

be young production. 
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Ecological Importance 

The excavation of living trees, conducted rarely by other 

woodpeckers, makes the red-cockaded woodpecker important as 

a provider of nest sites for numerous other animals. Bird 

species using these excavations include: wood duck (Aix 

sponsa); eastern screech-owl (Otus asio); red-headed 

(Melanerpes ervthrocephalus), red-bellied (M. carolinus), 

and pileated (Drvocopus pileatus) woodpeckers; northern 

flicker (Colaptes auratus); great crested flycatcher 

(Myiarchus crinitus): nuthatches (Sitta spp.); Carolina 

chickadee (Parus carolinensis); tufted titmouse (P. 

bicolor); eastern bluebird (Sialia sialis); and European 

starling (Sturnus vulgaris). Mammals taking advantage of 

the cavities include eastern gray (Sciurus carolinensis) 

and eastern fox (S. niqer) squirrels, and southern flying 

squirrels (Glaucomvs volans), while some cavities are used 

by rat snakes (Elaphe obsoleta) and honey bees (Apis 

mellifera) (Boone 1980; USFS 1985). 

Cavity competition has been observed between red-

cockaded woodpeckers and other species. Cavity entrance 

holes are commonly enlarged by other woodpeckers; even if 

not enlarged, flying squirrels will use active cavities; 

the resin plate does not appear to be a deterrent (Rudolph 

et al. 1990a). 

The birds do no economic damage, as far as is known. 

Their excavation of living trees is not a problem for the 
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lumber industry, since they concentrate on trees with 

heart-rot. This has been cited as an economic advantage, 

since it identifies trees that are useless as lumber 

(Pearson 1936). In at least one study, cavity trees were 

found to have little economic value (Hyde 198 9). (It is 

possible that start holes, not immediately excavated for 

roost sites, are drilled to allow heart-rot to invade a 

tree. However, Conner and Locke (1982) found that the 

fungus generally entered through broken branch stubs, and 

that the presence of resin in start holes inhibited fungal 

infection.) Food is almost exclusively animal, with pine 

mast being more or less ignored even when plentiful (Morse 

1972) . They have been reported as entering corn fields and 

eating worms that bore into the ears (Murphey 1939), 

another economic benefit, albeit not perhaps a major one. 

Status 

The red-cockaded woodpecker is endangered, with one 

population estimate by the U.S. Fish and Wildlife Service 

(USFWS) of 2,677 ± 456 colonies, or clans, on Federal lands 

(USFWS 1984). At an average of 2.6 individuals per clan, 

this would give a total population of 5,775 to 8,146 

individuals on Federal lands. A more recent figure of 

7,800 has been suggested (Lennartz 1987). The number of 

clans in Texas is summarized in Table 1 (Ortego 1991). 
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Table 1. Records of red-cockaded woodpecker colonies in 

Texas (from Ortego 1991) 

Locality Early 1980s 1990 

Sam Houston NF and vicinity 172 + 166 

Angelina and Sabine NF and vicinity 66 + 3 9 

Davy Crockett NF and vicinity 46 + 30 

Other ? 30 

Total 284 + 265 

Numbers have decreased from in excess of 284 in the 

early 1980s to 265 in 1990. Many sites included in the 

1990 census were not counted in the previous census. If we 

make the assumption that numbers have not increased at any 

site (a reasonable assumption, since numbers have decreased 

at every site for which a comparison can be made), a 

conservative estimate of the earlier figure is 360. Thus, 

the number of clans in Texas has declined by a total of 95, 

or 26 percent, in less than one decade. Using the earlier 

average number of individuals per clan, this represents a 

loss of at least 247 individuals. Table 2 lists the number 

of active and inactive colonies recorded by the USPS during 

the 1990 breeding season (USFS 1991) . These numbers are 

similar to those of Ortego (1991), which included colonies 

outside the national forests. 
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Table 2. United States Forest Service red-cockaded 

woodpecker survey results from 1990 breeding season (from 

USFS 1991) 

Number of colonies 

Locality Active Inactive Total 

Sam Houston NF 135 112 247 

Angelina and Sabine NF 33 92 125 

Davy Crockett NF 29 80 109 

Total 197 284 481 

Given the birds' reasonable rate of young production, 

low natural mortality within the home territory, and nest-

site fidelity over generations, the population declines 

indicate that dispersal is not occurring. As colony sites 

become inactive, perhaps because of death of roost trees, 

midstory encroachment, or cutting of colony trees (which is 

prohibited under the Endangered Species Act and therefore, 

presumably, no longer happening) the clans do not appear to 

be relocating. In fact: 

Establishment of colonies and territories de novo 

is presently so rare as to be virtually 

undocumented, despite intensive observations of 

several populations for over a decade. (Ligon et 

al. 1986) 
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This emphasizes the need for preservation of existing 

habitat and creation by management of new habitat. 

Furthermore, dispersal corridors must be available to the 

birds. While individuals vary in their intrepidness, 

generally they will not cross open country, such as 

pastures (Ortego 1991; personal communication); female 

dispersal-related mortality is presumed to be high (Ligon 

et al. 1986). Catastrophic mortality is also a concern, 

particularly as populations become small. The range of the 

red-cockaded woodpecker is in the most hurricane-prone 

region of the United States. Hurricane Kate, in 1985, 

destroyed approximately 25 percent of cavity trees on one 

forest tract in South Georgia, compared to a normal 

mortality of suitable trees of 2.7 percent over 4 years 

(Engstrom and Evans 1990). The long-term effects of 

Hurricane Hugo on the Francis Marion National Forest in 

South Carolina in September 1989 are not yet fully known, 

but early estimates were that perhaps 80 percent of the 

cavity trees were lost (Graham 1990). More recent reports 

place that estimate higher, at 87 percent, with 

approximately 60 percent of the birds killed. Following 

construction of 222 artificial cavities by the USFS, the 

number of occupied territories in the next breeding season, 

1990, was 65 percent of the number of pre-hurricane 

territories (Walters 1991). The number of breeding groups 

was reduced by less than the number of individuals, 
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indicating that prior to the hurricane there were excess 

birds that did not breed because of lack of suitable 

habitat. 

Other studies on hurricane damage have shown marked 

effects on bird populations, particularly those with highly-

specific niches (Lynch 1991). Following Hurricane Hugo's 

passage through the Luquillo forest of Puerto Rico in 1989, 

populations of different feeding guilds responded in 

different ways. Those that were dependent on specific 

forest foods (for example nectarivores, frugivores, and 

granivores) left the damaged area and returned as their 

food resources once again became available (Waide 1991). 

All the currently available information concerning 

this unusual and highly endangered bird indicates that 

intensive habitat management is required. For this to be 

successful, a more thorough knowledge of the birds' 

requirements must first be gained. The Recovery Plan for 

this species (USFWS 1985) has management proposals that are 

discussed in the next section. 

Protection Measures 

The USFWS published a Recovery Plan for the 

red-cockaded woodpecker, as required under the Endangered 

Species Act (USFWS 1985). In the Recovery Plan, the USFWS 

gave a figure of 50 hectares as being the average 

requirement for a home range of adequate foraging resources 
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for a viable colony. The shape of the acreage should be 

such that it is all within 800 meters (0.5 miles) of the 

center of the colony. The authors of the Recovery Plan 

make the point that area alone can be misleading, and that 

foraging substrate preference and availability (i.e., 

habitat quality) should also be considered. The Recovery 

Plan also sets population goals: where adequate habitat is 

available, each population of red-cockaded woodpeckers 

should be increased to 250 clans as a minimum. For a clan 

to be considered part of a population, it must be within 3 0 

km of other colonies in that population (USFWS 1985) . This 

minimum is equivalent to the often-quoted value of 500 

individuals required for any viable -population (Frankel and 

Soule 1981), which may be somewhat simplistic, but "is 

still considered to be about the right order of magnitude 

for many applications" (Gilpin and Soule 1986) . The 

American Ornithologists' Union Committee for the 

Conservation of the Red-cockaded Woodpecker takes exception 

to that number, pointing out that some clans will be 

reproductively unsuccessful, so the number of colonies 

required to maintain a viable population is effectively 

greater than 250 (Ligon et al. 1986). Indeed, Frankel and 

Soule (1981, p. 91) state that this number "translates into 

a much larger number of breeding adults when dealing with 

real, not ideal, populations." Walters (1991) presents a 

table of estimated population sizes required to support 500 
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breeding individuals; obtained by different methods, these 

estimates vary from 574 to 1018 birds. 

In addition to the efforts of the USFWS, some 

conservation organizations have taken the Forest Service to 

court, being spectacularly successful in at least one case. 

In June 1988, the Texas District Court found for the 

plaintiffs in Sierra Club v. Lyng (1988), that the United 

States Forest Service was in violation of several sections 

of the Endangered Species Act of 1973 (ESA) . The Forest 

Service was guilty of "harming" the species as defined 

under Section 9 of that act: 

"Harm" as used in definition of "take" under 

Endangered Species Act does not necessarily 

require proof of death of specific or individual 

members of species, but may be shown by severe 

decline in population of endangered species over 

time. (Sierra Club v. Lyng 1988) 

Furthermore, the Forest Service's timber management 

practices were found to jeopardize the species, contrary to 

Section 7 of the ESA. 

Judge Parker, for the court, issued a permanent 

injunction limiting activity within 1200 meters of any 

red-cockaded woodpecker colony. Within that radius, no 

clearcutting nor cutting of any old-growth trees is 

allowed, and stands must be thinned to 60 ft2/acre basal 

area. Subsequent to that ruling, the USFS produced a set 
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of interim standards and guidelines governing activity 

within 1200 m of a red-cockaded woodpecker colony. An 

environmental assessment of these standards and guidelines 

resulted in a finding of no significant impact (USFS 1991). 

National forests in Texas were not included under the 

interim guidelines because of the District Court-ordered 

plan. The USFS won an appeal of the court ruling, allowing 

it to propose a management plan for Texas, in accordance 

with the ESA. The proposed plan was, with some 

modifications, the same as the interim standards and 

guidelines in effect on other National Forests with red-

cockaded woodpecker populations. In general, these are 

much more flexible than the court-ordered plan. 

In the face of habitat loss caused by human activity, 

and regardless of any cost-benefit analysis, The Endangered 

Species Act prohibits harming a listed species and requires 

Federal agencies to protect such a species (Yaffee 1982) . 

Even when a cost-benefit analysis is undertaken, the costs 

of providing habitat for red-cockaded woodpeckers appear to 

be low. A study on the Croatan National Forest, North 

Carolina, found the opportunity cost of permanently 

foregoing timber sales from 52 active woodpecker colonies 

was $8817 per annum, or $170 per colony. The opportunity 

cost for recruitment stands was zero. The low values were 

because the red-cockaded woodpecker habitat was relatively 

poor timber land (Hyde 1989). The USFWS is revising its 
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Recovery Plan, and the Forest Service is managing habitat 

for protection of the bird. The big question that remains 

is whether these actions are sufficient to ensure its 

survival. The goal of the research described in this 

document was to add to the existing knowledge of the red-

cockaded woodpecker's habitat requirements, in the hope 

that these efforts will, indeed, be successful. 

Landscape Ecology-

Landscape ecology is an emerging branch of ecology 

that deals with spatial and temporal patterns within a 

landscape, where a landscape is defined as a collection of 

ecosystems. As such, it is the logical endpoint to the 

series of disciplines that have historically been 

considered to be "ecology", which, in approximate 

chronological order, have concerned themselves with: 

individuals -» populations -» communities -» ecosystems. 

It is a holistic discipline, pursued by those who cross 

disciplinary boundaries. In the words of one of the 

eminences grise of the field: 

Any geographer, geomorphologist, soil scientist, 

hydrologist, climatologist, sociologist, 

anthropologist, economist, landscape architect, 

agriculturalist, regional planner, civil engineer 

-- even general, cardinal, minister, or 
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president, if you like, who has the 'attitude' to 

approach our environment -- including all biotic 

and abiotic values -- as a coherent system, as a 

kind of whole that cannot be really understood 

from its separate components only, is a 

land[scape] ecologist. (Zonnefeld, I.S., quoted 

in Naveh and Lieberman 1984.) 

While Dr. Zonnefeld may go a little far with this 

claim, and he excludes biologists from his list of eligible 

landscape ecologists, his point is clear: landscape 

ecology, at least in the European sense, is more a way of 

looking at the problem than the specific approaches taken. 

The holistic nature of landscape ecology is illustrated on 

Figure 4. This figure shows the major influences of 

climate, water, landform, vegetation, and soil on the 

landscape, and the major influence of the landscape on man 

and other fauna. It also shows, through its indication of 

minor influences, that "everything is connected to 

everything else," as stated in the First Law of Ecology 

(Commoner 1971). 

Numerous authors since Dr. Zonnefeld have attempted to 

coalesce theories, and develop tools, to formalize the 

discipline. Of necessity, the tools tend to be highly 

mathematical and borrow liberally from information science. 

Of particular importance in the research described herein 

are concepts of patch dynamics. Patches may be considered 
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to be the basic units of landscape ecology; as such, patch 

is synonymous with ecotope, defined as the smallest 

holistic land unit, homogeneous in one land attribute (in 

this case vegetation) and not highly heterogeneous in its 

other attributes (e.g., soil, hydrology, or topography) 

(Naveh and Lieberman 1984). Because of the sensitivity of 

vegetation to almost all other land attributes (Figure 4), 

it is reasonable to assume that homogeneity in vegetative 

characteristics reflects relative homogeneity in the other 

attributes. Thus, patch was used as the basic 

investigative unit. 

Patch characteristics can be considered to fall into 

five different categories: size, shape, biotic type, 

number, and configuration, as illustrated on Figure 5 

(Forman and Godron 1981). Configuration can be classified 

in numerous ways, but of particular interest in this 

research were distance apart (including colony interaction 

and isolation), pattern, and associations. Positive and 

negative associations were considered, by looking at 

corridors and barriers, respectively. Corridors have been 

found to be important for maintenance of populations of 

many species within fragmented habitats (for example, 

Saunders and de Rebeira 1991), and using geographic 

information systems to model corridors on a regional scale 

has been proposed (Norton and Nix 1991). 
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Godron 1981) 

Conner and Rudolph (1991) studied the effects of 

forest fragmentation on red-cockaded woodpecker populations 

using a number of landscape parameters. They were 

particularly interested in fragmentation within the home 

ranges of woodpecker colonies. The measures they used 

included the number of cut areas within 400 m of a colony 

center, the angular sum of cut areas within 800 m, and the 

percentage of non-forested area within 400 m, and within 

800 m; all these metrics were significantly larger around 

colonies with small group size (one or two individuals) 

than around those with more than two birds. They also 
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found that single-male colonies (they prefer the term 

cluster, to avoid possible confusion when referring to a 

single-bird colony) were significantly more isolated from 

other colonies than were colonies with breeding pairs. 

As the degree of habitat fragmentation increases, 

ecological changes occur sequentially, from sub-optimal 

community function, through loss of species, to complete 

loss of a community (Hansson and Angelstam 1991) . The 

species that remain are generalists with high reproductive 

and dispersal rates. Red-cockaded woodpeckers do not fit 

this description. 

Landscapes can be characterized at a number of 

different scales, both spatial and temporal, which can be 

organized hierarchically (Urban et al. 1987). Spatially 

small-scale processes are at lower levels in the hierarchy 

than large-scale ones, and they generally occur at higher 

frequencies. A functional process can be explained 

mechanistically by understanding the next lower level, and 

therefore its significance will be exhibited at the next 

higher level. The influence of adjacent hierarchical 

levels on a process is greater than that of more distant 

levels; this is an application of the First Law of 

Geography, which is similar to the First Law of Ecology, 

but is somewhat extended: "Everything is related to 

everything else, but near things are more related than 

distant things." The origin of this law is somewhat 
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uncertain, but it appears to stem from the work of such 

geographers as Hartshorne (1939) and Tobler (1969) . It 

applies not only spatially, as first intended, but also, as 

in this case, hierarchically. This concept is echoed in 

the review by Risser (1987) ; he also stresses the 

importance of reconciling scales from different projects in 

understanding landscape processes. 

Gardner et al. (1991) point out that perception of the 

degree of fragmentation of a landscape, and dispersal 

characteristics of organisms within that landscape, depend 

upon the scale of the analysis. Selection of appropriate 

scales is usually a complex procedure, and of the many 

quantification methods used, none has been proved to be the 

best in all situations (Cullinan and Thomas 1992). 

Geographic Information Systems 

A geographic information system (GIS) is a 

computerized system for, input, storage, transformation, 

analysis, retrieval, and display of spatial information. 

Any entity in a GIS has three forms of information 

associated with it: locational, attribute, and topological 

(relational). A GIS provides the most time- and cost-

effective method for analysis of spatial data, of which 

landscape ecological characteristics would be examples. 

Historically, analysis of different parameters at a 

location involved manual overlay of maps of each of the 
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parameters (thematic maps) and marking where polygons 

intersected. This procedure was computerized during the 

1970s, and cartographic-quality output was added (Burrough 

1986). There are now many GIS packages in use, all of 

which, to a greater or lesser extent, allow the user to 

input, manipulate, and output spatial information as 

required. 

Input of analog map data to a GIS is commonly achieved 

by use of a digitizer. Other forms of information input 

include: direct electronic transfer of, for example, 

satellite imagery; scanning of maps or aerial photographs; 

and keyboard entry of attribute data. The storage method 

used varies from system to system, but generally can be 

thought of in terms of the data structure of the GIS, 

either vector- or raster-based. The former stores data as 

points, lines, and polygons, with their attendant topology, 

while a raster-based system stores attribute data on a 

cell-by-cell basis. Each system has its advantages and 

disadvantages. 

The transformations and analyses that can be performed 

in a GIS are many. Transformations include data error 

correction, map projection change, data interpolation, and 

data layer combination. Data layers, the GIS equivalent of 

thematic maps, are combined by computerized overlay; in 

such a way, new data layers can be created by any 

mathematical and/or Boolean operations. Data 
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transformation by layer combination allows compression of 

multivariate data, rendering analyses easier and faster. 

The different analyses that have been performed in 

landscape characterization projects include patch area and 

perimeter, patch shape, proximity among patches, and 

vegetation importance values within patches (Ranney et al. 

1981), among others. 

Data display is, in many ways, the most important 

component of a GIS: "The medium is the message" as McLuhan 

(1964) put it. It almost does not matter how competent the 

analyses, if the results are not presented in a coherent 

manner. It is in this area that geographic information 

systems have made perhaps the greatest progress (Burrough 

1986) . 

There are numerous examples of geographic information 

systems being applied to environmental projects. Some of 

the more relevant and interesting ones are mentioned here. 

One study investigated grizzly bear sightings in the North 

Cascades of Washington (Agee et al. 1989), specifically 

whether land cover, as determined from satellite data, in 

the areas where grizzly bears were seen was significantly 

different from land cover across the whole study area. The 

number of sites in each cover type where grizzlies would be 

expected to be seen if land-cover selection was random was 

compared to actual sightings, and the difference was found 

to be significant. The process was repeated with cover-
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type diversity instead of cover type, and the results were 

again found to be significantly different from a random 

distribution. Based on the findings, the authors derived a 

map of grizzly bear sighting potential for the study area. 

A study on beaver pond creation by Johnston and Naiman 

(1990) also combined GIS, landscape ecology, and remote 

sensing. A time series of aerial stereo-photo pairs was 

digitized and input to a GIS; in this way, it was possible 

for the authors to analyze pond size, location, and density 

as they varied over time. 

A study of landscape characteristics and species 

richness and abundance in the Pacific Northwest indicated 

the applicability of GIS to patch dynamics (Lehmkuhl et al. 

1991). The authors measured a number of landscape 

parameters, including patch size, perimeter complexity, 

habitat type dominance, neighboring habitat types, and 

point diversity, an index of landscape heterogeneity. They 

then related these metrics to the abundance and richness of 

a number of vertebrate taxa. 

Jakubauskas (1992) modeled habitat of Kirtland's 

warbler in Michigan using a GIS. Input data included 

LANDSAT Thematic Mapper (TM) data, cover-type maps, aerial 

photographs, and soil surveys. The study was an example of 

using a GIS to incorporate multiple data sources and then 

conduct a landscape analysis. The Kirtland's warbler, like 

the red-cockaded woodpecker, is an endangered bird species 
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with highly specific habitat needs. Patches of apparently-

suitable combinations of all data layers were identified; 

polygons not having sufficient area or appropriate shape 

(center-to-edge ratios) were discarded, producing a map of 

potentially usable habitat. 

Habitat of the Florida scrub jay on the Kennedy Space 

Center was mapped and analyzed using a GIS (Breininger et 

al. 1991). Vegetation maps (derived from aerial 

photography) and soil maps were used as input, and a 

complex Boolean algorithm was applied to identify all areas 

that met the birds' apparent habitat preferences. The 

authors' goal was for the GIS built for the study to be 

used in quantification of cumulative development impacts in 

this rapidly changing area. 

Remote Sensing 

Remote sensing is the process of obtaining information 

without being in direct contact with the object containing 

the information of interest. While this encompasses almost 

every form of observational data gathering, it has come to 

mean, in common usage, the acquisition of data from large 

distances. In the context of environmental applications, 

"large distance" could be of the order of 1 km in the case 

of large-scale aerial photography to approximately 1000 km 

for image capture from sun-synchronous satellites 

(Lillesand and Kiefer 1987). 
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Remote sensing can be thought of as having three 

technological components: (1) imagery and other forms of 

data; (2) information processing techniques; and (3) 

information presentation techniques (Naveh & Lieberman 

1984). The imagery, photographs, etc., are the raw 

materials of applied remote sensing. They must generally 

be input to some form of image processing system to make 

the data usable (unless visual analysis is all that is 

required). The system is then used not only for analysis 

of the data but also for preparation of information 

products. The processes of data acquisition through 

presentation to end users is illustrated on Figure 6. 
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Figure 6. An overview of the remote sensing process (from 

Lillesand and Kiefer 1987) 
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The incorporation of remotely-sensed data with other, 

ancillary, data, and the preparation of information 

products, is facilitated by using a geographic information 

system in conjunction with the image analysis system 

(Ehlers et al. 1989). 

Aerial photographic interpretation of forested areas 

is a relatively mature science. Identification of species 

is, while not always easy, generally possible (Sayn-

Wittgenstein 1961; Colwell 1983). With sufficient 

information from field studies to delineate locations of 

different tree species (ground truthing), tree stand 

composition identification accuracies of up to 93 percent 

have even been obtained from LANDSAT multispectral scanner 

(MSS) data, which has a spatial resolution of 80 m, in 

coniferous forests in the Pacific Northwest (Walsh 1980). 

Some fundamentals of the remote sensing process, as 

they are relevant to subsequent discussions, are here 

briefly reviewed. A remote sensor, whether it be a camera 

or a digital radiometer, responds to electromagnetic 

radiation (EMR) reaching it from whatever is in its field 

of view. In the case of a camera, it is sensing EMR in the 

visible wavelength range (Figure 7) or the near infrared. 

This is then translated into an analog storage medium 

(film) which can later be interpreted visually or digitized 

into a computerized image processing system. A radiometer 

has a much larger range of sensible wavelengths, and the 
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with image processing systems. 
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Figure 7. The electromagnetic spectrum (after Lillesand 

and Kiefer 1987) 

All objects that reflect EMR (and for this application 

reflected, as opposed to emitted, EMR was the most 

important form) have a spectral signature: in essence, the 

intensity of reflection in each wavelength is a 

characteristic for that object. This is illustrated on 

Figure 8. 

Knowing the spectral signature of a particular land 

cover means that the image processor can, in theory, 

identify the same land cover in different parts of the 

image. The procedure for doing this, supervised 

classification, is discussed in the Materials and Methods 

section of this document, Chapter 3. 
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Remote sensing has frequently been used as a tool in 

wildlife conservation, and applications of the technology-

are becoming more numerous. The Florida Game and Fresh 

Water Fish Commission has used satellite imagery and a GIS 

to identify and map areas of the state that contain habitat 

for endangered species (Kautz 1992). Those areas were 

listed in terms of the number of endangered species that 

could potentially be found, and areas that were not already 

protected were identified. One of the species considered 

in the mapping project was the red-cockaded woodpecker. 

Gulinck et al. (1991) used SPOT satellite imagery to 

identify wooded corridors in an intensively agricultural 

area of central Belgium. The authors used mixed pixels 

(those grid cells or ground elements that encompass more 

than one landcover type) as a means of identifying narrow 

corridors. This was an interesting application, since 

mixed pixels are generally considered a necessary evil in 

image processing. Using them to gain positive information 

is an example of the evolution of image analysis techniques 

in ecological research. 



CHAPTER 3 

MATERIALS AND METHODS 

Study Area 

The study area was the western portion of the Raven 

Ranger District of the Sam Houston National Forest (NF), 

Texas (Figure 9). It comprised Compartments 1 through 54 

of the Raven District (Figure 10). The Sam Houston NF is 

located 80 km north of Houston in Walker, Montgomery, and 

San Jacinto counties. It is in the pineywoods vegetational 

area of the state, an area of approximately 50,000 km2 

between longitude 93°30' and 96°00' degrees West, and 

between latitude 29°45' and 33°30' degrees North in the 

eastern part of the state (Figure 11). This area is a part 

of the South Central Plains ecoregion (Omernik 1987) and 

the West Gulf Coastal Plain physiographic province (Hunt 

1974). The pineywoods are characterized by a subtropical 

humid climate, with an annual average rainfall of 112 cm, 

and average annual low, high, and average temperatures of 

13°C, 26°C, and 19°C, respectively (Larkin and Bowmar 

1983). Temperatures rarely exceed 43°C or fall below -12°C 

(USFS 1984). The soils in the study area are primarily 

sandy loam (Soil Conservation Service 1972; 1979), 

overlying Cretaceous geology (Bureau of Economic Geology 

43 
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1990) . The vegetation is classified by the State of Texas 

as pine-hardwood forest, subtype 1, the loblolly pine-

sweetgum community (McMahan et al. 1984). The topography 

is generally flat; the highest elevation within the study 

area is around 122 m, approximately 165 km from the coast. 

The Sam Houston NF covers an area of 193,622 hectares, 

of which 65,217 hectares are within the National Forest 

system; the remainder are private inholdings (United States 

Forest Service 1984). The requirements of the Multiple 

Use-Sustained Yield Act of 1960 have done much to shape the 

character of the forest. There has been essentially no 

timber cutting for regeneration stand replacement on the 

Ranger District since 1989; any cutting that has occurred 

has been primarily to halt the spread of southern pine 

beetle Dendroctonus frontalis or to thin basal area for 

red-cockaded woodpecker habitat enhancement (Baker 1993; 

personal communication). The District is managed for 

production of timber, recreation (including hiking, 

hunting, and fishing), watershed protection, and 

conservation of wildlife. 

Computer Hardware and Software 

Successful completion of the project depended heavily 

on computer hardware and software. The major software 

package used for spatial analyses was ARC/INFO, version 5.1 

(Environmental Systems Research Institute 1989), which was 
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running on the University of North Texas' (UNT) Digital 

Equipment Corporation (DEC) VAX 11/785 Cluster platform. 

This was accessed through a Tektronix 4125 graphics 

terminal. Image processing was conducted using ERDAS 

software (ERDAS Corporation 1990), versions 7.3 and 7.5, on 

the VAX 11/785 and on two IBM PC-compatible microcomputers. 

Both microcomputers were equipped with Number Nine graphics 

cards with 512 x 512 resolution and 28-bit color 

capabilities; these allowed displays of three eight-bit 

color guns (red, green, and blue) in the image plane, and a 

four-bit overlay plane. For statistical analyses of the 

data SAS-STAT version 6.07 (SAS Institute 1989) on UNT's 

IBM 3270 mainframe computer was used. 

Data input was achieved by tape transfer of digital 

data, by keyboard input, or via a Calcomp 9100 digitizing 

tablet. Color hardcopy output was generated on a Versatec 

3224, 24-inch electrostatic plotter, or by photographic 

capture of screen images. 

Stand Database 

The most important source of data for this study was 

the stand-map database from the United States Forest 

Service (USFS) Raven Ranger District. The district is 

divided into compartments which are further divided into 

forest stands. Each stand is a relatively homogeneous 

area, containing even-aged trees with similar 
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characteristics. The stand is the basic management unit 

used by the District, and is the item to which data are 

related in the USFS database. A copy of the database was 

provided by the USFS; it consisted of two parts, a 

preliminary version of a line data file created by 

digitizing the stand outlines from USFS stand maps, and an 

attribute data file. Because of incompatibility between 

the computer systems used by the USFS and those available 

for this study, the line data file contained nothing but 

lines: there were no attributes attached to the lines, and 

all index codes that might have been used to link them with 

the attribute data could not be retained during import of 

the line data file to the VAX platform. The first step in 

the project, following import of the file into ARC/INFO, 

was therefore to create polygon topology for the line data, 

so that the lines input during digitizing of the maps 

became polygons that represented the forest stands. 

Once that step was completed, each polygon was 

identified by comparing the polygon file on the Tektronix 

graphics terminal to hardcopies of the original stand maps. 

At this time, corrections were made to digitizing errors in 

the file. There were many polygons drawn on the stand 

maps, and subsequently digitized, that did not correspond 

to stand boundaries, but to either cut areas in stands of 

mature trees (inclusions) or stands of relict trees in a 

young plantation. The nature of the inclusions and relict 
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stands was ascertained by visually interpreting stereopairs 

of aerial photographs of the study area; the project used a 

set of false-color infrared photographs taken in 1988 

through 1991, at a scale of approximately 1:24,000, 

covering the whole study area. These were obtained from 

The United States Department of Agriculture (USDA) 

Agricultural Stabilization and Conservation Service (ASCS) 

in Utah. Appendix A contains a list of the photographs. 

After assigning the compartment and stand number to 

each polygon in the database, the map projection was 

changed from State Plane (in which it had been digitized) 

to Universal Transverse Mercator (UTM), Zone 15. A 

hardcopy map of each compartment (1 through 54) was 

produced and compared to the original stand maps, the 

aerial photographs, and United States Geological Survey 

(USGS) 1:24,000 topographic maps. Any errors coming to 

light at that time were corrected. 

Attribute data were exported from the USPS CISCII 

database into an ASCII-format text file which was input to 

the ARC/INFO database manager. To relate the stand 

polygons to the data, an index number was created in both 

the stand polygon file and the attribute file. The value 

of the index was calculated by the following formula: 

INDEX = COMPARTMENTJSIUMBER * 100 + STAND_NUMBER 

where COMPARTMENT_NUMBER and STAND_NUMBER were the database 

variable names for the USFS' compartment and stand 
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identifiers, respectively. A stand could not be uniquely-

identified by compartment or stand number alone, but this 

equation gave a single value containing both compartment 

and stand: for example, Compartment 17, Stand 4 would have 

an INDEX value of 1704. The attribute data file was then 

joined to the stand polygon file to create the stand 

database used in subsequent analyses. As a final step, a 

unique code, called UNIT, was created such that multiple 

polygons belonging to the same compartment and stand (as, 

for example, a mature stand and an inclusion) could be 

addressed separately for analysis. UNIT then became the 

basic mapping unit for this project and was considered to 

be the equivalent of a landscape ecotope. Appendix B 

contains the data dictionary for the stand database 

constructed for this project; an abbreviated summary of the 

information is listed in Table 3. A number of variables 

(indicated in Table 3 with an asterisk) were calculated 

within ARC/INFO: the,area and perimeter of each polygon 

were calculated automatically; configuration index (CI) and 

tortuosity index (TI) were determined according to formulae 

presented in the section on spatial analysis (Page 60 et 

seq.); and the age year code in the CISCII database, which 

contained the last three digits of the stand birthdate (the 

USFS term), was subtracted from 992 (the last three digits 

of the data-cutoff year, 1992) to obtain the database 

variable containing stand age in 1992, AGE_YRS. 
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Table 3. Abbreviated summary of stand database variables 

Variable Name Brief Description 

UNIT 
COMPARTMENT 
STAND 
IDXNO 
LCLASS 
FORTYPE 
CONDCLS 
AREA* 
PERIM* 
CI* 
TI* 
AGE YRS* 

Unique identifier for each polygon 
Compartment number 
Stand number within each compartment 
Compartment-stand combination 
Land class code 
Forest type code 
Stand condition class code 
Polygon area, m2 

Polygon perimeter, m 
Configuration index 
Tortuosity index 
Age in 1992, years 

Timber Parameters 
PNPTBA Pine poletimber basal area, ft2/acre 
PNSTBA Pine sawtimber basal area, ft2/acre 
HWPTBA Hardwood poletimber basal area, ft2/acre 
HWSTBA Hardwood sawtimber basal area, ft2/acre 
PNPTDBH Pine poletimber diameter at breast height, 

inches 
PNSTDBH Pine sawtimber diameter at breast height, 

inches 
HWPTDBH Hardwood poletimber diameter at breast 

height, inches 
HWSTDBH Hardwood sawtimber diameter at breast 

height, inches 

These variables were calculated internally within 
ARC/INFO 
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There was no distinction made in the CISCII database 

between active and inactive colonies. The Raven District's 

hardcopy compartment files were therefore examined to 

ascertain the status of each colony. The stand database 

was updated accordingly; at that time, the stand database 

was checked for completeness in terms of both colony 

presence and status. 

Analytical Techniques 

The analytical techniques used in this project fell 

into three categories, statistical analysis of forest stand 

information, spatial analysis, and image processing. 

Statistical Analysis 

Data for statistical analyses of the forest stand 

information were extracted from the stand database. Active 

and inactive colonies, recruitment and replacement stands, 

and foraging stands for active colonies, inactive colonies, 

and recruitment and replacement stands all had unique land 

class codes (LCLASS) in the database. A replacement stand 

is one which the USFS has selected, adjacent to an existing 

colony, to manage for suitable red-cockaded woodpecker 

habitat. This stand would then be available for birds 

moving from an active colony as populations increase or in 

the event of death of existing cavity trees. A recruitment 

stand is managed in the same way, but is located at a 
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distance from active colonies to be available to birds that 

are dispersing. Stand timber maturities and types (for 

example, mature sawtimber, immature sawtimber, or 

seedling/sapling) had unique condition class codes 

(CONDCLS). Each data set was selected on the basis of the 

appropriate value of the relevant class codes. A set 

containing unused sawtimber stands was created by selecting 

all mature and immature sawtimber and removing active and 

inactive colonies. A subset of this data set was created 

by removing all stands that had parameter values (for 

example, age, stand area, basal area, etc.) outside the 

ranges of those parameters in active colonies. This was 

termed the trimmed unused sawtimber data set. 

Descriptive statistics on each data set were generated 

using PROC UNIVARIATE in SAS. This routine gave such 

values as sample size, mean, and standard deviation; median 

and several percentiles; range; and mode. In addition, by 

using the NORMAL option, the Shapiro-Wilk W and its 

associated probability were output. The W statistic has 

been shown to be a powerful test for identifying non-normal 

distributions (Zar 1984). Selection of this statistic 

provided a conservative approach for the project. A 

powerful test has a low probability of erroneously 

accepting a false null hypothesis, which, in this case, 

would be falsely assuming a normal distribution. This, in 

turn, indicates a low probability of incorrectly using 
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parametric analyses. The resulting appropriate use of non-

parametric analyses, with their generally lower power than 

parametric techniques, minimizes the probability of 

committing a Type I error, that is, rejecting a true null 

hypothesis. And minimizing Type I errors is a conservative 

approach. To further this conservatism, a significance 

level of 0.05 was used throughout the project, even though 

this is a low value for studies of field data with no 

experimental control. 

Autocorrelation analysis was conducted with PROC 

PRINCOMP in SAS. This program gave a correlation matrix 

for each possible combination of input variables as well as 

a table of Eigenvalues and Eigenvectors for the principal 

components. A first run of the program was made with AREA, 

PERIM, CI, and AGE_YRS, as well as all eight timber 

parameters (listed in Table 3), to identify any correlation 

within the data set. A second run was made with just the 

timber parameters, to extract their principal components. 

Principal components analysis (PCA) is typically 

performed to reduce data set dimensionality by removing 

redundancy among the variables. The first principal 

component (PC) is a transformed variable around the axis 

(the direction of which is the Eigenvector) which spans the 

greatest amount of variance in the n-dimensional point 

cloud of the original data set. The variance associated 

with the PC variable is its Eigenvalue. Each subsequent 
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Eigenvector is orthogonal to the one before and is oriented 

along the axis of greatest remaining variance in the data 

set (Pearson 1901). The Eigenvalues thus decrease with 

each successive PC. There are as many Pes as there were 

variables in the original data set, but typically the 

higher numbered PCs contain mainly noise and little actual 

information. The covariance between each pair of PCs is 

zero; all redundancy in the initial data set has been 

removed. Since PCA does not distinguish between dependent 

and independent variables, it is appropriate to use it in 

data sets that may be autocorrelated but that lack causal 

relationships. 

Assessment of the results of the principal components 

analysis was performed, partly, by a visual assessment of a 

scree plot of the data. This type of plot shows 

proportional Eigenvalues on the ordinate, against each 

principal component on the abscissa (Kachigan 1991); it is 

shaped somewhat like a scree slope (or talus slope), hence 

the name. The point at which the curve makes a dramatic 

change in slope (from steep to shallow) indicates which 

components contain most of the information. Those to the 

left of the breakpoint have high information content, as 

demonstrated by the large decrease in variance between 

successive components, whereas those to its right contain 

little information. Alternatively, selection of principal 

components to be retained may be based on a threshold 
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cumulative proportional Eigenvalue. Finally, PCs with an 

Eigenvalue less than unity contain less information than 

any one of the original variables, and so are generally not 

retained. 

General comparisons of parameters between different 

stand types were conducted with PROC NPAR1WAY in SAS. The 

option WILCOXON was specified, to use the Wilcoxon-Mann-

Whitney signed-ranks test. This non-parametric SAS 

procedure used several modifications of the basic test, 

including correction for tied ranks and the large-sample 

normal approximation with continuity correction (SAS 

Institute 1989). In each comparison, the null hypothesis 

was that there was no difference in parameter value between 

each pair of stand classes. A significance level of 0.05 

was used. For paired comparisons of parameters PROC MEANS 

in SAS with the t-test option was used. For those paired 

differences that did not have normal distributions, a 

Wilcoxon signed-ranks T analysis was run. 

For the assessment of stand suitability, a total of 

126 stands were visited on March 15 through 17, 1993; the 

author did not know the status of each stand before the 

visit. A visual determination was made as to whether a 

stand was suitable for use as a red-cockaded woodpecker 

nest site, based on other colonies with which the author 

was familiar; if a stand did not look suitable, a notation 

was made whether it was because of excessive basal area, or 
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the presence of hardwood midstory, or both. The accuracy 

of this assessment was determined, after returning from the 

field, by comparing the field-determined suitability with 

the known suitability of several stands. These stands were 

active and inactive colonies, recruitment stands, and 

replacement stands, which USFS personnel periodically 

survey, and for which they prescribe any treatments 

necessary to make the stands usable by the woodpeckers. 

Several discriminant analyses were conducted on the 

timber parameters of the 126 stands surveyed plus all 

active colonies, which were known, de facto, to be 

suitable. Timber parameters were present in the database 

for all but 15 of these stands. PROC STEPDISC in SAS was 

run to perform a stepwise discriminant analysis. In this 

procedure, the predictor variables (the timber parameters) 

that contribute most to the separation of the criterion 

classes (suitable / not suitable) were identified. Next, a 

set of screening runs was made, using PROC DISCRIM on a 

series of data sets, based on the results of the stepwise 

procedure, to generate a series of discriminant functions; 

in these runs, the same data set was used for generation of 

the function as for validation of it. This approach 

results in unreasonably high classification accuracies, 

because of the duplication of possibly random relationships 

(Kachigan 1991). As the final step in the suitability 

analysis, the data set that gave the highest accuracy from 
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the screening runs was split randomly into halves; one half 

was used to generate the discriminant function and the 

other was used to validate it. 

In many of the analyses conducted for this 

dissertation research, an accuracy assessment was 

conducted. Reliance on simple percentages of points 

assigned correctly to a class has the disadvantage that, by 

including points that would have been classified accurately 

even if selected at random, it inflates the reported 

accuracy of a classification scheme (Rosenfield and 

Fitzpatrick-Lins 1986). The Kappa coefficient of agreement 

approach of Fleiss et al. (1969) was used; this removed the 

effects of these random correspondences and gave a more 

conservative estimate of accuracy. For some analyses, the 

conditional Kappa method was used (Light 1971 and Bishop et 

al. 1975) to give the accuracy of classification of 

individual classes rather than just overall agreement. The 

coefficient of agreement has been widely used in psychology 

for determining perception differences among individuals, 

but it has also been used in ecological and remote sensing 

contexts (Atkinson and Thomlinson 1991). 

The Kappa coefficient is defined in terms of the 

frequencies of points within a confusion matrix of the 

results of a comparison. 

P - P 
A 0 rC 
K = Eq. 1 

1 " Pc 
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where: 

K = Kappa coefficient 

P0 = sum of on-diagonal frequencies 

Pc = KroWj-coli) 

roWj = sum of frequencies in row i 

colj = sum of frequencies in column i 

The conditional Kappa coefficient for each class, j, in a 

comparison is defined as: 

freq̂ j - rowj-colj 
Kj Eq. 2 

rowj - rowj • colj 

where: 

freqjy = frequency in cell jj 

Spatial Analysis 

The landscape patch characteristics of red-cockaded 

woodpecker habitat were examined by both computerized 

analysis and visual interpretation of the information 

contained in the stand database. The simplest parameters 

investigated were stand area and shape. The area of each 

stand was automatically calculated in ARC/INFO, as 

discussed previously, and comparisons of the various stand 

classes were made using standard nonparametric statistical 

techniques. Patch shape was measured in two ways. The 

first was by the configuration index, which gave a measure 

of the amount by which the perimeter of a patch deviates 
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from the circumference of a circle with the same area (Shaw 

1989). The CI is defined as: 

P 
CI = Eq. 3 

2 (7rA)0,5 

where: 

P = patch perimeter (also generated by ARC/INFO) 

A = patch area 

For a circular patch, CI would equal 1.0; the greater the 

deviation from a circle, the larger CI becomes. This is 

equivalent in formulation to the shoreline development 

index commonly used in ecological studies on lakes (Lind 

1985). The CI alone, however, does not distinguish between 

a long narrow patch with a relatively smooth outline and a 

more compact patch having an irregular, or rugose, outline 

(Figure 12). To investigate the effects of differently 

shaped patches having similar configuration indices, 

another variable, the tortuosity index (TI), was derived. 

This was defined as the number of points of inflection in 

the perimeter of a stand divided by the CI of the stand. 

The different values of TI for the patches illustrated on 

Figure 12 provide a separation of shapes that would not be 

obtainable with just the CI. The number of inflections in 

a stand's perimeter was determined visually from a 1:20,000 

scale map of the stand database: values of TI were only 

calculated for active and inactive colonies and the stands 

investigated during the suitability analysis. Comparisons 
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of CI and TI were made between active and inactive 

colonies, and of CI between active colonies and unused 

sawtimber stands. 

S H A P E 2 

A R E A 0 . 3 1 3 
C I 1 . 2 3 6 
T I 1 3 . 7 6 

S H A P E 1 

AREA 0 . 3 1 3 
C I 1 . 0 0 0 
T I 1 . 0 0 0 

S H A P E 3 

AREA 0 . 3 1 3 
C I 1 . 2 3 6 
T I 0 . 8 0 9 

Figure 12. Configuration index and tortuosity index for 

different shapes with the same area 
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The null hypothesis in each comparison was that there 

was no difference in index between the two groups. A 

significance level of 0.05 was used for all of the 

comparisons. The values of CI and TI were also used to 

investigate relationships between the amount of hardwoods 

in a stand and its perimeter shape. These investigations 

were conducted using bivariate regression analysis (PROC 

REG in SAS). 

To determine the relationships between red-cockaded 

woodpecker colonies and surrounding landcover types, a 

neighbor analysis was performed. A program was written in 

the INFO language within ARC/INFO to list the 

characteristics of all stands surrounding each colony in 

turn, including the length of perimeter shared between the 

colony and each surrounding stand. These results were 

summarized, the perimeter lengths converted to percentages, 

and the surrounding landcover types classified as one of 

the following: sawtimber, poletimber, seedling/sapling, in-

regeneration, pasture, or open water. A nonparametric 

Wilcoxon-Mann-Whitney comparison (SAS PROC NPAR1WAY) was 

made of the percentages of each different neighboring 

landcover type in turn between active and inactive 

colonies. The null hypothesis was that there was no 

difference in percentage of perimeter shared with each of 

the neighboring landcover types between active and inactive 

colonies. A significance level of 0.05 was used. 
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The proximity of colonies to one another was assessed 

in three ways: as direct measurements, by a gravity model, 

and by determining the isolation coefficient for each 

patch. The straight-line, edge-to-edge distance from each 

colony to the next nearest active colony was measured on a 

1:20,000 scale map of the stand database. The distances 

thus obtained for all the active and inactive colonies were 

compared using SAS PROC NPAR1WAY. The null hypothesis was 

that there was no difference between active and inactive 

colonies in the distance from a colony to the next nearest 

active colony. A significance level of 0.05 was used. 

The gravity model is derived from Newton's Law of 

Gravitation, which states that the influence of two bodies 

on one another is directly proportional to the product of 

their masses and inversely proportional to the square of 

the distance between them. The model is commonly used in 

urban geography (Hartshorn 1980), where population of a 

city is substituted for mass. Rudis and Ek (1981) applied 

the model to forest islands, defining it in the following 

manner: 
P;P-

Ia = K * — Eq. 4 
d-2 u 

where: 

Iy = the interaction between patches i and j 

K = proportionality constant, in this study = 1 

P i fPj = the population size in each patch 

dy = the distance between the population centers 

of patches i and j 
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Shaw (1989) substituted area for population in 

Hartshorn's model, which was the approach taken in this 

research. The model was also modified to use edge-to-edge 

distance, rather than center-to-center, since the 

woodpeckers are highly mobile within a colony, and any 

deterrent to dispersal would be between the edge of one 

colony and the edge of another. The distances between a 

colony and its next nearest active colony were the same as 

those used in the distance analysis; colony areas were 

extracted from the stand database. The gravity interaction 

was calculated for all colonies, active and inactive, and 

the two classes were compared using PROC NPAR1WAY in SAS. 

The null hypothesis was that there was no difference 

between active and inactive colonies in terms of the 

gravity interaction with the next nearest active colony. A 

significance level of 0.05 was used. 

The isolation coefficient of each patch, a 

modification of the gravity model, is defined as follows 

(after Whitcomb et al. 1981): 

1 
Ii = Eq. 5 

d=d2 Aj 
E — 
d=d, d;2 

where: 

A; = the area of each patch, i, located between dx 
and d2 km from the study patch. For this 

study, dt was equal to zero. 

dj = distance between patch i and the study patch 
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Determining the isolation coefficient was a rather 

convoluted procedure. First, a file was created in 

ARC/INFO for each of the stand classes of interest (active 

colonies, inactive colonies, recruitment stands, and 

replacement stands). Each of the four files contained the 

stand identifier, polygon centroid location, and polygon 

area for every stand in the class. A FORTRAN program was 

written which read the active colony file and one of the 

four stand-class files (in one of the runs, the active 

colony file was thus read twice). For each stand in the 

stand-class file, the distance between its centroid and the 

centroid of each active colony in turn was calculated. If 

the distance was less than the maximum specified (d2 in 

Equation 5) the area of the active colony was used as Aj in 

Equation 5, and the centroid-to-centroid distance was used 

as di. The end result was that each stand, in each of the 

stand-class files, had a value for isolation coefficient. 

Three values of maximum distance (d2) were 

investigated. The first was 4000 m, which exceeded the 

largest minimum centroid-to-centroid distance (ensuring 

that no stands would have an isolation coefficient of 

zero), and approximated the known distance flown by 

individual birds reported by Boone (1980). The second 

maximum distance used was 1130 m, which corresponded to the 

radius of the largest home range of red-cockaded 

woodpeckers reported by Conner and Rudolph (1989), which 
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was 400 hectares. The final distance was 390 m, 

corresponding to the smallest home range, 50 hectares, that 

Conner and Rudolph (1989) listed. 

For each of the three maximum distances, active 

colonies were compared to inactive colonies, using PROC 

NPAR1WAY in SAS. Recruitment stands and replacement stands 

were compared to active colonies only in the 4000 m maximum 

distance case. The null hypothesis in each case was that 

there was no difference in isolation coefficient between 

active colonies and the other stand class (inactive 

colonies, recruitment stands and replacement stands, 

respectively). A significance level of 0.05 was used. 

To assess the impact of corridors and barriers on 

colony status, the nature of the path from each colony to 

its next nearest active colony was classified into one of 

four categories: (1) direct (line-of-sight) path through 

sawtimber and/or poletimber; (2) indirect path through 

sawtimber and/or poletimber (deviation from line-of-sight 

to go around open country); (3) circuitous path that would 

require flying away from the target to stay within timber; 

and (4) barrier of open country, greater than 50 m wide, 

surrounding the colony. The frequencies of each class for 

active and inactive colonies were compared using a 

contingency table; the null hypothesis was that there was 

no difference in frequencies of the classes. It was tested 

using chi-square and log-likelihood tests, at a 
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significance level of 0.05. 

Spatial pattern was evaluated by the join-count method 

(Haining 1990). The study area was divided into grid 

cells, and those cells that contained one or more colonies, 

or part of a colony, were assigned a nominal value of C, 

while those that did not were assigned a nominal value of 

0. The number of joins between like cells (i.e. C and C or 

0 and 0) was compared to the number of joins between unlike 

cells (C and 0). Cells wholly outside the study area 

boundary were not considered. Three grid cell sizes were 

used, 2000 m on a side, 1000 m on a side, and 500 m on a 

side. The analyses were performed within ARC/INFO (for 

setting the appropriate value to each grid cell) and in a 

FORTRAN program (to count the joins). The join-counting 

algorithm is summarized here: 

For each cell pair, i and j (j > i), 

y{ = 1 if valuej = C, 0 otherwise 

yj = 1 if valuej = C, 0 otherwise 

6y = 1 if i and j are contiguous, 0 otherwise 

CC = E 6ijyiyj 

CO = E 5g(yryj)
2 

00 = E fig - (CC + CO) 

If (CC + 00) > CO, the distribution is clustered 

If (CC + 00) » CO, the distribution is random 

If (CC + 00) < CO, the distribution is uniform 
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Image Processing 

For this part of the study, a small subset of a 

Landsat Thematic Mapper (TM) image, taken in September, 

1989, was used. The subset covered the area southwest of 

Huntsville, Texas. Only the six reflective (non-thermal) 

bands were utilized. The image had undergone some pre-

processing prior to this study, but had not been 

georectified. 

Satellite images contain spatial distortion that has a 

number of different sources. Since radiation converges 

from the ground (where the width of the TM sensor swath is 

185 km) to the sensor, the ground width of each individual 

pixel will be somewhat different. Furthermore, satellite 

attitude varies, through pitch, roll, and yaw, leading to 

additional differences in apparent location of the pixels. 

To correct for these geometric errors, the image was 

georectified. Six USGS 1:24,000 topographic maps were used 

(Figure 13). By looking at the image, displayed in ERDAS, 

on a high-resolution graphics monitor, and comparing 

visible features to those marked on the topographic maps, 

it was possible to select ground control points. These 

points tie locations of pixels within the image to UTM 

coordinates. The locations of the points were input to the 

ERDAS GCP program by selecting their image grid-cell 

locations off the monitor and entering the corresponding 

map locations at a digitizing tablet. 
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In the next step, the ERDAS program COORDN derived a 

set of second-order coefficients that transformed locations 

in the image to locations in a new image, this one aligned 

with UTM Zone 15 coordinates. The program calculated the 

root mean square (RMS) errors associated with each point, 

comparing post-transformation coordinates with original 

image coordinates. The determination of RMS error was as 

follows (Jensen 1986): 

RMSerr0r = [ (̂ new ~ ^orig) (Ynew - Vorig^ J Eq. 6 

After each pass through the program, the ground control 

point with the highest RMS error was removed, and the 

coefficients and RMS error were recomputed, until the 

overall RMS errors in the easting and northing directions 

were each less than 0.5 pixels, or 15 m. The last step in 

rectification was to perform the actual transformation of 

all pixels, using ERDAS NRECTIFY with the nearest-neighbor 

resampling method; this ensured that only the original 

pixel locations were modified, not their brightness values. 

The image was masked with the outline of the study 

area, which was obtained by producing a gridded file from 

the ARC/INFO stand map and importing it to ERDAS. The same 

technique was used to import grid maps of the different 

stand categories for comparison with the results of the 

different classification schemes used. These schemes were 

of two basic forms, unsupervised and supervised 

classification. 
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In unsupervised classification, clusters of pixels are 

formed by computer algorithms that identify natural 

groupings of pixel brightness values in all of the bands 

used (Jensen 1986). The theory is that all the pixels 

within a cluster will be more similar to one another than 

to pixels in any other cluster. Once the clusters have 

been built, each pixel in the image is assigned to one of 

them such that the probability that it is the correct class 

is maximized. Apart from entering certain statistical 

parameters to control the way in which clusters are built, 

the only input from the researcher is in identifying what 

landcover class each cluster represents. In supervised 

classification, however, the researcher identifies which 

pixels are to be included as the core of each cluster, 

thereby defining each landcover's spectral signature. 

Assignment of pixels to classes, and identification and 

labelling of classes, then occurs in the same manner as for 

unsupervised classification. 

The unsupervised classification of the study area 

image was performed with the ERDAS programs STATCL, to 

generate clusters, and MAXCLAS, to assign pixels to classes 

using the maximum likelihood classifier. All six of the 

reflective TM bands were used. Unlike the supervised 

classifications, in this method the unmasked image was 

used, including some areas outside the project boundary, to 

ensure that landcover classes poorly represented within the 
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boundary (for example, water and pasture) would be 

identified and not overlooked. The landcover classes to 

which clusters were assigned are listed in Table 4. The 

ERDAS program RECODE was used to perform the assignment. 

Table 4. Landcover classes used in image analysis 

Class Description 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Active colonies 
Mature sawtimber 
Immature sawtimber 
Immature poletimber 
Low-quality or sparse timber 
In regeneration 
Seedling/sapling stands - vigorous growth 
Seedling/sapling stands - little growth 
Water - clear 
Water - murky 
Roads 
Pasture, agriculture, cleared 

For accuracy assessment, the recoded file was compared 

to a landcover file derived from the ARC/INFO stand 

database, using ERDAS MATRIX. The output file from this 

program contained the input values from each of the two 

files being compared, for each pixel. A confusion matrix 

was then generated, and determinations of overall accuracy 

(percent of pixels in the same class in both files) and 

coefficient of agreement (Kappa) were made. 

All subsequent image classifications were made by 

supervised techniques. In the first two classifications, 

all six bands of the input image were used, but the method 
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of signature extraction was different. In both, a polygon 

file of the outlines of each landcover type (exported from 

ARC/INFO and imported to ERDAS) was displayed over the 

image on a graphics monitor. In the first method, referred 

to as SUPER, several areas were selected for each landcover 

class signature. These areas were entirely within the 

boundaries of the displayed polygons of the landcover 

class, and they comprised homogeneous groupings of pixels 

(as determined visually). This approach used the ERDAS 

program SIGEXT. In the other method, SEED, a "seed" pixel 

was selected within a polygon, and the computer software 

(ERDAS SEED) selected surrounding pixels to include in the 

signature, based on distance from the seed pixel, spectral 

characteristics, and location within the landcover class 

polygon. This step was performed several times using 

different examples of each class, and the signatures were 

combined. Separation of the signatures in both cases was 

determined by examining their histograms (frequencies of 

each brightness value within each band, for each class) and 

cross-plots of the signature points in each band-pair 

combination, by using the ERDAS programs SIGMAN and 

ELLIPSE, respectively. 

The remaining supervised classifications were 

performed on derived bands of data. The first was a 

single-band image based on the normalized-difference 

vegetation index (NDVI). This is one of several different 
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vegetation indices presented by different authors, but it 

is fairly simple, and the resultant values can be 

interpreted intuitively. It is defined in the following 

way (Lillesand and Kiefer 1987): 

TM Band 4 - TM Band 3 
NDVI = Eq. 7 

TM Band 4 + TM Band 3 

Vegetation will have an NDVI greater than zero, and the 

larger the index, the denser the chlorophyll (generally 

taken to mean the healthier or denser the vegetation). The 

NDVI typically falls within the range 0.1 to 0.6 for 

healthy vegetation. The NDVI image was created using ERDAS 

ALGEBRA software. The signature extraction method used in 

SUPER was used for this image and all subsequent 

classifications. Classification accuracy assessment was 

limited to the location of active colonies, since the NDVI 

is not suited to identification of all landcover classes. 

The same was true of the other derived-band 

classifications. 

The mid-infrared ratio (MIRR) image was defined as the 

normalized difference between the mid infrared radiation 

(Bands 5 and 6) and the other bands: 

TM Bands (1+2+3+4) - TM Bands (5+6) 
MIRR = Eq. 8 

TM Bands (1+2+3+4+5+6) 
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The purpose of the MIRR image was to give information 

on moisture content (to which the mid-infrared bands, 5 and 

6, are sensitive), and thereby possibly on the health of 

the trees. 

A two-band composite image was created also, by 

combining the NDVI image as Band 1 and the MIRR image as 

Band 2. 

An image containing principal components Band 3 was 

created by running the ERDAS program PRINCE on the original 

six-band image and extracting the third output band. The 

theory of principal components analysis has previously been 

discussed (Page 55). Its use here was to investigate the 

possibility that the third principal component in TM 

imagery of forests is a measure of vegetation health 

(Horler and Ahern 1986). 



CHAPTER 4 

RESULTS 

Stand Database 

The study site had a total area of 35,568 hectares and 

contained 1887 polygons, Figure 14. The stand condition 

classes are summarized in Table 5 and displayed graphically 

on Figure 15; mature sawtimber accounted for the largest 

number of polygons (511), followed by immature sawtimber 

(431). Immature sawtimber covered the largest area of any 

stand condition class, 10,148 hectares, or 29 percent of 

the study area, followed by mature sawtimber with 8813 

hectares, or 25 percent. It should be noted that the 

number of polygons in each class in the database for this 

study may not match the number of stands in the United 

States Forest Service (USFS) CISCII database. The 

discrepancies were because of the process of merging stands 

with common characteristics and adding polygons to 

represent cut areas, as described in the Materials and 

Methods section, Chapter 3. 

There were 107 active colonies (shown on Figure 16), 

with a total area of 699 hectares, and 60 inactive colonies 

(Figure 17), comprising 208 hectares (Table 6). All the 

active colonies and all but three of the inactive colonies 

77 
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Table 5. Distribution of stand condition classes among the 

study area polygons 

Stand condition class Count 
Area 

(hectares) 
Area 
(%) 

Mature sawtimber 511 8813 24 . ,8 
Immature sawtimber 431 10148 28. ,5 
Low-quality sawtimber 7 399 1 . .1 
Sparse sawtimber 7 95 0 . .3 
Immature poletimber 96 1702 4, .8 
Low-quality poletimber 2 76 0 , .2 
In regeneration 225 2395 6, .8 
Seedling/sapling 226 3555 10, .0 
Non-stocked 4 56 0 , .2 
Not forested 378 8328 23, .4 

Total 1887 35568 100 , . 0 

were in mature or immature sawtimber. The other inactive 

colonies were in immature poletimber; these, as well as two 

stands classified as immature sawtimber but with an age of 

only 20 years, were thought to be non-representative of the 

stand conditions present when the colonies were active; it 

seems likely that the inactive cavity trees were relicts in 

a matrix of more recent timber. (Red-cockaded woodpeckers 

have been observed using cavity trees in seed-tree and 

shelterwood stands (Conner et al. 1991b)). These five 

inactive colonies were therefore not considered in any of 

the analyses that relied on timber parameters of the 

stands. There were 52 recruitment stands, that are managed 

to create attractive habitat for birds seeking new colony 

sites, and 151 replacement stands, managed in a way similar 
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Table 6. Distribution of land classes within the study 

area 

No. of Area 
Land class Polygons (hectares) 

Water 2 42 
Non-forest land1 52 7654 
Wilderness 82 1515 
Suitable - standard forest land2 1306 23786 
Suitable - special use 24 230 
Unsuitable3 421 2341 

1887 35568 

RCW-related land classes 
Active colonies 107 699 
Inactive colonies 60 208 
Recruitment stand 52 223 
Replacement stand 155 680 
Foraging stand for active colonies 298 6323 
Foraging stand for inactive colonies 100 2509 
Foraging stand for 

recruitment/replacement stands 155 3142 

927 13784 

1 Private inholdings, uninventoried stands, etc. 

2 Includes foraging stands for red-cockaded woodpecker 

(RCW), etc. 

3 Includes RCW colonies, recruitment and replacement 

stands, etc. 

to recruitment stands but adjacent to existing active or 

inactive colonies. The recruitment and replacement stands 

were all in mature or immature sawtimber except for one 
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replacement stand in immature poletimber. Foraging stands 

were distributed among sawtimber, poletimber, and 

seedling/sapling stands. 

Other land classes are also listed in Table 6, in 

addition to the stands associated with red-cockaded 

woodpecker management. Areas classified as suitable for 

timber production occupied 24,016 hectares, but only 34 

percent of this area was not listed by the USFS as having 

alternative uses. Foraging stands for the red-cockaded 

woodpecker occupied 11,974 hectares, or 50 percent of the 

suitable timber, while an additional 3370 hectares, 14 

percent of the suitable timber, contained key areas for 

wildlife. Other areas of suitable timber land, classified 

as special use, had emphases on, for example, wildlife or 

recreation; in these areas, timber production is secondary 

to other uses. Unsuitable areas included developed and 

undeveloped recreation sites, sensitive soils, areas 

incapable of producing commercial timber, and those 

requiring unavailable technology, as well as red-cockaded 

woodpecker colonies, replacement stands, and recruitment 

stands. An additional 1515 hectares were designated the 

Little Lake Creek Wilderness Area. There was also 22 

percent of the study area (7654 hectares) that was not USFS 

forested land; these areas were either owned by the USFS 

but not forested or inventoried, or were private 

inholdings, some of which were forested but with no 
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information available on stand characteristics. Most of 

the non-forest land (7522 hectares) consisted of private 

inholdings. The distribution of different land classes is 

shown on Figure 18. 

The dominant timber in the study area was loblolly-

pine, which covered 83 percent of the USFS lands (Figure 

19). Shortleaf pine occupied another 9 percent, and 

hardwoods, mainly communities of sweet gum-Nuttall oak-

willow and sugarberry-American elm-green ash, accounted for 

an additional 6 percent. The remaining forested land was 

mixed hardwoods and softwoods of different types, dominated 

by either softwoods (pine-hardwood communities) or 

hardwoods (hardwood-pine communities). The remaining 1 

percent, labelled "OTHER" in Figure 19, was non-forested 

USFS land. 

Descriptive Statistics on Stand Parameters 

Active colonies ranged in area from 0.6 to 27.9 

hectares, with an average of 6.5 hectares. The statistics 

are summarized in Table 7. The configuration index was 

between 1.02 and 2.04, averaging 1.31; tortuosity index 

averaged 4.55 and ranged from 0.81 to 14.58. The youngest 

active colony was in a stand of age 51 years and the oldest 

was 103 years; the average age was 72 years. Pine basal 

area ranged from 60 to 112 ft2/acre, averaging 76 ft2/acre, 

while the basal area of hardwoods averaged 8 ft2/acre 
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within a range of 0 to 27 ft2/acre. The minimum, maximum, 

and average total basal area were 65, 130, and 85 ft2/acre, 

respectively. Poletimber diameter at breast height (DBH) 

was up to 9 inches in pine stands and 11 inches in 

hardwoods; the sawtimber DBH for pines was within the range 

14 to 22 inches, while that for hardwoods was 10 to 19 

inches. 

Table 7. Summary of descriptive statistics on active 

colonies 

Normal 
Variable Min Max Mean n Dist 

Area, hectares 0.6 27.9 6.5 107 No 
Configuration Index 1.02 2.04 1.31 107 No 
Tortuosity Index 0.81 14.6 4 .55 107 No 
Age, years 51 103 72 107 No 
Pine BA, ft2/acre 60 112 76 89 No 
Hardwood BA, ft2/acre 0 27 8 89 No 
Total BA, ft2/acre 65 130 85 89 No 
Pine PT DBH, inches 5 9 7 68 No 
Pine ST DBH, inches 14 22 18 89 No 
Hardwood PT DBH, inches 5 11 7 70 NO 
Hardwood ST DBH, inches 10 19 15 28 Yes 

BA = basal area 

PT = poletimber 

ST = sawtimber 

DBH = diameter at breast height 

The average area of inactive colonies was 3.6 

hectares; the range was from 0.3 to 17.6 hectares. The 
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statistics are summarized in Table 8. Configuration index 

was between 1.02 and 1.70, with an average of 1.21. 

Tortuosity index averaged 3.07, within a range of 0.87 to 

9.17. The youngest inactive colony stand was 54 years old, 

the oldest was 98 years, and the average was 72 years. 

Pine basal area was between 40 and 163 ft2/acre, averaging 

79 ft2/acre, while the equivalent figures for hardwood 

basal area were 0, 50, and 11 ft2/acre, respectively. The 

total basal area averaged 90 ft2/acre within a range of 60 

to 169 ft2/acre. The range of tree DBH was approximately 

the same as was reported for active colonies. 

Table 8. Summary of descriptive statistics on inactive 

colonies 

Normal 
Variable Min Max Mean n Dist 

Area, hectares 0.3 17.6 3 .6 55 No 
Configuration Index 1.02 1.70 1.21 55 No 
Tortuosity Index 0.87 9.17 3 . 07 55 No 
Age, years 54 98 72 55 No 
Pine BA, ft2/acre 40 163 79 43 No 
Hardwood BA, ft2/acre 0 50 11 43 No 
Total BA, ft2/acre 60 169 90 43 No 
Pine PT DBH, inches 5 8 7 30 No 
Pine ST DBH, inches 11 21 17 43 No 
Hardwood PT DBH, inches 5 12 8 34 No 
Hardwood ST DBH, inches 11 20 14 23 Yes 

BA = basal area 

PT = poletimber 

ST = sawtimber 

DBH = diameter at breast height 
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Stands of sawtimber that contained neither active nor 

inactive colonies had areas between 0.1 and 538 hectares. 

The average was 23 hectares. The statistics are summarized 

in Table 9. 

Table 9. Summary of descriptive statistics on unused 

sawtimber stands 

Normal 
Variable Min Max Mean n Dist 

Area, hectares 0.1 538 23 781 No 
Configuration Index 1.05 4 .25 1.64 781 No 
Age, years 24 134 69 781 No 
Pine BA, ft2/acre 15 137 84 497 No 
Hardwood BA, ft2/acre 0 70 13 503 No 
Total BA, ft2/acre 30 143 96 503 Yes 
Pine PT DBH, inches 5 10 7 439 No 
Pine ST DBH, inches 9 24 17 495 No 
Hardwood PT DBH, inches 5 14 8 468 No 
Hardwood ST DBH, inches 8 24 15 327 No 

BA = basal area 

PT = poletimber 

ST = sawtimber 

DBH = diameter at breast height 

The configuration index ranged from 1.05 to 4.25, 

averaging 1.64. The oldest unused stand was 134 years, the 

youngest was 24 years, and the average was 69 years. Pine 

basal area was between 15 and 137 ft2/acre, averaging 84 

ft2/acre; the equivalent values for hardwood basal area 
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were 0, 70, and 13 ft2/acre. Total basal area was as high 

as 143 ft2/acre; the average was 96 ft2/acre, and the 

minimum was 30 ft2/acre. DBH values were again similar to 

those observed in active colonies, but hardwood poletimber 

as large as 18 inches was recorded. A summary of the 

acronyms used in the following sections is given in Table 

10. 

Table 10. Acronyms of stand database variables 

Variable Name Brief Description 

UNIT 
COMPARTMENT 
STAND 
IDXNO 
LCLASS 
FORTYPE 
CONDCLS 
AREA 
PERIM 
CI 
TI 
AGE YRS 

Unique identifier for each polygon 
Compartment number 
Stand number within each compartment 
Compartment-stand combination 
Land class code 
Forest type code 
Stand condition class code 
Polygon area, m2 

Polygon perimeter, m 
Configuration index 
Tortuosity index 
Age in 1992, years 

Timber Parameters 
PNPTBA 
PNSTBA 
HWPTBA 
HWSTBA 
PNPTDBH 

PNSTDBH 

HWPTDBH 

HWSTDBH 

Pine poletimber basal area, ft2/acre 
Pine sawtimber basal area, ft2/acre 
Hardwood poletimber basal area, ft2/acre 
Hardwood sawtimber basal area, ft2/acre 
Pine poletimber diameter at breast height, 

inches 
Pine sawtimber diameter at breast height, 

inches 
Hardwood poletimber diameter at breast 

height, inches 
Hardwood sawtimber diameter at breast 

height, inches 
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With very few exceptions, the stand variables had non-

normal distributions. For active colonies (Table 7), the 

following 15 stand variables were not normally distributed 

(Shapiro-Wilk 1V test, p s 0.0005, n = 107 for the five non-

timber parameters, n = 89 for timber parameters except 

where noted): area (AREA), perimeter (PERIM), configuration 

index (CI), tortuosity index (TI), age (AGE), pine 

poletimber basal area (PNPTBA), pine sawtimber basal area 

(PNSTBA), hardwood poletimber basal area (HWPTBA), hardwood 

sawtimber basal area (HWSTBA), pine poletimber diameter at 

breast height (PNPTDBH, n = 68), pine sawtimber diameter at 

breast height (PNSTDBH), hardwood poletimber diameter at 

breast height (HWPTDBH, n = 70), pine basal area (PNBA), 

hardwood basal area (HWBA), and total basal area (TOTBA). 

The only normally distributed variable (Shapiro-Wilk W 

test, n = 28, p = 0.1032) was hardwood sawtimber diameter 

at breast height (HWSTDBH); this variable had a smaller 

sample size than the other variables, which may have 

weakened the ability of the test to identify a significant 

departure from normality. 

Similar results were observed for inactive colonies 

(Table 8); the same 15 variables were not normally 

distributed (Shapiro-Wilk W test, p s; 0.0055) while HWSTDBH 

was (p = 0.1372). The sample size was 55 for inactive 

colony variables, except the basal areas and PNSTDBH (n = 

43), PNPTDBH (n = 30), HWPTDBH (n = 34), and HWSTDBH (n = 
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23) . As with the active colonies, HWSTDBH had a smaller 

sample size than the other variables. 

Parameters of unused sawtimber stands (Table 9) were 

not normally distributed (Shapiro-Wilk W test, p = 0.0001) 

except for TOTBA (p = 0.43 06). The sample size for unused 

sawtimber stands was 781 for AREA, PERIM, CI, and AGE; 4 97 

for PNPTBA, PNSTBA, and PNBA; and 503 for HWPTBA, HWSTBA, 

HWBA, and TOTBA. The remaining variables and their sample 

sizes were PNPTDBH (n = 439), PNSTDBH (n = 495), HWPTDBH (n 

= 468), and HWSTDBH (n = 327) . 

Based on the non-normal distribution of the majority 

of the stand parameters, non-parametric analyses were used 

for comparisons among stand classes, except where noted in 

the text. 

Autocorrelation Analysis on Stand Parameters 

There were strong positive correlations between AREA 

and PERIM (r = 0.95), between PERIM and CI (r = 0.83), and, 

to a lesser extent, between AREA and CI (r = 0.66). There 

was a weak positive correlation between AGE and PNSTDBH (r 

= 0.37). The critical value for the correlation 

coefficient r was very small, 0.065, because of the large 

data set (n = 943), so almost all of the coefficients were 

statistically significant. However, the amount of 

variation in a parameter explained by correlation with 

another parameter is defined as r2, so any correlation 
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coefficient smaller than 0.7 indicated a relationship where 

less than 50 percent of the variation in one of the 

variables was accounted for by variation in the other. The 

correlation between AGE and PNSTDBH, with a coefficient of 

0.37, indicated that only 14 percent of the variation in 

PNSTDBH is accounted for by correlation with the variation 

in AGE. Clearly, other factors than age affect the size of 

pine sawtimber. 

The correlation between AREA and PERIM accounted for 

90 percent of the variation in these parameters; this was 

to be expected because area and perimeter are both related 

to the radius of a stand. Correlation between PERIM and CI 

accounted for 69 percent of their variation. This 

correlation may, at least in part, have been caused by the 

process of stand boundary digitizing: a longer perimeter 

would have given more opportunity for following 

irregularities in the boundary than would a shorter one. 

Correlation between AREA and CI accounted for 44 percent of 

the variation in either parameter. This relationship, 

although weak, indicated that conclusions drawn regarding 

differences in configuration index between stands should 

also take into account any differences in area. 

Principal components analysis indicated that there was 

essentially no autocorrelation among the eight timber 

parameters. The correlation matrix of the variables is 

given in Table 11. 
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Table 11. Timber parameter correlation matrix 

PNPTBA PNSTBA HWPTBA HWSTBA PNPTDBH PNSTDBH HWPTDBH HWSTDBH 

PNPTBA 1.00 0. .04 -0. .16 -0. .06 -0, .12 -0. .32 -0. .12 -0.02 
PNSTBA 1. .00 -0. .14 -0. .10 -0. .05 -0. .14 -0. .10 0.00 
HWPTBA 1. .00 0. .18 0. .11 0, .11 0. .21 0.14 
HWSTBA 1. .00 0. .04 0. .03 0. .00 0.08 
PNPTDBH 1, .00 0, .08 0. .18 0.11 
PNSTDBH 1. .00 -0, .00 -0.11 
HWPTDBH 1, .00 0.07 
HWSTDBH 1.00 

PN = pine 
HW = hardwood 

PT = poletimber 
ST = sawtimber 

BA = basal area 
DBH = diameter at breast height 

The largest (absolute) correlation coefficient was 

only -0.32, indicating a weak negative correlation between 

PNPTBA and PNSTDBH, followed by a weak positive correlation 

between HWPTBA and HWPTDBH (r = 0.21) . 

A scree plot showing proportional Eigenvalues for each 

principal component lacked the dramatic change in slope 

associated with the change from components with high 

information content to those with low information content 

(Figure 20). To have retained over 75 percent of the 

variation in the original data set would have required the 

first six principal components; 90 percent would have 

required seven principal components, compared to only eight 

original parameters. There was thus no advantage to be 
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Figure 20. Scree plot of timber parameter principal 

components 



97 

gained by reducing the dimensionality of the eight-variable 

timber parameter data set, and all eight were used in 

subsequent comparisons of stand classes. 

Comparison of Active and Inactive Colonies 

A number of parameters were found to be significantly 

different between active and inactive colonies. The 

results of the comparisons are summarized in Table 12. 

Sample sizes for each comparison were the same as listed in 

the previous section on descriptive statistics (Tables 7 

and 8). Active colonies were significantly larger than 

inactive ones. The median area of active colonies was 6.2 

hectares, compared to 2.7 hectares in inactive colonies. 

The difference in areas was highly significant (Wilcoxon 

Rank Sums with normal approximation, p = 0.0001). 

Configuration and tortuosity indices were also larger for 

active colonies than inactive ones; the median 

configuration index for active colonies was 1.26 compared 

to 1.14 for inactive ones, while the median tortuosity 

index was 4.8 compared to 2.7. However, for reasons 

discussed previously in this chapter, these differences 

might be related to the difference in area. There was no 

difference in stand age between colonies of different 

status, with median values of 70 years for both active and 

inactive colonies. Furthermore, there was no significant 

difference between the colony types in any of the timber 
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parameters except HWSTBA (Table 12). The median HWSTBA in 

inactive colonies was 1.0 ft2/acre compared to 0.0 ft2/acre 

in active ones; the difference was significant (Wilcoxon 

Rank Sums with normal approximation, p = 0.0171). 

Comparison of Active Colonies and Unused Sawtimber Stands 

Unlike the comparisons of active and inactive 

colonies, all but one of the parameters investigated were 

found to be significantly different between active colonies 

and unused sawtimber stands. Sample sizes for each 

comparison were the same as listed in the previous section 

on descriptive statistics (Tables 7 and 9). The results of 

the comparisons are summarized in Table 13. Unused 

sawtimber stands were larger than active colonies: the 

median area of unused stands was 11.6 hectares, while that 

of active colonies was 6.2 hectares. The 95th percentile 

areas were 74.2 hectares and 13.0 hectares for unused 

stands and active colonies, respectively. The difference 

in areas was highly significant (Wilcoxon Rank Sums with 

normal approximation, p = 0.0001). Configuration index was 

also larger in unused stands than in active colonies, but, 

once again, the effect of area could not be dismissed. 

Trees in active colonies were older than in unused stands, 

with a median age of 70 years compared to 68 years; the 

difference in age was significant (p = 0.0016). Active 

colonies had larger trees, as measured by PNSTDBH, although 
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the median diameter was only 1 inch larger (18 inches 

compared to 17 inches in unused sawtimber); the difference 

was, however, highly significant (p = 0.0002). There was 

no difference between unused stands and active colonies in 

HWSTDBH. Unused stands had significantly larger values for 

all the other parameters (p < 0.05). The median PNPTBA was 

5 ft2/acre in both unused stands and active colonies, but 

the distributions of values were significantly different (p 

= 0.0410) . Median PNSTBA was 76 ft2/acre compared to 65 

ft2/acre, HWPTBA had a median value of 10 ft2/acre compared 

to 7 ft2/acre, and median HWSTBA was 1 ft2/acre compared to 

0 ft2/acre. The median PNPTDBH was the same for both 

unused stands and active colonies, as were the 5th and 95th 

percentiles. The mean PNPTDBH was, however, larger in 

unused sawtimber than in active colonies (7.35 inches 

versus 7.06 inches). Median HWPTDBH was larger by 1 inch 

in unused stands compared to active colonies. The 

composite basal area parameters all displayed large 

differences in median value between unused stands and 

active colonies: PNBA (82 ft2/acre versus 73 ft2/acre) , HWBA 

(11 ft2/acre versus 7 ft2/acre) , and TOTBA (96 ft2/acre 

versus 83 ft2/acre) . 

When the unused sawtimber data set was replaced with 

the set that had been trimmed to the same parameter ranges 

as were observed in active colonies, the results of the 

comparisons were generally unchanged. In almost every case 
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the p value increased, but in only one comparison, PNPTBA, 

did a difference lose its statistical significance. 

A series of randomly selected pairwise comparisons, 

each one using a stratified random sample (randomly 

selected within representative area ranges) of 20 active 

colony - unused sawtimber pairs, gave a significantly 

larger configuration index in unused sawtimber stands than 

active colonies in four out of the five trials (Table 14), 

while the area was not significantly different in any 

trial. Also in four of the five trials, significantly 

greater values of PNSTBA, PNBA, and TOTBA were observed in 

unused sawtimber stands compared to active colonies. 

Table 14. Results of five pairwise comparisons between 

active colonies and unused sawtimber stands 

Parameter 
Number of significantly 
different comparisons Probability 

AREA 0 
PERIM 1 0 . 0249 
CI 4 0.0026 0.0472 
AGE 0 
PNPTBA 0 
PNSTBA 4 0.0123 0.0318 
HWPTBA 1 0 . 0282 
HWSTBA 1 0.0349 
PNPTDBH 2 0.0117 0.0372 
PNSTDBH 0 
HWPTDBH 2 0 . 0337 -» 0 . 0467 
HWSTDBH 3 0.0007 - » 0 . 0489 
PNBA 4 0.0031 - > 0.0111 
HWBA 1 0.0127 
TOTBA 4 0.0006 0.0183 



103 

When a non-parametric analysis (Wilcoxon signed-ranks 

T test) was conducted on the pairs that violated the 

normality assumption of the paired t test, few of the 

results changed. The number of significant comparisons of 

HWSTBA increased from one to three, PNPTDBH increased from 

two to three, and HWSTDBH increased from three to four. 

The first paired data set selected to try to remove 

differences in timber parameters between unused stands and 

active colonies had no significant difference in any 

parameters but configuration index, which was larger in 

unused stands than in active colonies (paired t test, p = 

0.0396), PNPTDBH (p = 0.0107) and HWPTDBH (p = 0.0385). 

These two timber parameters were different largely because 

several of the poletimber basal area measurements were zero 

in active colonies (with, therefore, zero DBH), and small 

but non-zero in unused sawtimber stands. For example, 

seven of. the active colonies had no pine poletimber 

compared to only two of the unused sawtimber stands; in the 

five pairs that had poletimber in the unused stands but did 

not in the active colonies, the unused sawtimber stand 

PNPTDBH averaged 7.0 ft2/acre compared to 0.0 ft2/acre in 

the active colonies. In the 13 pairs that had non-zero 

PNPTBA in both members, there was little difference in 

PNPTDBH, which averaged 6.9 ft2/acre in active colonies and 

7.3 ft2/acre in unused sawtimber stands. The situation was 

similar for HWPTDBH. A non-parametric test (Wilcoxon 
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signed-ranks T test) on the non-normally distributed pairs 

gave additional significant differences for HWSTBA (p = 

0.0465) and HWSTDBH (p = 0.0410). 

The second selected paired data set showed no 

significant difference with a paired t test in any of the 

parameters, although CI was again larger in unused 

sawtimber stands than in active colonies, and this 

difference was close to being significant at an alpha level 

of 0.05 (p = 0.0730). All parametric comparisons of the 

other parameters had probability values greater than 0.20. 

Of the seven non-normally distributed pairs, only HWSTDBH 

gave a significant result from a Wilcoxon paired signed-

ranks T test (p = 0.0305). 

The possible difference in CI between active colonies 

and unused stands was investigated further. A regression 

analysis of hardwood basal area on configuration index was 

conducted to test the hypothesis that a larger amount of 

edge around a colony might allow invasion by hardwoods that 

would make a stand unusable by woodpeckers. There was no 

relationship for active colonies (p = 0.1291) or inactive 

colonies (p = 0.7575). A similar procedure was performed 

with colonies against tortuosity index, and again there was 

no relationship for inactive colonies (p = 0.8881). 

Regression of HWBA against TI in active colonies yielded a 

significant relationship (p = 0.0378) but had an r2 value 

of only 0.05. HWBA versus CI in unused stands also gave a 
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significant relationship (p = 0.0001) with a very low r2 

(0.03) . 

Stand Suitability Analysis 

Field studies yielded an assessment of suitability in 

126 stands, shown on Figure 21; 15 of these were active 

colonies, which were all classified as suitable; 10 were 

inactive colonies, five of which were classified as 

suitable; 33 were recruitment or replacement stands, 18 of 

which were classified as suitable; and 68 were unused 

sawtimber, of which nine were classified as suitable. Only 

five of those nine stands had not recently been thinned, as 

evidenced by cut timber, indicating that without management 

only five out of 64 unused and unmanaged stands (8 percent) 

were suitable as far as stand basal area density and 

midstory were concerned. 

The colonies, recruitment stands, and replacement 

stands (58 of the 126 stands studied) were subject to 

management treatments such as basal area thinning, midstory 

removal, and prescribed burning. Only four that had 

undergone appropriate treatment (thinning and midstory 

removal) were assessed to be unsuitable: these were either 

errors in classification or were unsuccessful treatments. 

One, which was deemed unsuitable because of the presence of 

hardwood midstory, was still in need of a prescribed burn, 

according to USFS management plans. It was therefore 
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considered to be an accurate assessment. Assuming the 

other three were errors, this gave an assessment accuracy 

of 55/58, or 95 percent. Nine stands were assessed to be 

suitable even though not all of the required treatments had 

been performed. Four were active colonies, so the suitable 

assessment of these was correct; one, although hardwood 

midstory removal was listed by USFS as needed, had 

undergone a prescribed burn, which had presumably had the 

desired effect. The other four were classed as suitable 

even though the USFS had not thinned the stands; these were 

either errors in classification or naturally suitable 

stands. If the worst-case scenario was assumed, that all 

four were errors, the assessment accuracy fell to 51/58, or 

88 percent. It was assumed that the assessment suitability 

in the unused sawtimber stands (which could not otherwise 

be checked) was of similar accuracy, which was adequate for 

the rest of the suitability analysis. 

Frequency distributions of suitable and unsuitable-

because-of-basal-area stands versus TOTBA are given on 

Figure 22. The difference in distribution of suitable and 

unsuitable stands is apparent on the plot, with the mode of 

suitable stands at 70 to 80 ft2/acre, compared to 100 to 

110 ft2/acre for unsuitable stands. However, there was a 

large amount of overlap between 80 and 100 ft2/acre; this 

area contained approximately half of both classes. Below 

this range, the percentage of suitable stands was higher 
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Figure 22. Frequency plot of suitable and unsuitable 

stands versus total basal area 
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than that of unsuitable ones, while above it the situation 

was reversed. Although not shown, basal-area suitability 

versus PNBA or HWBA alone gave poor separation. 

The distributions of frequencies of suitable and mid-

story-unsuitable stands against HWBA, Figure 23, appeared 

to be quite different. While 48 percent of suitable stands 

had a hardwood basal area between 0 and 5 ft2/acre, only 16 

percent of unsuitable stands had such a low density. 

Stands with dense hardwood stocking, greater than 20 

ft2/acre, contained only 3 percent of the suitable stands, 

compared to 22 percent of the unsuitable ones. As with the 

previous plot, there is a large area of overlap in the 

middle of the basal area range which reduced the 

effectiveness of discrimination methods. 

Seven stepwise discriminant analyses were performed to 

determine the best suite of variables for generating a 

predictive suitability model: (1) all eight timber 

parameters versus basal area suitability (SUITBA); (2) all 

eight timber parameters versus hardwood midstory 

suitability (SUITMS); (3) the four basal area parameters 

(PNPTBA, PNSTBA, HWPTBA, HWSTBA) versus SUITBA; (4) the 

four hardwood parameters (HWPTBA, HWSTBA, HWPTDBH, HWSTDBH) 

versus SUITMS; (5) the two composite basal area parameters 

(PNBA, HWBA) versus SUITBA; (6) all eight timber parameters 

versus overall suitability (SUIT); and (7) the two 

composite basal area parameters versus SUIT. Using a p 
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Figure 23. Frequency plot of suitable and unsuitable 

stands versus hardwood basal area 
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value of 0.05 for entry or removal, the following variables 

were entered and retained in the seven stepwise analyses: 

(1) no variables entered; (2) PNSTBA, HWPTBA, and PNSTDBH,* 

(3) PNSTBA, HWPTBA, and PNPTBA; (4) HWPTBA; (5) both 

variables; (6) PNSTBA, HWPTBA, and PNSTDBH; and (7) both 

variables. 

A set of 11 screening discriminant analyses were then 

conducted, one for each of the seven original data sets 

plus the four reduced data sets selected by the stepwise 

analysis. In each case, the same data set was used to 

create the discriminant function and validate it. In all 

but one case, the reduced (stepwise) data sets gave higher 

classification accuracy than the original sets. The 

highest accuracy, 74 percent, was achieved by using the 

composite basal area parameters and overall suitability. 

When half of this data set was used to derive the model, 

and the other half to validate it, the accuracy was reduced 

to 65 percent; 83 percent of unsuitable stands were 

classified correctly compare to 56 percent of suitable 

ones. A Kappa analysis to remove the effects of random 

placement in the correct group gave an overall value of 33 

percent: unsuitable stands had a conditional Kappa 

coefficient of 62 percent, and suitable stands had a 

conditional Kappa of 22 percent. A plot showing the 

distribution of suitable and unsuitable stands on a cross-

plot of HWBA versus PNBA is shown on Figure 24. 
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The lack of separation of the two classes over most of the 

basal area ranges is fairly apparent. 

Neighbor Analysis 

The percentages of colony perimeter shared with each 

neighboring stand class for active colonies are given in 

Table 15. The neighboring stand classes considered were 

sawtimber (ST), poletimber (PT), in regeneration (REG), 

seedling/sapling (SS), pasture (PAS), and open water (OW). 

The percentages for inactive colonies are given in Table 

16. The percentages of each of the surrounding stand 

classes had highly non-normal distributions (p = 0.0001), 

so non-parametric comparison techniques were used. A 

number of derived neighbor categories were created: ST+PT, 

ST+PT+REG, ST+PT+REG+SS, PAS+OW, and PAS+OW+SS. There was 

no significant difference between active and inactive 

colonies in the percentage of colony perimeter shared with 

any of the individual stand classes or stand-class groups 

except PAS and PAS+OW. None of the active colonies shared 

their perimeter with pasture, compared to five of the 

inactive colonies. The difference in percentage of shared 

boundary with pasture between the two groups was highly 

significant (Wilcoxon Rank Sums with large-sample normal 

approximation and ties correction, n1 = 107, n2 = 55, p = 

0.0016). Three of the active colonies and six of the 

inactive colonies shared part of their perimeters with the 
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Table 15. Percentage of perimeter shared with different 

stand classes for active colonies 

Unit ST1 PT2 REG3 SS4 PAS5 ow6 

110 79 0 0 21 0 0 
312 58 0 0 42 0 0 
314 53 0 0 47 0 0 
609 71 0 0 29 0 0 
610 66 0 0 34 0 0 
705 92 0 8 0 0 0 
707 100 0 0 0 0 0 
715 60 0 40 0 0 0 
810 91 0 0 9 0 0 
813 100 0 0 0 0 0 
814 79 0 0 21 0 0 
815 85 0 0 15 0 0 
828 61 0 0 39 0 0 
829 61 0 39 0 0 0 
834 92 0 8 0 0 0 
918 0 0 9 91 0 0 
919 71 0 29 0 0 0 
924 48 0 0 52 0 0 
944 100 0 0 0 0 0 
949 55 0 0 45 0 0 

1017 83 0 17 0 0 0 
1019 27 0 73 0 0 0 
1030 68 0 0 32 0 0 
1031 94 0 6 0 0 0 
1103 23 0 0 77 0 0 
1105 55 0 9 36 0 0 
1110 80 7 13 0 0 0 
1112 78 6 0 16 0 0 
1122 58 0 0 42 0 0 
1128 38 0 0 62 0 0 
1132 97 0 3 0 0 0 
1151 10 0 41 49 0 0 
1206 0 0 100 0 0 0 
1207 81 0 19 0 0 0 
1209 73 0 27 0 0 0 
1314 72 28 0 0 0 0 
1414 92 8 0 0 0 0 
1512 71 0 29 0 0 0 
1513 47 0 25 28 0 0 
1514 100 0 0 0 0 0 
1520 100 0 0 0 0 0 
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T a b l e 1 5 . C o n t i n u e d 

U n i t ST1 PT2 REG3 SS4 , PAS5 ow6 

1 5 2 5 100 0 0 0 0 0 
1 9 1 5 43 0 35 22 0 0 
2 7 1 1 88 0 0 12 0 0 
2 9 2 4 60 0 36 4 0 0 
3 1 2 3 77 0 0 23 0 0 
3 2 1 0 72 0 28 0 0 0 
3 2 3 2 8 1 8 0 1 1 0 0 
3 2 5 2 57 43 0 0 0 0 
3 2 5 4 0 40 3 1 29 0 0 
3 3 1 1 49 2 39 10 0 0 
3 3 1 2 68 0 32 0 0 0 
3 3 1 3 79 0 0 2 1 0 0 
3 3 1 8 55 0 45 0 0 0 
3 3 2 6 85 0 0 15 0 0 
3 6 2 1 77 0 0 23 0 0 
3 8 2 9 63 0 0 37 0 0 
3 9 2 7 9 1 0 9 0 0 0 
3 9 3 0 59 0 4 1 0 0 0 
3 9 3 1 15 35 47 3 0 0 
3 9 4 6 36 0 33 3 1 0 0 
3 9 4 7 49 0 5 1 0 0 0 
4 0 1 4 80 0 0 20 0 0 
4 0 1 7 82 18 0 0 0 0 
4 0 1 8 4 1 0 0 59 0 0 
4 0 3 4 67 0 0 33 0 0 
4 1 1 1 39 0 6 1 0 0 0 
4 1 1 2 62 0 3 35 0 0 
4 1 1 3 69 0 3 1 0 0 0 
4 1 1 4 70 0 30 0 0 0 
4 1 1 6 100 0 0 0 0 0 
4 2 1 2 82 0 18 0 0 0 
4 2 1 5 89 0 1 1 ' 0 0 0 
4 2 1 9 25 0 75 0 0 0 
4 2 2 0 100 0 0 0 0 0 
4 2 3 0 28 0 36 0 0 36 
4 2 3 1 65 0 0 35 0 0 
4 2 3 2 74 0 0 26 0 0 
4 3 0 3 100 0 0 0 0 0 
4 3 0 5 100 0 0 0 0 0 
4 3 0 9 93 0 0 0 0 7 
4 3 3 0 100 0 0 0 0 0 
4 3 3 1 58 20 22 0 0 0 
4 3 3 3 27 0 39 28 0 6 
4 3 3 5 79 2 1 0 0 0 0 
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Table 15. Continued 

Unit ST1 PT2 REG3 SS4 PAS5 OW6 

4348 69 0 31 0 0 0 
4406 74 0 26 0 0 0 
4408 75 0 9 14 0 0 
4418 58 0 0 42 0 0 
4429 62 0 26 12 0 0 
4430 78 0 22 0 0 0 
4436 59 0 0 41 0 0 
4507 74 0 2 24 0 0 
4516 53 0 0 47 0 0 
4518 88 0 12 0 0 0 
5002 82 0 0 18 0 0 
5016 50 0 50 0 0 0 
5023 77 5 18 0 0 0 
5024 100 0 0 0 0 0 
5115 74 0 26 0 0 0 
5116 100 0 0 0 0 0 
5124 85 0 13 2 0 0 
5128 91 0 9 0 0 0 
5220 70 0 26 4 0 0 
5221 70 21 9 0 0 0 
5414 100 0 0 0 0 0 
5415 80 0 20 0 0 0 

1 ST = Sawtimber 

2 PT = Poletimber 

3 REG = In regeneration 

4 SS = Seedling/sapling 

5 PAS = Pasture 

6 OW = Open water 
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Table 16. Percentage of perimeter shared with different 

stand classes for inactive colonies 

Unit ST1 PT2 REG3 CO
 

CO
 

PAS5 ow6 

109 25 0 0 62 13 0 
210 62 0 0 0 38 0 
315 38 0 0 62 0 0 
316 60 0 40 0 0 0 
317 69 0 0 31 0 0 
318 100 0 0 0 0 0 
418 10 0 48 42 0 0 
419 24 0 76 0 0 0 
507 100 0 0 0 0 0 
511 71 0 0 0 29 0 
514 100 0 0 0 0 0 
606 100 0 0 0 0 0 
608 49 0 0 0 51 0 
712 100 0 0 0 0 0 
720 100 0 0 0 0 0 
808 82 18 0 0 0 0 
811 16 0 84 0 0 0 
816 60 0 40 0 0 0 
917 84 0 7 9 0 0 
920 86 0 0 14 0 0 
921 70 0 0 30 0 0 
922 92 0 0 8 0 0 
923 100 0 0 0 0 0 
950 82 0 18 0 0 0 

1021 100 0 0 0 0 0 
1104 84 0 0 16 0 0 
1114 0 80 20 0 0 0 
1115 51 49 0 0 0 0 
1210 86 0 0 14 0 0 
1214 79 0 0 21 0 0 
1315 53 0 40 7 0 0 
1415 100 0 0 0 0 0 
1416 100 0 0 0 0 0 
1423 83 17 0 0 0 0 
1705 71 29 0 0 0 0 
1823 100 0 0 0 0 0 
2602 100 0 0 0 0 0 
3022 10 0 0 90 0 0 
3113 7 0 12 81 0 0 
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Table 16. ( Continued 

Unit ST1 PT2 REG3 SS4 PAS5 OW6 

3116 38 0 0 62 0 0 
3212 61 36 3 0 0 0 
3322 30 27 0 42 0 0 
3323 24 0 0 76 0 0 
3325 64 0 36 0 0 0 
3328 10 0 0 90 0 0 
3414 84 0 0 16 0 0 
3632 72 0 0 0 0 28 
3820 61 25 14 0 0 0 
4223 59 0 0 41 0 0 
4240 33 0 0 67 0 0 
4306 100 0 0 0 0 0 
4310 18 26 56 0 0 0 
4413 49 0 31 0 20 0 
4420 47 0 53 0 0 0 
4817 100 0 0 0 0 0 

1 ST = Sawtimber 

2 PT = Poletimber 

3 REG = In regeneration 

4 SS = Seedling/sapling 

5 PAS = Pasture 

6 OW = Open water 
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combined PAS+OW category. The percentage of perimeter 

shared by inactive colonies and PAS+OW was significantly 

greater than that shared by active colonies and PAS+OW (p = 

0.0304). 

Because there were only three active colonies and six 

inactive ones with any shared perimeter with PAS+OW, it was 

not possible to test the hypothesis that larger colonies 

could remain active in the face of inimical land uses around 

their perimeters than could smaller colonies. 

Isolation Analysis 

The three approaches taken to study the effects of 

colony isolation, the distance model, gravity model, and 

isolation coefficient, all used the full inactive colony 

data set. This included the five colonies removed from 

consideration for timber parameter comparisons. 

Distance Model 

The distance from each active colony to its next 

nearest active colony ranged from 0 m (in the case of 

contiguous colonies) to 3320 m; the median distance was 300 

m, and the Q3-Q1 range (the difference between the third and 

first quartiles, or 75th and 25th percentiles) was 330 m. 

The distribution was highly non-normal (Shapiro-Wilk W, n = 

107, p = 0.0001), as illustrated on Figure 25. The distance 

from each inactive colony to the nearest active colony had a 
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similar range (0 to 3500 m) and somewhat higher median 

(372.5 m), but a much larger Q3-Q1 range of 1050 m. The 

distribution of these data is also shown on Figure 25. 

Again, the curve was highly non-normal (n = 60, p = 0.0001). 

A comparison of the two distributions showed them to be 

highly heteroscedastic (variance ratio F test, p = 0.0005). 

Because of the non-normal distributions and 

heteroscedasticity, non-parametric statistical analysis 

techniques were used. The majority of colonies were close 

to their next nearest active colony; 72 percent of actives 

and 53 percent of inactives were within 500 m. However, 32 

percent of inactive colonies were more than 1 km from the 

next nearest active colony, compared to only 7 percent of 

actives. The distributions of distances were found to be 

significantly different, with inactive colonies being 

further away from the next nearest active colony than were 

active colonies (Wilcoxon Rank Sums, p = 0.0151). 

Gravity Model 

The gravity interaction between each active colony and 

its next nearest active colony ranged from 245 to 8.38 

million; contiguous colonies were not considered in this 

analysis since the gravity interaction between them was 

infinite. The median gravity was 20,281, and the Q3-Q1 

range was 146,052. The distribution was highly non-normal 

(Shapiro-Wilk W, n = 103, p = 0.0001). Figure 26 shows the 
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distribution of active and inactive colonies against log 

gravity on the abscissa. The choice of a logarithmic axis 

is merely to illustrate the distributions -- the analyses 

were conducted using the actual gravity values, not log-

transformed values. Also, in the figure, contiguous stands 

(which would have gravity values of infinity) have been 

included; they were assigned a gravity value of 100 million, 

an order of magnitude greater than the largest calculated 

value. The gravity interaction between each inactive colony 

and the nearest active colony had a much lower range (63 to 

973,478) and median (5898), and a smaller Q3-Q1 range of 

68,468. The distribution of these data is also shown on 

Figure 26. Again, the distribution was highly non-normal (n 

= 59, p = 0.0001). A comparison of the two distributions 

showed them to be highly heteroscedastic (variance ratio F 

test, p < 0.0001). The difference in distributions is 

apparent on Figure 26; 58 percent of inactive colonies had 

gravity interactions less than 104, compared to 38 percent 

of active colonies. Conversely, 35 percent of active 

colonies had gravity interactions above 105, compared to 22 

percent of inactive colonies. The difference in 

distributions was significant, with inactive colonies having 

smaller gravity interaction with the next nearest active 

colony than did active colonies (Wilcoxon Rank Sums, p = 

0.0030) . 
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Isolation Coefficient 

Three search radii were used for the isolation 

analysis, 4000 m, 1130 m, and 390 m. The two smaller search 

radii resulted in some colonies having no other colonies 

within the search radius, and therefore an infinite 

isolation coefficient. These colonies were assigned an 

isolation coefficient of 99,999, almost three orders of 

magnitude greater than the next largest coefficient. For 

all three search radii, the sample sizes were 107 (active 

colonies) and 60 (inactive colonies). 

With a maximum search radius of 4000 m the isolation 

coefficient of active colonies ranged from 0.415 to 119; the 

median was 2.11 and the Q3-Q1 range was 2.31. The 

distribution was highly non-normal (Shapiro-Wilk W, p = 

0.0001). The isolation coefficient of inactive colonies had 

a somewhat lower range (0.510 to 45.1) but a higher median 

(3.78), and a much larger Q3-Q1 range of 8.86. Again, the 

distribution was highly non-normal (p = 0.0001). Inactive 

colonies had significantly greater isolation coefficients 

than did active colonies (Wilcoxon Rank Sums, p = 0.0207), 

when the maximum search radius was 4000 m. 

Recruitment stand isolation coefficients ranged from 

1.01 to 109, with a median of 8.62 and a Q1-Q3 range of 

8.84. The range was similar to that for active colonies, 

but the median and Q1-Q3 range were much larger. The 

distribution was highly non-normal (Shapiro-Wilk, p = 
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0.0001). The isolation coefficient was significantly larger 

for recruitment stands than for active colonies (Wilcoxon 

Rank Sums, p = 0.0001). 

Replacement stand isolation coefficients ranged from 

0.11 to 71.4, with a median of 0.959 and a Q1-Q3 range of 

1.48. The range was lower than that for active colonies, 

and the median and Q1-Q3 range were much smaller. The 

distribution was highly non-normal (Shapiro-Wilk, p = 

0.0001). Replacement stands had a significantly smaller 

isolation coefficient than active colonies (Wilcoxon Rank 

Sums, p = 0.0001). 

When a maximum search radius of 113 0 m was considered, 

inactive colonies still had a larger isolation coefficient 

than did active colonies; the median values were 6.71 for 

inactive colonies versus 4.29 for active colonies. The 

distributions of isolation coefficient were significantly 

different (Wilcoxon Rank Sums, p = 0.0234). Nine of the 

active colonies (8 percent) had infinite isolation 

coefficients compared to 23 (38 percent) of the inactive 

ones. When the maximum search radius was set to 390 m, 

there was no significant difference in isolation coefficient 

between active and inactive colonies (p = 0.5965). It 

should be noted that only 14 of the active colonies (13 

percent) and six of the inactive ones (10 percent) had 

finite isolation coefficients. 
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Corridors and Barriers 

The frequencies of occurrence.of barriers and corridors 

between active colonies and the next nearest active colony, 

and between inactive colonies and the nearest active colony, 

are given in Table 17. There were direct corridors from 64 

percent of the active colonies, compared to 67 percent of 

the inactive colonies. 

Table 17. Corridor and barrier contingency table for active 

and inactive colonies 

Corridor Class 
Colony 
Status Direct Indirect Circuitous Barrier Total 

Active 68 26 10 3 107 
Inactive 37 8 2 8 55 

Total 105 34 12 11 162 

The difference between active and inactive colonies was 

in the less direct corridors and in the barriers. Indirect 

or circuitous corridors formed a link to 34 percent of 

active colonies, compared to 18 percent of inactive 

colonies, while there were barriers around only 3 percent of 

active colonies versus 15 percent of inactive colonies. A 

4x2 contingency analysis of the data indicated that the 

frequency of different corridor/barrier classes was 

significantly different between active and inactive colonies 
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(chi-square = 10.70, 0.01 s p s 0.025). Two of the eight 

expected frequencies (or 25 percent) in Table 17 were less 

than 5.0, which exceeded the guideline for the chi-square 

test that fewer than 20 percent of the expected frequencies 

be less than 5.0. The same contingency table was therefore 

analyzed by the log-likelihood method, which yielded similar 

results to the chi-square analysis (log-likelihood with 

small-sample adjustment G = 10.11, 0.01 s p s 0.025). 

Spatial Distribution 

There were 107 active colonies in the study area, in a 

total area of 20,663 hectares of sawtimber (mature and 

immature) and immature poletimber. The area of sparse and 

low-quality timber was not included in this figure. The 

average area of.timber per colony was 193 hectares. When 

restricted to the area of mature sawtimber (8813 hectares) 

this ratio became 82.4 hectares/colony. 

The average center-to-center distance between active 

colonies was 10,705 m, with a minimum of 228 m, and a 

maximum of 24,861 m. The average colony area was 6.5 

hectares, which, if circular, would have a radius of 144 m. 

The average inter-colony distance was thus 74 times the 

average colony radius. 

The join-count method indicated that the nature of the 

spatial pattern depended on the grid size selected. The 

results are summarized on Figure 27. 
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Figure 27. Results of join-count analysis 
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The ratio of "like joins" to "unlike joins," (CC+OO)/CO 

on Figure 27, increased as the grid size was decreased from 

2000 m on a side to 500 m on a side. A value approaching 

zero for the ratio would indicate a uniform pattern, while a 

value of unity would represent a random pattern. The 

minimum ratio over the range of grid sizes considered was 

1.8, while the maximum, at a 500 m grid size, was 4.5, 

indicating a clustered distribution. A logarithmic plot of 

the ratio against the grid size approximated a straight 

line, but extrapolation of the line did not prove useful. 

The equation of the line was 

log(ratio) = 2.395 - 0.65 * log(cell size) 

which, when extrapolated, gave a ratio of 1.0 at a cell size 

of 4800 m. However, when the analysis was performed at that 

cell size, the actual ratio was 4.6, higher than that 

observed at 500 m. The reason for this appeared to be that 

as cell size became very large compared to the study area 

(at this cell size, only 30 grid cells were used), the 

number of cells containing a colony became 

disproportionately large, and most of the joins were between 

colony-containing cells (29 out of 3 9 joins). This finding 

implied that as grid size increased, colonies approached a 

random pattern up to some threshold grid size, above which 

the spatial distribution of colonies again approached a 

clustered pattern. 
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Satellite Image Analysis 

Six topographic sheets at a scale of 1:24,000 were used 

to georectify the Thematic Mapper (TM) satellite image (as 

shown on Figure 13). A total of 48 points that were 

identifiable on the maps as well as on the image were 

selected: ten on each of the San Jacinto, Moore Grove, 

Montgomery, and Shepard Hill quad sheets, five on the New 

Waverly quad, and three on the Willis quad. The second-

order rectification retained 35 of the points with an 

overall root mean square (RMS) error of 0.67 pixels, or 20 

meters. The RMS error in the east-west direction was only 

0.49 pixels (15 m), and in the north-south direction it was 

0.47 pixels (14 m). The number of points retained on each 

quad sheet was six on San Jacinto, eight on Moore Grove, 

five on Montgomery, nine on Shepard Hill, four on New 

Waverly, and all three on Willis. Following rectification 

and cropping with the study area outline, there were 328,126 

pixels covering 29,500 hectares: this represented 83 percent 

of the whole study area. 

The image is shown in false-color infrared on Figure 

28. Lake Conroe is visible running north-south from the 

southern boundary of the study area. Farm-to-market road 

1375 is visible running east-west across the middle of the 

image. Most of the study area is deep red, indicating 

timber. 
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Exceptions are the light areas which are mainly 

seedling/sapling stands and pasture. The 17 percent of the 

study area that is not covered by the image is to the north 

and west of the line bordering the image on the left side. 

Unsupervised Classification 

Statistical clustering was performed on the TM image 

prior to masking with the study area boundary. A final 

merge of clusters, based on the statistical constraints 

used, gave 12 classes from the 15 clusters formed. A 

maximum-likelihood classification algorithm assigned each 

image pixel to one of these twelve classes. The classes 

were assigned to the landcover categories listed in Table 4 

by visual interpretation of the classified image and 

comparison with stand maps. Four landcover categories were 

missing from the unsupervised classification: active 

colonies, mature sawtimber, immature poletimber, and 

vigorous seedling/sapling. The overall accuracy of this 

method, when compared to the stand-map GIS file (Figure 29), 

was 37 percent. When the effects of random agreement were 

removed, the Kappa coefficient was only 18 percent. Since 

active colonies were not identified by this method, no 

further analyses of the unsupervised classification image 

were conducted. 
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Supervised Classification of the Six-Band TM Image 

The supervised classification of the original six TM 

bands using on-screen digitizing of polygons for signature 

extraction (SUPER) gave an overall accuracy of 33 percent 

and a Kappa coefficient of 16 percent. The low degree of 

accuracy was caused by extremely poor separation of the 

signatures, as illustrated on Figure 30. The signatures of 

active colonies, mature sawtimber, immature sawtimber, and 

immature poletimber in each TM band were almost 

indistinguishable. The only (minor) exception was immature 

poletimber, which had slightly higher reflectance in Bands 1 

through 4 than the other three classes. 

The classification using a seed pixel for signature 

extraction (SEED) also gave a 33 percent accuracy, with a 

Kappa coefficient of 18 percent. As with the SUPER 

classification scheme, the signatures were virtually 

indistinguishable. The accuracies of these two supervised 

classifications were essentially the same as those obtained 

through unsupervised classification, even though all 

landcover classes were identified. A comparison of the two 

supervised classifications showed only 51 percent agreement. 

Removing the effects of random agreement, the Kappa 

coefficient between the two was 45 percent. 

The SUPER classification correctly identified only 7 

percent of active colony pixels, while it classified 31 

times as many points incorrectly as active colony pixels. A 
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Figure 30. Spectral signatures from the SUPER 

classification for Thematic Mapper bands 1 (a), 2 (b), 3 

(c) , 4 (d) , 5 (e) , and 7 (f) 

Legend: 

— • — Active colonies 

1 — Mature sawtimber 

Immature sawtimber 

Immature poletimber 
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2x2 contingency matrix of pixels classified as either 

"active colonies" or "not active colonies" versus actual 

pixels that were in those two categories gave an overall 

accuracy of 93 percent. This high value was due to the 

overwhelming effect of the large number of pixels that were 

correctly classified as "not active colony" pixels. Indeed, 

the overall Kappa coefficient was only 1 percent, indicating 

a marginal improvement over randomly assigning pixels to 

either of the classes according to their actual frequency. 

The SEED classification identified 12 percent of active 

colony pixels correctly, while misclassifying 34 times that 

many points as active colony pixels. The overall Kappa 

coefficient was, as with the previous case, 1 percent, 

compared to an apparent accuracy of 89 percent. 

Supervised Classification on Vegetation Index 

Supervised classification of the normalized-difference 

vegetation index (NDVI) image did not attempt to identify 

all landcover types in the study area, so an overall 

accuracy was not determined. The classification accuracy of 

the classes that were identified was probably low, given the 

almost complete lack of separation of the signatures; those 

for active colonies, mature sawtimber, immature sawtimber, 

and immature poletimber are shown on Figure 31. Supervised 

classification on the NDVI image correctly identified 31 

percent of active colony pixels; there were still 27 times 
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this many points misclassified as active colony pixels, 

however. Investigation of the same 2x2 matrix as was used 

with the results of the SUPER and SEED classifications 

indicated an overall accuracy of 80 percent, with a Kappa 

coefficient of 2 percent. When the overall Kappa 

coefficient was subdivided into conditional Kappa values, 

while the accuracy of identifying active colony pixels was 

only 1 percent, the Kappa for "not active colony" pixels was 

15 percent. The actual landcover classes of pixels that 

were identified by this method as active colonies are listed 

in Table 18. Almost half the misclassed pixels were 

actually mature sawtimber, while another third were immature 

sawtimber. The rest were mainly in seedling/sapling or in-

regeneration stands. 

Table 18. Actual landcover classes of pixels classified as 

active colonies in NDVI image 

Actual Landcover Class 

Percentage of 
Total 

NDVI-Actives 

Percentage of 
Misclassed 
NDVI-Actives 

Active colony 
Mature Sawtimber 
Immature Sawtimber 
Immature Poletimber 
Low-quality/sparse Timber 
In Regeneration 
Seedling/sapling 

3 . 
44 . 
32, 
3 , 
1. 
7, 
7 

0 . 0 
46.0 
33 .3 
4 . 0 
1.1 
8 . 0 
7.6 
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The NDVI image gave the best identification accuracy of 

any of the classification techniques used, and the results 

from it were used to assess the accuracy of identifying 

colonies, rather than just colony pixels. There were 76 

active colonies in the image area, the other 31 being to the 

west of the image coverage area. Of these, 18 (24 percent) 

did not have any pixels correctly identified as active 

colony, and 33 (43 percent) had less than half the pixels 

identified. Only 2 (3 percent) were fully identified as 

active colonies, and 6 (8 percent) had more than half their 

pixels identified. Thus, only 11 percent of the active 

colonies could really be considered to be identified (using 

more than half the pixels in a stand as the criterion for 

colony identification). This is a higher percentage than 

the conditional Kappa for active colony pixels, which was 

only 1 percent. Given that probably some pixels within the 

boundary of an active colony would not be dominated by red-

cockaded woodpecker cavity trees, this is perhaps a more 

realistic measure of classification accuracy than just the 

pixel agreement. However, 28 percent of unsuitable stands, 

when their outlines were overlain on the NDVI image, had 

more than half of their pixels erroneously identified as 

active colonies. Approximately the same number, 34 percent, 

of unsuitable stands contained no pixels classified as 

active colonies on the NDVI image. 
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Supervised Classification on Mid-Infrared Ratio 

Supervised classification of the mid-infrared ratio 

(MIRR) image, like the NDVI, did not attempt to identify all 

landcover types in the study area, so an overall accuracy 

was not determined. This method correctly identified 26 

percent of active colony pixels; however, there were 38 

times this many points misclassified as active colony 

pixels. Results of a Kappa analysis were similar to those 

for the NDVI classification; overall accuracy was 76 

percent, while overall Kappa was 1 percent, and the 

conditional Kappa coefficients were 0 percent for active 

colony pixels and 5 percent for "not active colony" pixels. 

Supervised Classification on Composite Ratio Image 

Results of classification with the composite ratio 

image (NDVI and MIRR as a two-band image) were intermediate 

between those of the two single-ratio images alone. 

Supervised Classification on PCA Band 3 

Most of the information in the six reflective bands of 

Thematic Mapper (TM) imagery could be contained in two or 

three principal component bands. The Eigenvalues of the six 

principal components, given in Table 19, showed 85.6 percent 

of total image variation in the first band, 98.4 percent in 

the first two bands, and 99.6 percent in the first three 

bands. The scree plot of these data is given on Figure 32. 
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Table 19. Eigenvalues of the Thematic Mapper image 

principal components 

Principal Variance Variance 
Component Eigenvalue ( % ) (Total %) 

1 900.55 85.61 85.61 
2 134.10 12.75 98.36 
3 13 .25 1.26 99.62 
4 1.94 0.18 99.80 
5 1.44 0.14 99.94 
6 0.63 0.06 100.00 
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Figure 32. Scree plot of Thematic Mapper principal 

components 
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The breakpoint in the curve occurs around the third 

principal component (PC-3). The first principal component 

(PC-1) was a measure of the overall brightness of the image, 

as indicated by the positive loadings from each TM band in 

the Eigenvectors, Table 20. Principal component 2 (PC-2) 

contained the contrast between TM Band 4 and the rest of the 

reflective bands, and was thus a measure of the chlorophyll 

content (sometimes called "greenness") of the image. PC-3 

showed the contrast between Band 5 and the rest of the 

reflective bands, indicating the leaf turgidity, or 

vegetative water content, of the image. The remaining PC 

bands contained little information and much of the image 

noise. 

Table 20. Eigenvectors of the Thematic Mapper image 

principal components 

Principal Component 

TM Band 1 2 3 4 5 6 

1 0 . . 09 -0 . .16 0. .56 -0 . .31 0 . .74 -0. .13 
2 0 . . 08 -0. .11 0. .37 -0 , .13 -0. .21 0 . . 89 
3 0, .13 -0 , .26 0, .59 -0. .04 -0. .61 -0. .44 
4 0. .53' 0, . 81 0. .21 0. .10 -0. . 01 -0. .02 
5 0, .78 -0, .37 -0. .39 -0, .33 -0. .02 0. .00 
7 0 . .28 -0 , .32 0. .88 0. .88 0. .19 0 . . 06 
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Band PC-3 was extracted from the principal components 

image for supervised classification. However, the overall 

accuracy was very poor: for example, no active colonies were 

identified, despite having a signature specifically 

extracted, and much of the water in Lake Conroe was 

classified with immature poletimber. No further analyses 

were conducted with this data set. 



CHAPTER 5 

DISCUSSION 

Timber Properties 

The Raven Ranger District of the Sam Houston National 

Forest is an example of a forest managed under the 

requirements of the Multiple Use-Sustained Yield Act of 

1960. Of the 28,046 hectares of United States Forest 

Service (USFS) land within the district, 43 percent was 

composed of red-cockaded woodpecker foraging stands, 11 

percent contained key wildlife areas, 6 percent was in red-

cockaded woodpecker colonies, recruitment stands, and 

replacement stands, and 5 percent was designated 

wilderness. 

Loblolly pine was the dominant tree species, covering 

83 percent of the USFS land. While the requirement for 

heartwood-decayed trees for the woodpeckers' cavities does 

not seem absolute, in studies conducted in Texas (Conner 

and Locke 1982) and Mississippi (Jackson 1977) essentially 

all cavity trees in loblolly pine were found to be infested 

with heart-rot fungus. In the Raven District, then, it 

seems likely that most cavity trees have Fomes pini 

infestations; furthermore, loblolly pine without heart-rot 

may not be as readily used by red-cockaded woodpeckers as 

146 
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pines with decaying heartwood. Benefits will therefore 

probably be gained from artificial cavity construction. 

Red-cockaded woodpecker colony sites on the Raven 

District were, as in other forests within the bird's range, 

in relatively mature stands of sawtimber, averaging 72 

years of age, with a minimum of 51 years. The lack of 

mature timber may be a problem in other forests, but in 

this project's study area there were 18,650 hectares of 

pine sawtimber exceeding that minimum age, and 4464 

hectares older than the average colony stand. Even the 

smaller figure is more than six times the total area of 

existing active colonies. 

There was a correlation between the age of a stand and 

the pine sawtimber diameter at breast height (PNSTDBH); 

older stands had larger-diameter trees. However, the 

correlation coefficient was fairly low (0.37), indicating 

that by no means all the variation in size was correlated 

with age. This was expected, since different stands, in 

different locations, will have different growth rates. 

None of the eight timber parameters recorded by the 

USFS in the district database (PNPTBA, PNSTBA, HWPTBA, 

HWSTBA, PNPTDBH, PNSTDBH, HWPTDBH, and HWSTDBH -- these 

acronyms are defined in Table 3) showed any large degree of 

autocorrelation, demonstrating that the parameters were 

selected well to avoid data redundancy. The consequence of 

this was that analyses of timber parameters considered all 
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eight; reduction of data dimensionality by principal 

components analysis was not possible. 

Comparison of active and inactive colonies 

Active colonies were larger than inactive ones, on 

average by 82 percent. They also had larger configuration 

and tortuosity indices, but these may have been caused by 

the amount of detail included when the stand maps were 

digitized: generally, the longer the boundary, the more 

closely irregularities are followed by the person 

digitizing. The only other significant difference between 

active and inactive colonies in terms of timber parameters 

was HWSTBA: inactive colonies had more hardwood sawtimber 

basal area than active ones. It seems likely that a major 

cause of colony inactivation was hardwood encroachment. 

Hardwood poletimber and total hardwood basal areas were not 

significantly different between the two colony types, 

indicating that larger hardwoods (the sawtimber, not 

poletimber) were the ones that caused inactivation. The 

literature reports abandonment of cavities when hardwood 

midstory approaches cavity height, generally between 6 and 

15 m (e.g., Hooper et al. 1980), which would seem to be 

within the height range of poletimber as well as sawtimber. 

The Raven District digital database did not contain 

information on cavity height; it might be that cavities in 

the study area were at the high end of the reported range. 
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Comparison of active colonies and unused sawtimber 

Active colonies were significantly different from 

unused sawtimber stands in almost every parameter studied. 

Unused stands were larger, which was not surprising, since 

colony stands were small patches identified and 

specifically delineated within a matrix of sawtimber. The 

configuration index (CI) was significantly larger in unused 

sawtimber stands: this may have been due solely to the 

larger area, but pairwise comparisons holding areas the 

same (or, rather, not significantly different), still 

showed unused stands with larger CI values. If this was, 

indeed, statistically significant, what was the ecological 

significance? Edge effects are commonly cited as a 

negative factor for forest-dwelling birds (e.g. Whitcomb et 

al. 1981), generally because of competition from generalist 

"edge species" or brood parasitism by brown-headed cowbirds 

(Molothrus ater). However, the species that compete most 

strongly for nest cavities with red-cockaded woodpeckers 

are also obligate, or at least primarily, forest species, 

such as pileated woodpeckers (Drvocopus pileatus) and 

flying squirrels (Glaucomvs volans) (Walters 1991). 

Furthermore, no reports of cowbird parasitism on red-

cockaded woodpeckers were found in the literature. Another 

possibility was that the birds were inhibited by large 

amounts of edge, but the common presence of active cavity 

trees at the edge of stands, close to roads and other 
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openings, and the birds' preference for open, airy, stands, 

made this unlikely. If there was an ecological 

significance to the smaller CI around active colonies it 

may have been that more edge allowed invasion by hardwoods, 

which is a deterrent to colony formation or maintenance. 

However, attempts to show relationships between CI (and 

also tortuosity index, TI) and hardwood basal area were not 

successful. Although some of the regression models were 

highly significant, the r2 values were extremely small, and 

the significance was probably a consequence of the large 

sample sizes. These were examples of Manfred Eigen's 

observation (quoted in Balon and Bruton 1986) that: 

A theory has only the alternatives of being right 

or wrong. A model has a third possibility: it 

might be right but irrelevant. 

The differences in basal areas between active colonies 

and unused sawtimber stands were both statistically 

significant and ecologically significant. Red-cockaded 

woodpeckers will not use stands that are too heavily 

stocked. Median pine and total basal areas in active 

colonies were 73 and 83 ft2/acre, respectively, compared to 

82 and 96 ft2/acre in unused stands. These numbers should 

be read in light of the USPS recommendation to thin colony 

sites to 50 to 80 ft2/acre (USFS 1985) . Hardwood basal 

area medians were 7 and 11 ft2/acre in active and unused 

stands, respectively, while the USFS recommendation is for 
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20 ft2/acre or less of hardwoods. While data from the 

Raven District supported the USFS recommendations for total 

basal area, they did not agree with those for hardwood 

stocking. This indicated that using only the CISCII 

database parameters for determining stand suitability would 

be unsuccessful. This was indeed the case, as the results 

of the suitability analysis demonstrated. 

Stand suitability 

It was possible to identify visually stands of timber 

suitable for colony use. It was not possible to derive a 

discriminant function from timber parameters that allowed 

identification of stand suitability with any great degree 

of accuracy. The apparent separation of suitable and 

unsuitable stands when their distributions were plotted 

against total basal area (Figure 22) was misleading: the 

values on the ordinate of the plot were percentages of the 

stands (either suitable or unsuitable) that fell within 

each basal area range on the abscissa, not the number of 

stands nor the proportion of stands within the range that 

were suitable or unsuitable. Classification into one or 

the other class was accurate when basal areas were below 80 

ft2/acre (the USFS-recommended maximum basal area): 94 

percent of the stands that sparsely stocked were suitable. 

Finding a total basal area under 80 ft2/acre in the 

database would indicate a suitable stand with a 94 percent 
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accuracy. However, above 100 ft2/acre, only 52 percent of 

the stands were unsuitable; above 110 ft2/acre, 50 percent; 

and above 120 ft2/acre, only 33 percent. Relatively dense 

stocking, as recorded in the database, was not a good 

predictor of stand unsuitability. 

Looking at suitability with regard to midstory against 

hardwood basal area (Figure 23) gave perhaps more useful 

results at the upper end of the range. Below 5 ft2/acre, 

86 percent of stands were suitable; above 20 ft2/acre (the 

USPS-recommended maximum hardwood basal area), 79 percent 

were unsuitable. Between 5 and 20 ft2/acre, within the 

permissible USFS range of values, only 60 percent of the 

stands were visually assessed to be suitable. This 

indicates that either the suitability assessment was unduly 

pessimistic or that the USFS range is too high. 

Figure 33, hardwood basal area versus pine basal area, 

is a copy of Figure 24 with two lines added. Line A had 

the equation: HWBA = 45.5 - 0.5 * PNBA. Below and to the 

left of it, 86 percent of the stands were suitable. Line 

B had the equation HWBA = 64 - 0.533 * PNBA. Above and to 

the right of it, 86 percent of the stands were unsuitable. 

Thus, determining stand suitability from the database was 

possible for the extremes of basal area; in the middle of 

the range, the database was not very useful. Almost half 

of the sawtimber for which there were basal area data was, 

however, in one or the other of the extreme regions. 
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Figure 33. Suitable and unsuitable stands shown on 

crossplot of hardwood basal area versus pine basal area 

with upper and lower bounds marked 
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Approximately 17 percent of the sawtimber was below and to 

the left of line A on Figure 33: assuming 86 percent 

accuracy, 15 percent of the sawtimber in the study area 

would be suitable. This figure was twice the 8 percent 

determined visually during the stand suitability 

assessment. It still suggests, though, that the 

woodpeckers are using the great majority of available 

habitat. 

Spatial Analysis 

All the spatial analyses, with the exception of the 

spatial distribution of active colonies, considered 

differences between active and inactive colonies. Midstory 

encroachment and death of cavity trees are generally 

considered to be the causes of colony inactivation. The 

analyses conducted during this research and discussed here 

attempted to show landscape characteristics that may also 

contribute to colony abandonment or that may inhibit 

recolonization. 

Surrounding habitat types 

Larry Harris, in his landmark book The Fragmented 

Forest (1984), described forest ecosystems in terms of 

island biogeography. He discussed the importance of 

buffers of long-rotation stands around remaining patches of 

old-growth forest to serve a number of functions: providing 
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replacement habitat as the relict patch dies, providing a 

buffer against extreme weather conditions and fire, 

increasing the effective size of the relict patches, 

shortening corridors between patches, and reducing the 

border with inimical land uses. With the exception of 

preventing fire, which is a positive factor shaping red-

cockaded woodpecker habitat by controlling hardwoods, all 

these functions would apply to this study area. 

Replacement stands, adjacent to existing colonies, are 

already being provided by USFS. The loss of cavity trees 

by catastrophic mortality is to be avoided where possible, 

given the time required to excavate a new cavity, and wind 

damage has been identified as one of the major causes of 

cavity tree mortality (the other major cause was bark 

beetle infestation, Conner et al. 1991a). Increased 

effective size of a patch may be a positive factor, since 

this study found inactive colonies to be smaller than 

active ones. The effects of corridors and inimical 

neighboring land uses are discussed here. 

Active and inactive colonies showed a marked 

difference in inter-colony connectivity, with inactive ones 

much more likely to have circuitous corridors or barriers 

between them and the nearest active colony than were active 

ones. The lack of dispersal corridors may be a factor 

inhibiting maintenance of colony activity by, for example, 

reducing the probability of dispersing females finding 
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single-male colonies. Neighboring land use also appeared 

to be a factor that contributed to a colony's status. 

Inactive colonies were more likely to share a common 

boundary with the open landuse category, pasture and water, 

than active colonies were. However, when seedling/sapling 

stands were included in the open category, there was no 

statistical difference between the colony types. Red-

cockaded woodpeckers do not generally use seedling/sapling 

stands for forage (Conner et al. 1991b) and they therefore 

probably have little use as corridors, but apparently they 

do not constitute an inimical neighboring landuse. 

Colony isolation 

Inactive colonies were more isolated than active 

colonies by all three of the measures used in this study. 

Inactive colonies were further away from, and had smaller 

gravitational interaction with, the nearest active colony 

than did active colonies. The average distance between 

adjacent active colonies was 444 m; this value is 

comparable to the 500 m average found by Lay and Russell 

(1970) in two other forests in Texas. There was a much 

larger range of inter-colony distances than reported by Lay 

and Russell (0 to 3320 m compared to 360 to 825 m) but this 

may be due to the larger area considered in this study. 

The mean distance between inactive colonies and their 

nearest active colony was 74 percent larger than that for 
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active colonies. The difference in inter-colony distance 

was significant (Wilcoxon Rank Sums, p = 0.0151), but the 

difference in gravity was even more so (p = 0.0030), 

indicating that the area of a colony, as well as its 

distance from other colonies, contributed to its status as 

active or inactive. 

The isolation coefficient of inactive colonies was 

larger than that of active colonies for the two larger 

search radii used (4000 m and 1130 m). At the 390 m 

radius, there was no difference: this distance was greater 

than the median distance measure for both active and 

inactive colonies, so over half the colonies in both 

categories had infinite isolation indices, making 

differences between the two distributions harder to detect. 

Conner and Rudolph (1991) found a significant difference in 

the number of colonies within 2000 m between single-male 

colonies and active-pair colonies. A single-male colony, 

while still considered active, has great potential for 

becoming inactive without other birds present either to 

form a breeding pair with him or to assume the territory 

when he dies. 

Replacement stands had significantly smaller isolation 

indices than active colonies, which was expected since they 

are, by definition, close to active colonies. Recruitment 

stands had significantly larger isolation indices than 

active colonies. They are selected by USFS to fill in 
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territory that is currently unoccupied, so the larger 

indices were expected. This may have consequences on the 

usability of the stands, however. If isolation increases 

the likelihood of colony de-activation or inhibits re-

colonization, recruitment stands may not be as successful 

as hoped. If isolation only inhibits re-colonization, then 

artificial stocking of recruitment stands with pairs of 

woodpeckers may be successful. 

Spatial distribution 

In the study area there was, on average, one colony 

per 82 hectares of mature sawtimber, or per 221 hectares of 

usable forested land (all USFS property less seedling/ 

sapling stands and non-forested tracts). Lay and Russell 

(1970) found average areas per colony of 27 hectares on the 

Angelina National Forest and 68 hectares on the Fairchild 

State Forest, both in East Texas. The larger spacing on 

the Raven indicated either poorer-quality habitat or poor 

utilization of habitat by red-cockaded woodpeckers. The 

results of the suitability analysis indicated that, without 

habitat management, the lack of quality habitat could be a 

limiting factor: birds appeared to be using most of the 

suitable habitat. If the habitat-quality model for 

cooperative breeders is correct (Stacey and Ligon 1987), 

this may have always been the case, suggesting why the red-

cockaded woodpecker evolved cooperative breeding behavior. 
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Clearly, the potential for population increase through 

habitat management is great. The study area, the western 

part"of the Raven Ranger District, contained a large area 

of potential habitat. Replacement and recruitment stands 

occupied 680 and 223 hectares, respectively, for a total of 

903 hectares of managed red-cockaded woodpecker habitat; 

this was approximately 130 percent of the total area of 

existing active colonies. If all were converted to active 

colonies, the total number would become 314 (assuming no 

loss of current active colonies), and the average forested 

area per colony would be 75 hectares, slightly higher than 

the range reported by Lay and Russell (1970). This number 

is close to the dense end of the management goal range in 

the Recovery Plan (USFWS 1985) for populations over 250 

colonies of 80 to 160 hectares per colony. 

When considering colony density goals, it should be 

noted that colony distribution is not uniform within the 

study area. Such variability must be at least partly 

associated with habitat quality differences. The 

distribution of colonies, as measured by the join-count 

method, was clustered, and it became more clustered as the 

spatial resolution of the analysis increased. At a grid 

size of 500 m, close to the average distance between 

neighboring active colonies (444 m), the ratio of like to 

unlike joins was 4.5, compared to 1.0 for a random 

distribution. (At a grid size of 2000 m, that ratio was 
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1.8, much closer to the random figure, indicating the 

importance of picking an appropriate spatial scale for 

analysis.) It was not possible to assess the distribution 

pattern of suitable habitat for comparison, since there was 

little unused habitat that was suitable. If such an 

analysis were possible, it might indicate whether 

clustering is solely a function of habitat distribution or 

whether there is a behavioral component. The greater 

degree of isolation in inactive colonies suggests the 

latter. 

Image Analysis 

The rectification of the study image was successful, 

as could be seen by overlaying stand boundaries from the 

stand-map database on the image. Boundaries between 

different types of land cover, such as forested and 

pasture, or more mature timber and seedling/sapling stands, 

were visible on the image and were followed by the 

digitized line data. This allowed for confidence in the 

location of training areas selected for signature 

extraction. However, the signatures themselves, whether 

extracted from the raw bands, band ratios, or principal 

component bands, were not unique for the different forest 

classes. The lack of good separation of spectral 

signatures was described in Chapter 4 and shown on Figures 

30 and 31. 
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Part of the problem might have been that the image was 

captured in September, when none of the trees were growing 

with any great vigor. It had been hoped that mature trees, 

particularly those with diseased heartwood, would have 

distinct signatures compared to more rapidly growing trees. 

It is possible that in a spring image this difference in 

vitality may be discernable. To distinguish between 

suitable stands and those that were unsuitable because of 

hardwood encroachment would require measurement of 

reflective EMR from the midstory. This may not be possible 

beneath a crown of conifers, but, again, in spring, when 

hardwoods are typically easier to distinguish from pines, 

and in open stands such as those preferred by red-cockaded 

woodpeckers, it may be feasible. I believe a possibility 

exists for further work in this area. 

Colonies that changed status 

There were six inactive colonies that were re-

classified as active after the cutoff date for this study, 

and four active colonies that became inactive. While this 

is hardly an adequate sample size for verifying conclusions 

drawn during the study, I thought it might be instructive 

to determine whether they would be predicted to be more 

likely to change status than other colonies. The values of 

selected factors (those found to be important in 

determining colony status) were compared to the median 
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values of those factors in colonies of the same pre-change 

status. For re-activated colonies, these values were 

compared to median values in inactive colonies; for the 

newly-inactive colonies, they were compared to median 

values in active colonies. In each case, a score of 1.0 

was given when a value was different from the median in the 

direction found in colonies in the new status. For 

example, if a reactivated colony had an age greater than 

the median age of all inactive colonies, it would be given 

a score of 1.0. Likewise, if its isolation coefficient was 

less than the median for inactive colonies, it would again 

be given a 1.0 score. If the value was equal to the median 

a score of 0.5 was given. The "percent open" neighbor 

category, in which mean values were used in place of 

medians, and the nominal variable of "corridor class," 

where the median was assumed to be between direct and all 

other classes, were included only for illustration. They 

could not be used in subsequent analysis because they were 

assessed differently from the other factors. 

The results for reactivated colonies are given in 

Table 21. The total score was 33.5. If the colonies were 

randomly selected inactive colonies, then for each factor 

half of them would be expected to be above, and half below, 

the median. They would, then, follow a binomial 

distribution with equal probabilities of 0.5. The actual 

value was significantly different from that expected from 
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random inactive colonies (one-tail C = 14.5, n = 48, 0.005 

< p < 0.01). Interestingly, if a score of 1.0 was given 

only if a value was on the "right side" of the active 

colony median (i.e. the status into which the colonies 

changed) the total score only dropped by 3.5, to 30. Thus 

most of the factors were not only in the more-favorable 

half of inactive colonies, they were also in the more-

favorable half of active colonies once colony status 

changed. 

A similar score count for colonies that became 

inactive is given in Table 22. The total score was 23, 

which was not significantly different from that expected 

from randomly selected active colonies (one-tail C = 13, n 

= 36, p = 0.1). However, one stand, 4303, scored a zero on 

all factors except area. If that stand was removed from 

consideration, the difference was significant (one-tail C = 

5, n = 27, 0.0025 < p < 0.005) . It was interesting that 

4303 was contiguous with active colony 4330, so it may not 

have become truly inactive, it may just have merged with 

the adjacent colony. 

It seemed from these analyses that the best predictors 

of inactive colonies likely to become reactivated were 

total basal area, distance, gravity, and corridor class. 

Percent open land, despite a score of five out of six, was 

not considered a good indicator since almost all colonies, 

active and inactive, had no open land bordering them; thus 



165 

CQ 
a) 

•H a 
o 
i—i 
o 
a 

a) > 
- H 
-U 
O 
as 
a 

s 
a) 
a 

M-» 
o 
CQ 
a) 

o 
a 
CQ 

a 
o 
CQ 

•H 

05 % 
O 
U 

C N 
O J 

(D 
i—I 
XI 
05 
Eh 

• CQ 
U CQ 
iH Cd 
O rH 
U a 

a 
(Ao a) 

a 
o 

cd 
4-> 
o 
E-» 

• o 
MH ro 
4-1 H 
<u H 
o 
u 
f-H o 
O o 
CQ o 
H ^ 

4J 
•H 
> 05 
U 
o 

a) 
u 
a 
cd jj 
CQ 

•rH 
Q 

En 
O 

cd H 
a) 

as 
CQ 
cd 
PQ 

cu 

0) 

*3 

cd 
a) 
*h 

jj 
•rH 
g 

H O O 

O O O O 

t> CO H [> 

H H O H 

H H O 

H H O H 

H t—I O H 

H H O O 

O H O O 

O O O H 

H H H 

ro t> ro Lf) 
MMOH 
H o\ ro ^ 
ro ro ^ if) 

OJ >1 OJ a a) 
0 > 
rH -rH 
0 4J 
U U 

cd 
d) 

<D 
o •P 

•P 
4J OJ 
cd a 3 
43 cd rH 
4J 43 cd 

4J > 
CQ 

ro 0) a 
CM J-> <u cd 

cd rH •H 
U i—1 •d 

-H cd <u 
'd B 6 
a CQ >1 

CQ a 
ro H cd 0 ro £ rH 

0 
0 a) o 

3 
<D H a) 
U cd > 
0 > -H ro U -P 
CQ >1 U a cd 
Cd <D 0 

3 rH <U 
rH 0 43 

fl cd o •P 
a) > 

ro & <D 0 ro o a 43 4J 
cd •P 

dp •rH i—I T5 •P cd 
TJ a) cd a a B 43 & 
cd •P a) >. a CQ CQ ro CQ 0 a> cd 
•U rH •p £ 
fl 0 cd 
a) u u <D 
-H •H 3 u a) i—i 

> fl cd 
•H •H > 

4-1 •P 
0) U rH >1 
0 cd G <N u 4-1 0 

a) 0 i—i a .S 0 
0 4J <D u 
•H U 

4J a 0 a) ro (d cd V 

rH 43 CQ a) 
0 -U 3 
CQ cd rH 4-> 
H M cd cd 

<D V. > 43 H •» >1 4J 
a) -P fl u cd -rH cd CQ 

rH > •rH (U 
cd cd TJ 4-) 
4J CQ u <u cd 
CQ cd O e o 

H •H s •H 
Q T5 >1 

a) a a a 
«. 3 cd 0 •H 

CQ rH i—i 
cd cd 0 LO 
a) > <d o • 

u o 
< C 

MH 
rH 0 
cd cd 
CQ <D 0) 
cd u M 

rH PQ 0 
cd U 
•P u u CQ 
0 0 0 
E-» fo fa 



166 

almost all colonies had a value of zero for this indicator. 

Stand area, hardwood basal area, and all four of the 

isolation measures appeared to be good indicators for 

abandonment of active colonies. Of course, other factors 

may override these; death of cavity trees by bark beetle 

infestation would cause inactivation, and excessive 

hardwood midstory in an inactive stand would prevent 

reactivation, despite any other positive values. However, 

I feel this approach is a valid one for screening stands 

for habitat management. A threshold score of 6.5 out of 9 

might indicate higher probability of status change than a 

score below that. 



CHAPTER 6 

CONCLUSIONS AND SUMMARY 

Red-cockaded Woodpecker Habitat 

In the area studied for this research, red-cockaded 

woodpeckers appeared to be using most of the habitat that 

was suitable. There was no shortage of timber of adequate 

age to support a larger population of birds, but the 

majority of sawtimber was too densely stocked, or had 

excessive hardwood midstory, or both. It was possible, to 

some extent, to predict suitability from basal area 

measurements in the United States Forest Service (USFS) 

database; prediction would be most successful at either the 

high end or low end of the stocking density range. 

Colonies that bordered open land use types, in this 

study defined as pasture and water, were more likely to be 

inactive than active. The amount of recently stocked 

forest surrounding a colony did not seem to be a factor in 

determining colony status, even though this forest class is 

not used for nesting or roosting, nor is it generally used 

for foraging. 

Isolation did seem to be a factor affecting a colony's 

status. Inactive colonies were further from other 

colonies, and had smaller gravitational interaction with 
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them, than active colonies. In addition, the isolation 

coefficient of inactive colonies was higher than that of 

active colonies when search radii of 1130 m and 4000 m were 

considered. Recruitment stands had higher isolation 

coefficients than active colonies, which may have 

implications for future management of the forest for red-

cockaded woodpeckers. Active colonies were more likely to 

be connected to other colonies by well-defined corridors 

than were inactive colonies. This finding agreed with the 

principle, discussed at length in conservation biology 

literature, of providing corridors in fragmented habitats. 

These corridors may be essential for colonization of 

habitat patches and therefore maintenance of active colony 

status in the face of resident bird mortality. Active 

colonies in the Raven District were highly clustered; it 

was not possible to determine whether this was solely due 

to habitat patchiness or whether there were behavioral 

reasons also. 

Project Methodology 

A geographic information system (GIS) was an 

appropriate tool to use in managing and analyzing the USPS 

forestry database for the Raven District. Advantages of 

using a GIS over hand-drawn maps and a separate attribute 

database included ease of data maintenance, error checking, 

and information update. Display of current forest 
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conditions was also straightforward and relatively rapid. 

It was also possible to conduct complex data analyses 

within the GIS package, and with a small amount of effort, 

through interfaces to other software packages and 

programming languages. 

Analysis of remotely-sensed imagery of the study area 

was not successful, possibly because of the time of year 

the image was taken (fall). It is possible that a spring 

image would give more satisfactory results. It was 

possible to combine line data from the GIS with image 

files: this procedure will be easier with the newer version 

of the GIS package, which was not available for this study. 

Future of the Red-cockaded Woodpecker 

Suitable red-cockaded woodpecker nesting habitat is 

scarce, and what habitat is available is highly fragmented. 

The birds are susceptible to catastrophic habitat loss; 

recovery of a niche-specific species to such events as 

hurricanes, massive fires, or disease-induced habitat 

dieoff depends on the mobility of individuals, the 

availability of alternative resources outside the affected 

area, and the rapid recovery of the area. The red-cockaded 

woodpecker is mobile, but only within suitable habitat; 

while food might be available outside existing territories, 

few roost sites are; and growth of a new cavity tree is not 

a rapid process. Alternative colony sites must be provided 
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to avoid large losses of breeding birds in the face of any-

catastrophic habitat loss. Furthermore, even normal rates 

of habitat loss must be compensated for with management of 

replacement colony sites. This research suggests the 

importance of considering spatial characteristics of 

potential replacement habitat patches, in addition to the 

known factors such as basal area stocking density and 

midstory control. 

Summary 

Geographic information systems (GIS) technology was 

used to create and manage a database of stand properties of 

the western part of the Raven Ranger District of the Sam 

Houston National Forest, Texas. Numerous statistical and 

spatial analyses were conducted on the database to 

determine what factors were influencing habitat use by the 

endangered red-cockaded woodpecker. These factors included 

both stand structural characteristics and spatial 

relationships among stands. 

It was determined that most of the suitable habitat in 

the study area was already being used by red-cockaded 

woodpeckers for nesting colonies. The rest of the forested 

area was largely unsuitable because of dense basal area, 

presence of hardwood midstory, or both. There was a great 

potential for increase of suitable habitat: stands managed 

by the Forest Service to encourage new colony formation 
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would more than double the amount of area available to the 

birds. If all the stands being managed were occupied, the 

population of red-cockaded woodpeckers would exceed the 

goal of 250 breeding pairs mandated in the species' 

Recovery Plan. There appeared to be adequate foraging 

habitat to support this population. 

Active woodpecker colonies differed from inactive 

colonies in a number of landscape characteristics. They 

were larger and closer to other active colonies, had 

greater gravitational interaction with other active 

colonies, and had lower isolation coefficients than 

inactive sites. There was a greater incidence of open 

(non-forested) land around inactive colonies than around 

active ones, and active colonies were better connected to 

other colonies through corridors than were colony sites 

that had become inactive. 

Analysis of satellite imagery was not successful as a 

means of identifying suitable red-cockaded woodpecker 

nesting and roosting habitat. It is possible that the lack 

of success was because the image was captured in fall, when 

spectral distinction between pines and hardwoods is small. 

If so, a spring image might give better results. 

Analysis of colonies that changed status following the 

cutoff date for this study appeared to substantiate that 

there are landscape characteristics which differ between 

active and inactive colonies, and that these 
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characteristics could be good predictors of status change. 

Thus, the results of this study were not only descriptive 

of landscape-scale preferences of the red-cockaded 

woodpecker, but could be used in management of the species. 
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LIST OF AIR PHOTOS USED IN STUDY 

Obtained from: 
USDA-ASCS-Aerial Photography Field Office 
P.O. Box 3 0010 
Salt Lake City, UT 84310-0010 

State-County Code : 61813V 

LINE 1 : 688-187 to 688-192 

LINE 2 : 688-195 to 688-199 
688-200 to 688-202 

LINE 3 : 688-205 to 688-209 
1088-158 to 1088-160 

LINE 4 : 788-2 to 788-9 

LINE 5 : 1088-180 to 1088-185 
1088-145 to 1088-148 
1288-107 to 1288-108 

LINE 6 : 788-23 to 788-32 

LINE 7 : 1088-127 to 1088-134 

LINE 8 : 788-48 to 788-49 

Date 

April 25 1988 

April 26 1988 
April 25 1988 

April 26 1988 
May 10 1990 

April 26 1988 

May 10 1990 
May 10 1990 
April 30 1991 

April 25 1988 

May 10 1990 

April 26 1988 
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DATA DICTIONARY FOR STAND DATABASE 

United States Forest Service line data: 

Projection: State Plane 

FIPS Zone: 4203 

Geo of false East, North: -100:20:00.000, 29:40:00.000 

False Easting, Northing: 2000000,0 

Ellipsoid: Clarke 1866 

Map extent (ft) 
X minimum 
X maximum 

3401899.767 Y minimum : 285782.225 
3600375.983 Y maximum : 475880.717 
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United States Forest Service CISCII attribute data: 

Line 1 
COMPARTMENT 
STAND 
LAND CLASS CODE 
UNDERSTORY CODE 
FOREST TYPE CODE 
SITE INDEX AND PRODUCTIVITY CLASS 
CONDITION CLASS 
ACRES 
INCLUSION ACRES - 1 
INCLUSION ACRES - 2 
METHOD OF CUT CODE 
AGE YEAR CODE 
WILDLIFE SPECIES CODE 
HDMT BA 
MANAGEMENT TYPE CODE 
SITE INDEX SUFFIX CODE 
NET TMT 
CULTURAL TREATMENT NEEDED — 1 through 4 
DATE WORK PERFORMED —I 

Line 2 
PINE POLETIMBER BASAL AREA 
PINE SAWTIMBER BASAL AREA 
HARDWOOD POLETIMBER BASAL AREA 
HARDWOOD SAWTIMBER BASAL AREA 
PINE POLETIMBER DIAMETER AT BREAST HEIGHT 
PINE SAWTIMBER DIAMETER AT BREAST HEIGHT 
HARDWOOD POLETIMBER DIAMETER AT BREAST HEIGHT 
HARDWOOD SAWTIMBER DIAMETER AT BREAST HEIGHT 
REGENERATION AND FISCAL YEAR CODES 
MANAGEMENT AREA 
ANALYSIS AREA 
ARCHAEOLOGICAL HISTORIC CODE 
VISUAL QUALITY OBJECTIVE CODE 
RECREATION OPPORTUNITY SPECTRUM CODE 
SOIL EMU 
LOCAL USE 1 through 4 

Line 3 
REMARKS 
DOCUMENT DATE 
FILE CODE 

For details on the meaning of each code, see: 

United States Forest Service. Silvicultural Examination and 
Prescription Field Book. USFS Southern Region, 
Atlanta, Georgia, USA. 
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Project line data: 

Projection: Universal Transverse Mercator 

Zone: 15 

Units: meters 

Ellipsoid: Clarke 1866 

Map extent (m): 
X minimum : 230323.781 Y minimum : 3369710.75 
X maximum : 258617.641 Y maximum : 3391708.50 

ARC/INFO coverage name : RAVSTANDS5 
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Project attribute data: 

ARC/INFO polygon attribute table file name : RAVSTANDS5.PAT 

AREA : polygon area (calculated internally by ARC/INFO) 
PERIMETER : polygon perimeter (calculated internally by 

ARC/INFO) 
RAVSTANDS5# : internal record identifier (determined by 

ARC/INFO) 
RAVSTANDS5-ID : internal polygon identifier (determined by 

ARC/INFO) 
COMPARTMENT 
STAND 
UNIT : unique code assigned to each polygon, comprising 

Compartment number and stand designator 
LCLASS : land class code 
LANDCLS : modified land class code to reflect inclusions, 

inholdings, uninventoried lands, etc. 
FORTYPE : forest type code 
CONDCLS : condition class 
AGE : age year code 
PNPTBA : pine poletimber basal area 
PNSTBA : pine sawtimber basal area 
HWPTBA : hardwood poletimber basal area 
HWSTBA : hardwood sawtimber basal area 
PNPTDBH : pine poletimber diameter at breast height 
PNSTDBH : pine sawtimber diameter at breast height 
HWPTDBH : hardwood poletimber diameter at breast height 
HWSTDBH : hardwood sawtimber diameter at breast height 
STAND_COND : text version of CONDCLS 
AGE_YRS : age in years version of AGE 
CODENUM : temporary variable, used in specific data 

manipulations 
CONF_INDEX : configuration index 
OUTPOLY : temporary variable, used in specific data 

manipulations 
PNBA : pine basal area (PNPTBA + PNSTBA) 
HWBA : hardwood basal area (HWPTBA + HWSTBA) 
TOTBA : total basal area (PNBA + HWBA) 
STANDCHECK : identifier of stands used in suitability 

analysis 
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