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ABSTRACT 

The biogeography and ecology of P. balfouriana, a subalpine conifer 

endemic to California, were studied. Direct gradient-analysis, classification, and 

ordination were combined to identify the primary factors controlling the tree 

community in the southern Sierra Nevada. Competition, disturbance, and 

temperature were inferred as the most important factors regulating the tree 

community. Pinus balfouriana responded strongly to variation in soil drainage, 

disturbance, and temperature. 

15 

Wildfire was the most important chronic disturbance agent in southwestern 

Inyo National Forest. Stochastic models of wildfire probability in space and time 

were developed. Evidence of thunderstorm genesis zones in the vicinity of 

Overlook Mountain and Ball Mountain in the Golden Trout Wilderness was 

found. A gradient in wildfire ignition probability was identified. Wildfire ignition 

is most likely at 2700 m elevation on submesic sites. Wildfire return interval is 

long enough to permit the coexistence of P. balfouriana and P. murrayana; and, 

short enough that it has important fitness consequences for P. balfouriana. 

Wildfire disturbance may limit the geographic range of the species in the 

southern Sierra Nevada. There was a close negative correlation between the 

abundance of P. balfourialla near the lower-forest-border and the wildfire 

disturbance gradient. However, the northern range boundary is probably not 

determined solely by wildfire disturbance. 
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The canopies of mature P. balfouriana were found to be highly elliptic 

(when viewed from above) with the major axis of the ellipse oriented exactly 

north-to-south. This trait permits maximum photosynthesis in the early morning 

and late afternoon. It simultaneously minimizes evaporative demands during 

midday. Elliptic canopies minimize solar interception during winter and 

maximize it during summer. This is important for carbon-balance since the 

photosynthetic apparatus is only active for a brief period during mid-summer. 

The lower-forest-border was accurately predicted with a carbon-balance model 

strongly suggesting carbon-balance limitations. 

The dispersal potential of P. balfouriana, in the absence of vertebrate seed 

dispersers, was studied. Anemochory under modern climatic conditions would 

permit closure of the disjunction in P. balfouriana within a single (120,000 year) 

glacial cycle. 



CHAPTER 1 

INTRODUCTION 

" ... [that] each tree seeks an appropriate position and 
climate is plain from the fact that some districts bear 
some trees but not others .... " 

- Theophrastus (370-285 BC) 

Pinus balfouriana (Grev. & Balf.)*, foxtail pine, is a subalpine conifer 
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endemic to California (Fig. 1.1). The geographic range of the species is disjunct 

between the Klammath Mountains in northwestern California and the southern 

Sierra Nevada (Griffin & Critchfield 1976). This 500 km disjunction is somewhat 

surprising since hundreds of kilometers of apparently suitable subalpine habitat 

are found between the two populations along the main drainage divide of the 

Sierra Nevada. Continuous subalpine habitat exists from the southern edge of 

the P. balfouriana geographic range north to Lake Tahoe. Pinus balfounana is 

restricted to the southernmost portion of this region. North of Lake Tahoe the 

subalpine zone first becomes compressed and then fragmented as the Sierra 

* Botanical nomenclature follows Munz and Keck (1968). Zoological 
nomenclature follows Jones et al. (1986). 
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Figure 1.1. The geographic range of Pinus balfouriana. Figure 
redrawn from Griffin & Critchfield (1976). 

Nevada loose elevation. 
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Several species have similar distributions suggesting that a vicariance event 

is responsible for the disjunction. Tree species with similar distributions include 

Betula occidentalis, water birch, and Abies magnifica var shastensis, Shasta red fir 

(Griffin & Critchfield 1976). Herbs with similar distributions include Erythronium 

citrinum, adder's tongue, (Liliaceae); Lewisia leana, lewisia, (Portulacaceae); 

Dicentra paucif/ora, Dutchman's breeches (Fumariaceae); Haplopappus whitlleyi, 

hazardia, (Compositae); and Raillardella scaposa var pringlei, raiIIardella, 

(Compositae) (Jepson 1966, p 11). 
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Climate is similar in the Klammath Mountain and Sierra Nevada P. 

balfouriana habitats suggesting that climate is the dominant factor controlling its 

distribution and abundance. Pinus balfouriana is typically found from 1950-2500 

m in the Klammath Mountains and from 2350-3350 m in the Sierra Nevada 
- . 

(Mastroguiseppe and Mastroguiseppe 1980; Ryerson 1983). Annual precipitation 

in this zone is 1250-1750 mm in the Klammath Mountains and 500-750 mm in 

the Sierra Nevada. More than 50% of the precipitation occurs in winter. The 

last spring frost usually occurs after May 30 in both locations and both have a 

120-day growing season (Baker 1944). 

Species Description 

John Muir (1881) wrote one of the most poetic general-descriptions of the 

species, 

"It is first met at an elevation of between nine 
and ten thousand feet, and runs up to eleven 
thousand without seeming to suffer greatly from the 
climate or the leanness of the soil. It is a much finer 
tree than its companion [Po mUlTayana]. Instead of 
growing in clumps and low, heathy mats, it manages 
in some way to maintain an erect position, and usually 

. stands single. Wherever the young trees are at all 
sheltered, they grow up straight and arrowy, with 
delicately tapered bole, and ascending branches 
terminated with glossy, bottle-brush tassels. At middle 
age, certain limbs are specialized and pushed far out 
for the bearing of cones, after the manner of the 
sugar pine; and in old age these branches droop and 



cast about in every direction, giving rise to very 
picturesque effects. The trunk becomes deep brown 
and rough, like that of the mountain pine [Po 
monticola], while the young cones are of a strange, 
dull, blackish-blue color, clustered on the upper 
branches. When ripe they are from three to four 
inches long, yellowish brown, resembling in every way 
those of P. montieola, to which this species is closely 
allied. Excepting the sugar pine [Po lambertiana], no 
tree on the mountains is so capable of individual 
expression, while in grace of form and movement it 
constantly reminds one of Williamson spruce [Tsuga 
mertensiana]. The largest specimen I measured was a 
little over five feet in diameter and ninety feet in 
height, but this is more than twice the ordinary size." 
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Pinus balfounana physiognomy depends upon the environmental conditions 

under which it grows. The tree is graceful and symmetric when grown under 

moderate to favorable conditions. It forms strip-bark and become knotted and 

knarled like P. longaeva when grown under stressful conditions. It rarely forms 

krumholtz (Ryerson 1983). 

Physiognomy changes during ontogeny. Young trees invariably have 

conical canopies. Adults have highly elliptical canopies (eccentricity typically 1.7) 

when viewed from above. The major axis of the canopy is oriented nearly 

perfectly north-to-south (personal observation, see Chapter 4). This behavior is 

characteristic of the Balfounanae. It was observed in P. longaeva in the White 

Mountains of California and in P. aristata in the Sangre de Cristo Mountains of 

New Mexico. 
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Little is known about P. balfouriana. A computer assisted literature 

search, extending back to 1850, yielded only 11 citations. Most citations address 

taxonomy or susceptibility to white pine blister rust, Cronartium sp. Only two 

major works have been devoted to these handsome trees: Mastroguir;eppe (1972) 

and Ryerson (1983). Mastroguiseppe examined the taxonomic status of the two 

populations of P. balfouriana. His work culminated in recognition of the 

southern population as a distinct subspecies P. balfouriana subsp. austrina 

(Mastroguiseppe 1972; Mastroguiseppe & Mastroguiseppe 1980). 

Ryerson (1983) examined P. balfouriana populations in geographically 

marginal populations to determine age-class distribution, ecological relationships 

with the physical and biotic environments, and factors limiting distribution. She 

concluded that P. balfouriana is expanding its geographic range to the south and 

east in the Sierra Nevada while maintaining its range elsewhere. Additional 

aspects of Ryerson's work are discussed in subsequent chapters. 

Phylogenetic Relationships 

Pinus balfouriana is a member of subsection Balfourianae (Engelm.), 

section Panya (Mayr), subgenus Strobus (Lemm.), of genus Pinus (L.) (Little & 

Critchfield 1969). Subsection Balfourianae is a tightly knit group of 

morphologically (Bailey 1970; Mastroguiseppe & Mastroguiseppe 1980) and 



ecologically (McCune 1988) similar species. The subsection contains three 

allopatric species. Pinus aristata Engelm. (Rocky Mountain bristlecone pine) is 

found in Arizona, New Mexico, and Colorado. Pinus longaeva D.K. Bailey 

(Great Basin bristlecone pine) is found in California, Nevada, and Utah. Pinus 

balfouriana Grev. & Balf. (foxtail pine) is endemic to California. Its two 

subspecies are allopatric. Subspecies balfouriana is restricted to the Klammath 

Mountains and subspecies austrina is restricted to the Sierra Nevada. 

There has been disagreement regarding the phylogenetic relationships 

among the Balfourianae pines. Four hypotheses have been proposed. Bailey 

(1970) postulated that the fossil species P. crossii (Knowlton) was the common 

ancestor of the Balfourianae and was most similar to modern P. balfouriana. 

22 

This ancestral population divided sometime during the Paleocene or Cretaceous. 

One of the resulting populations migrated into the Rocky Mountain region. This 

population was the ancestor of modern P. aristata. The other population 

migrated into California and Nevada where it ultimately gave rise to all the other 

Balfourianae. Bailey argues that this event must have been completed by the 

Oligocene. He supports this claim with photographs of a fascicle-cloaked branch 

and a cone from Oligocene (27 mya) fossils found at Creede, CO. These fossils 

are remarkably similar to modern P. aristata. Each 25 mm long needle contains 

a single resin duct in the distal portion of the leaf, a distinguishing character of 

P. aristata. Pliocene uplift of the Sierra Nevada split the western population. 

The subpopulation east of the Sierra Nevada differentiated and became P. 
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longaeva. The western subpopulation was the ancestor of P. balfouriana. 

Climatic change early in the Pleistocene caused the disjunction in P. balfouriana. 

The P. aristata population on the San Francisco Peaks of Arizona migrated from 

the Sangre de Cristo Mountains of New Mexico along the Mogollon Rim 

sometime during the Pleistocene. 

Critchfield (1977) claimed that Bailey's hypothesis was not parsimonious, 

that it relied too much on convergence to explain the similarity between P. 

aristata and P. longaeva. He suggested two alternative hypotheses. His 

hybridization hypothesis assumed a single speciation event which produced P. 

balfouriana and P. aristata. A subsequent hybridization event produced P. 

longaeva. No explanation for the P. balfouriana disjunction was offered. 

Critchfield immediately dismissed this hypothesis citing the non-intermediacity of 

many characters of P. longaeva and hybridization experiments which 

demonstrated a significant reproductive barrier between P. aristata and the rest 

of the subsection while almost no barrier exists between P. longaeva and P. 

balfouriana. He claimed that this asymmetric reproductive behavior is unlikely if 

a hybridization event produced P. longaeva. 

Critchfield's second hypothesis differed only slightly from Bailey's 

hypothesis. Critchfield also claimed P. crossii was the common ancestor of the 

Balfourianae. However, Critchfield claimed that P. crossii was most similar to 

modem P. longaeva. This claim was based on Critchfield's observation of 2 resin 

ducts in the 13 mm long leaves of a P. crossii fossil from the Great Basin. 
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Critchfield hypothesized that the ancestral P. crossii population was split during 

the Oligocene. The eastern subpopulation was the ancestor of P. aristata. The 

western subpopulation underwent a subsequent split which produced P. 

balfouriana and P. longaeva. This event occurred much later but certainly by late 

Pleistocene times. No claim was made regarding the disjunction of the two P. 

balfouriana populations. 

Disagreement between Bailey and Critchfield concerns ancestral 

morphology, specifically whether the ancestral population resembled P. 

balfouriana or P. longaeva. Disagreement stems from a morphological difference 

found in fossils assigned to the extinct species P. crossii. Bailey's fossils had a 

single resin duct in the distal portion of the needle, a unique derived character of 

P. aristata. Critchfield's P. crossii fossils from Nevada had two resin ducts, a 

characteristic shared by P. longaeva and P. balfouriana. We may never know 

which of these P. crossii fossils represents the main evolutionary line leading to 

the modem Balfourianae or if either does. It is possible that one or both of 

these fossils represent now extinct taxa which are only distantly related to 

modem Balfourianae, a possibility overlooked in previous studies. It is also 

possible that the fossil taxon P. crossii is polyphyletic and in need of revision, as 

suggested by Bailey (1970). It is dangerous to base a phylogenetic hypothesis on 

a single trait as apparently occurred in this case. A better approach is to 

examine all the available evidence before pos-tulating phylogeny. 
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Rourke (1986) made use of phylogenetic methods to examine all available 

morphological evidence in a preliminary phylogenetic analysis of the Balfourianae. 

He concluded that P. balfouriana and P. longaeva were more closely related to 

each other than either was to P. aristata. This conclusion supported the 

phylogeny postulated by both Bailey and Critchfield. Subsequent unpublished 

work showed that the two subspecies of P. balfouriana were most closely related. 

Consequently, the phylogenetic hypothesis of Fig. 1.2 was adopted as the working 

phylogenetic hypothesis for the Balfourianae. 

Hybridization experiments are consistent with the phylogenetic hypothesis. 

Pinus balfouriana subspecies hybridize readily in reciprocal crosses and both 

hybridize with P. longaeva in reciprocal crosses (Critchfield 1977). However, 

when P. longaeva is crossed with P. aristata substantial barriers are encountered. 

Similar barriers are found when P. balfouriana is crossed with P. aristata 

(Mastroguiseppe, personal communication 1986). Since P. balfouriana and P. 

longaeva are all highly interfertile, a recent split with relatively little genomic evo

lution is suggested. The low success in hybridization experiments with P. aristata 

suggests a much more ancient split followed by substantial independent evolution. 

The fossil record is also consistent with the phylogenetic hypothesis. The 

Balfourianae probably evolved in North America (Axelrod & Raven 1985; Mirov 

1967). The earliest Balfourianae fossils were from the Eocene (49 mya) Thunder 

Mountain flora of central Idaho (Axelrod 1976). When this fossil find was 

published, identification was somewhat uncertain since it was based strictly upon 
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Figure 1.2. Working phylogenetic hypothesis for subsection 
Balfourianae. Age of divergences estimated from the fossil record 
(Rourke 1986). 

fossil fascicles. Subsequently, Axelrod collected fossil cones at the site which 

were remarkably similar to modern P. balfouriana (Axelrod, personal 

communication 1986). 
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The once widespread fossil species P. crossii Knowlton was closely related 

to the Balfourianae. Pinus crossii was found in Nevada, New Mexico, Colorado, 

and Montana (Critchfield 1977). The oldest P. crossii fossils were found in the 

Copper Basin flora (40 mya) of northeast Nevada. Pinus crossii appeared again 

in the Bull Run flora (38 mya) located 60 km west of Copper Basin (Axelrod 

1966). These leaf fossils were extremely short, 13 mm (Critchfield 1977). 

Although leaf length is known to be a function of environmental variables, leaves 

this short are rare in modern Balfourianae taxa. 
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A pine very similar to modern P. aristata was present in Colorado and 

New Mexico during the Oligocene (Axelrod 1976). Pinus cf (aristata) dominated 

the Oligocene (32 mya) Hillsboro flora of New Mexico and a related five-needle 

pine was important in the contemporary Hermosa flora. The Creede flora of 

southern Colorado (upper Oligocene 27 mya) contained P. (aristata) and other 

representatives of a near modern conifer forest (Bailey 1970). 

A pine remarkably similar to modern P. balfouriana was present in Idaho 

during the Oligocene and was present in the California and Nevada area during 

the Miocene. This species, P. balfouroides Axelrod, was found in the early 

Oligocene (27 mya) Coal Creek Formation in Idaho, and in the mid-Miocene (15 

mya), Temblor Formation near Bakersfield, California (Axelrod personal 

communication 1985). Pinus balfouroides appeared again in the Miocene Purple 

Mountain (13 mya) and Chalk Hills (12 mya) floras near Rene, Nevada (Axelrod 

1980). 

Late Pliocene and early Pleistocene pollen data were used to infer that P. 

balfouriana and P. longaeva were living close together in or near the southern 

Sierra Nevada at the beginning of the Quaternary (Axelrod & Ting 1960 1961). 

Pinus balfouriana pollen was found in the Bakeoven Meadows, Coso, San 

Joaquin Mountain, Nova, and Ramshaw Meadows florules. Contemporaneous 

bristlecone pine pollen (reported as P. aristata but probably actually P. longaeva) 

was found in Ramshaw Meadows, Nova, San Joaquin Mountain, Coso, Owens 

Gorge, Haiwee, Darwin Summit, and Crowley Point fIorules from the same area. 



28 

These identifications are dependent on near perfect preservation of fossil pollen, 

an unlikely event (Leopold 1969). Consequently, they should be interpreted with 

care. 

During colder parts of the Pleistocene, subsection BalfoUlianae members 

greatly expanded their geographic ranges, Pinus balfouriana cones are found in 

deposits at Clear Lake, California which are probably of IIIinoisan or early 

Sangomon age (J. Wolfe, personal communication 1985). Clear Lake is 100 km 

sOilth and 1600 m lower than the southernmost extant P. balfouriana stand in the 

KIammath Mountains. Pinus balfouriana reenters deglaciated areas rapidly as 

shown by its appearance in Horseshoe Meadow in the southern Sierra Nevada 

shortly after the retreat of the last glaciation (S. Anderson, personal 

communication 1987). 

Wells (1983) reported a massive expansion of P. longaeva geographic 

range during the Wisconsin glaciation accompanied by a 700 m lowering of its 

altitudinal range. Pinus longaeva may have virtually blanketed montane valleys 

and plains in the Great Basin during that glaciation. Pinus aristata expanded its 

range during the Wisconsin glaciation possibly connecting the outlying population 

in the San Francisco Peaks of Arizona along the Mogollon Rim to the main body 

of the Rocky Mountain population in the Sangre de Cristo Range (Jacobs 1985). 

The geologic record is also consistent with the phylogenetic hypothesis. 

Substantial tectonic activity occurred during the Paleozoic and Mesozoic and 

continues today along the western margin of North America (Eicher, McAlester 



& Rottman 1984). This activity must have provided suitable habitat for 

Balfourianae pines throughout the evolutionary history of the taxon. 
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Beginning in the Paleozoic and continuing through the Mesozoic, a 

number of allochthonous terranes accreted on the western margin of the 

continent (Kerr 1980). These events are believed to be responsible for much 

mountain h'!.!i1ding during this time. The Mesozoic and early Cenozoic Laramide 

Orogeny uplifted Rocky Mountain blocks and depressed intervening valleys from 

Montana to New Mexico. The resulting Mesocordilleran Highlands are believed 

to have been broad uplands which were bounded by epicontinental seas covering 

the areas we now know as the Great Plains and the Basin-and-Range region. 

During the Eocene and Oligocene, inland basins throughout the west were 

covered with thick layers of sediments and extensive volcanism occurred. Several 

volcanic mountain systems were probably high enough to support subalpine taxa 

including the pre-Sierra Nevada Mountains (Hill 1975). 

Miocene extensional forces caused the development of basin and range 

topography throughout the Great Basin. At the same time, the pre-Sierra 

Nevada formed a highland. Pliocene-Pleistocene uplift elevated the Sierra 

Nevada to its present height (Bachman 1978; Chase & Wallace 1986) and the 

Coast Ranges were elevated to their current heights. Pleistocene glaciation 

carved the landforms seen today. 

Climate was changing along with the crustal changes. Early Cenozoic 

climate is believed to have been much more moderate than at present and to 
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have been a period of ample summer precipitation (Axelrod 1976). The Tertiary 

was a period of slow, general cooling and increasing drought climaxing in the 

Pleistocene with a series of perhaps 20 glacial cycles. Concurrent with the 

cooling trend was a switch from mainly summer precipitation to a winter 

precipitation regime in the west. 

Dissertation Organization 

This study seeks to understand two aspects of the biology of P. 

balfouriana. First, what factors control distribution and abundance of P. 

balfouriana? Second, can the geographic range of the southern population of P. 

balfouriana be predicted from a knowledge of its environmental response? 

Direct gradient analysis, classification, and ordination (Chapter 2) were 

combined to identify the primary factors controlling tree-community composition 

in the southern Sierra Nevada (Gauch 1982). This is the first analysis of the 

subalpine P. balfouriana community which included continuous sampling across 

the geographic range of the species. 

The importance of disturbance was apparent from direct-gradient analysis 

as well as the ordination studies; consequently, it was studied extensively 

(Chapter 3). Stochastic models predicting wildfire ignition probability in space 



and time were developed and a gradient in wildfire ignition probability was 

identified. 

31 

Pinus balfouriana response to environmental variables was the subject of 

Chapter 4. Bivariate response-surface models were developed for mean-monthly 

temperature, mean total-monthly precipitation, water vapor deficit, potential 

irradiance, potential evapotranspiration, and actual evapotranspiration. Factor 

analysis was employed to identify the most important abiotic factors controlling 

distribution and abundance and a multivariate regression model of dominance 

was developed. The functional factorial concept (Major 1951) was employed to 

integrate all of the results accumulated in the ecological studies. 

Pinus balfouriana biogeography was the subject of the final chapter. First 

a promising technique for predicting the lower-forest-border, based on carbon

balance analysis, was examined. Then, a study of seed flight times was used to 

estimate the dispersal potential of these trees in the absence of vertebrate seed 

dispersers. The accumulated data were combined to reconstruct the historical 

biogeography of P. balfouriana. The environmental response of P. balfouriana 

and the measured performance of its seeds as dispersal units were used to gauge 

the probability that one of the ice ages was responsible for the current 

disjunction. 
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CHAPTER 2 

COMMUNITY ECOLOGY OF THE SOUTHERN SIERRA NEVADA 

Little has been written concerning the community ecology of the southern 

Sierra Nevada (Barbour & Major 1977; Halpern 1986; Parker 1982; Vankat 

1982; Vankat & Major 1978; Yoder et al. 1983). Vankat (1982) used gradient 

analysis to study the vegetation of Sequoia National Park. He found that 

vegetation change was most strongly correlated with changes in altitude and that 

topographic-moisture conditions are additional important modifiers of vegetation. 

Vankat recognized 11 vegetation types. Alpine vegetation was generally found 

above - 3500 m. Subalpine forests were located immediately below the alpine 

and extending down to 3000 m on xeric sites while Pinus murrayana forests 

occurred on mesic sites as low as 2500 m. Middle elevation forests ranged from 

2200 to 2700 m. They were dominated by Abies magnifica on mesic sites, Pinus 

jeffreyi in more xeric sites, and by Juniperus occidentalis on the most xeric sites. 

Lower elevation forests were dominated by Abies concolor on moist sites and 

Pinus ponderosa on xeric sites below 2200 m. Along streams montane meadows 

were often found. Oak woodlands and chaparral dominated below - 1500 m. 

All of these vegetation types were found at altitudes comparable to those 

encountered in this study except for oak woodlands and chaparral. 
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Vankat and Major (1978) concluded that the influence of western man on 

the forests of the southern Sierra Nevada had been pervasive. Subalpine forest 

composition was altered during the early 1900s by heavy sheep grazing which 

lead to a dramatic increase in the performance of Pinus murrayana in the 

subalpine zone as well as several species near the lower forest border on the 

west slope. Vankat and Major also concluded that wildfire suppression caused 

an increase in density of both Abies con color and Calocedrus decurrens, two 

species capable of growing in the dense shade of the forest floor (see also 

Pitcher 1987). 

Ryerson (1983) sampled 15 Sierra Nevada sites in 6 different canyons 

around the margins of the Pinus baifouriana geographic range and found that 

Pinus balfouriana was most frequently associated with Pinus albicaulis (53%), 

followed by Abies magnifica (47%), Pinus flexilis (40%), Pinus murrayana (33%), 

Pinus monticola (27%), Pinus jeffreyi (20%), Abies con color (7%), and Juniperus 

occidentalis (7%). Ryerson also found many shrub species associated with PinLls 

balfcuriana in these sites. 

In this chapter, I examine the tree community of the Golden Trout 

Wilderness in order to identify those variables which control community structure. 

Concurrently, the most important variables which control P. balfouriana 

distribution and abundance in the Sierra Nevada are examined. 
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Study Area 

The study area included a major portion of the geographic range of P. 

balfouriana in the southern Sierra Nevada (Fig. 2.1). Portions of the Golden 

Trout and John Muir Wildernesses in Inyo National Forest as well as portions of 

Sequoia National Park are included within the study area. 

The study area remains relatively isolated. Few roads enter it and none 

cross it. Consequently, exploration must be done on foot or horseback and 

requires an arduous climb over the main drainage divide of the range. Not 

surprisingly, little has been written on the plant community ecology of this 

portion of the southern Sierra Nevada. 

Topographic complexity characterizes the southern Sierra Nevada (Fig. 

2.2). Elevation ranges from 1200 m on the floor of Owens Valley to 4418 m on 

the summit of Mt. Whitney. Much of the study area is located on the high

elevation Kern Plateau. The Sierran crest and the steep eastern escarpment of 

the range bound the region on the east. The Great Western Divide and the 

western slope of the range form the western boundary. The Kern River dissects 

the wilderness with its kilometer deep canyon. 

Although topographically complex, the region is edaphically relatively 

simple. Most of the wilderness is underlain by granite and most soils are grus or 

glacially deposited colluvium. There are two major volcanic regions (Templeton 

Mountain, and the Malpais Valley) as well as two major roof pendants (an 
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unnamed metamorphic block near the Owens Valley town of Cartago and the 

Mineral King pendant) (du Bray & Dellinger 1981). Much of the area was 

glaciated during the Pleistocene. Consequently, soils are often thin and massive 

rock outcrops are common. 

Climate is generally dry and distinctly Mediterranean (Fig. 2.1). Mean 

annual precipitation at Golder. Trout Camp (3231 m) is only 434 mm (Appendix 

4). Occasional summer storms produce significant late summer precipitation, 

predominantly on the east slope (Fig. 2.3). Summer thunderstorms are probably 

of great importance for the establishment of P. balfouriana. Young trees are 

found growing in even aged cohorts in Horseshoe Meadow. The ages of these 

cohorts appear to coincide with wet summers (personal observation) although 

additional study will be required to confirm this hypothesis. 

Splendid coniferous forests dominate the vegetation at elevations above 

1800 m. Pinon forest dominated by P. monophylla, single-needle pinon, and a 

carpet of shrubs are found at low elevations both on the eastern escarpment and 

in the Kern Canyon. The pinon forest gives way to a relatively diverse mixed

conifer forest containing P. jeffreyi, Junipems occidentalis, Abies concolor, and 

occasionally A. magnifica. Higher elevation subalpine forests are composed of 

open stands of P. murrayana, and P. balfouriana with little or no understory. 

Only occasionally is an herb layer found in the subalpine forest. Pinus 

balfouriana dominated forests are further characterized by the lack of forest litter 

(Ball 1976). 
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Both the mixed-conifer and subalpine forests are occasionally interrupted by 
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luxuriant montane meadows and sparkling cold streams. Timberline is near 3500 

m in this region. 
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Materials and Methods 

The triad of traditional tools (direct-gradient analysis, ordination, and 

classification) were used to identify the primary variables controlling the 

distribution and abundance of trees in the southern Sierra Nevada (Gauch 1982). 

There is no a priori way to know which variables are most important; 

consequently, a very large sample of the community was obtained, using a 

random sampling technique, and patterns were identified statistically. 

The choice of sampling protocol was complicated by the fact that all 

sampling had to be done on foot while backpacking since most of the area is 

wilderness. Thus severe constraints were placed on the kinds of equipment 

which could be employed as well as on the nature of the data which was 

collected. 

Field data were collected during the final three weeks of July, 1986, along 

three transects which covered approximately 210 kilometers on trails, Fig. 2.2. 

Transect 1 extended north-south along the Pacific Crest Trail from Cottonwood 

Pass to the vicinity of Olancha Peak. Transect 2 was an east-west transect from 

the lower forest border on Horseshoe Meadow Road, through Big Whitney 

Meadow to the Kern River and up Rattlesnake Creek to Mineral King. Transect 

3 was also east-west and extended from Little Whitney Meadow over Trail Pass 

to Horseshoe Meadow. 
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Sample sites were selected at random in order to preclude bias due to the 

subjective judgement of the investigator and since random sampling will identify 

all underlying patterns if a sufficiently large sample is collected (Sukhatme et at. 

1984). Two digit random numbers were obtained from a random number table 

and were multiplied by three. This arbitrary choice was made to assure that an 

average of 10 samples were taken per trail mile (Appendix 2). The resulting 

number was used as the number of steps between sample points. A total of 

1060 samples were taken. 

Two features of the tree community, density and dominance, were 

measured at the sample sites using the angle-count-sampling technique (Bitterlich 

1984). Angle-count-sampling was chosen because it is accurate, efficient, and 

requires only a relaskop and a biltmore stick to obtain measures of frequency, 

dominance, density, and slope (Bitterlich 1984; Avery & Burkhart 1983; Husch, 

Miller, & Beers 1982). 

A new basal-area-factor, BAF*, was chosen at each site in order to assure 

an optimum tally. The efficiency and accuracy of angle-count-sampling depend 

on the number of trees counted at each sample point (Bitterlich 1984). Tallies 

between 6 and 12 are an optimum choice providing accurate estimates of basal

area and density as well as speed in data collection (A. Lynch, personal 

communication 1986). Consequently, at each sample point a BAF was selected 

* A table of nonstandard abbreviations is provided in Appendix 1 for reference. 
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which yielded a count of at least 10 and not more than 20 trees. This criterion 

occasionally could not be met, for example in a meadow. Tallies were recorded 

by species at each sample point. When problems of identification arose in the 

field Weedon (1975) was consulted. 

Angle-count-sampling cannot be used to directly estimate density; 

consequently, density was determined separately at a randomly selected subset of 

sample points. Approximately every tenth site was a density determination site. 

Diameter at breast height (dbh, measured at 1.3 m) of each tree meeting the 

angle-count-sampling criterion was measured with a biltmore stick. These data 

were converted to density using the procedure of Avery and Burkhart (1983, p 

197). 

Topographic variables were measured at each site to permit subsequent 

estimation of a number of physiologically important parameters. Those 

parameters include: potential irradiance, mean temperature, mean total 

precipitation, potential evapotranspiration, actual evapotranspiration, and water 

vapor deficit. Slope was measured along the flow-line through the sample point. 

Flow-line aspect was measured clockwise from true north using a hand-held 

compass. Elevation was estimated from topographic maps with the aid of a 

pocket altimeter. Relative position on the slope (top, middle, or bottom of 

slope, ridge, or saddle) was subjectively estimated and recorded. 

Several potentially important ecological variables were recorded at each 

site including: understory cover, soil parent material, and evidence of disturbance. 
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Visual estimates of understory cover were made by species. Soil parent material 

was recorded along with the relative stoniness of the soil. Any apparent 

evidence of disturbance (lightning, fire, windthrow, avalanche) was recorded. All 

accumulated data were entered into a Framework n™ database on an MIT 

286™ computer for data storage * and subsequent analysis. 

Frequency, dominance, density, and importance provide general 

information about the community and were determined first. Frequency was 

obtained by counting the number of samples which contained a species and 

dividing by the total number of samples. Dominance was defined as the ratio of 

cross-sectional area of standing stems per unit of land area (Mueller-Dumbois & 

Ellenburg 1974). Tallies were converted to dominance by multiplying the tally 

for each species by the BAF for the sample site (Bitterlich 1984). Tree 

diameters were converted to densities using the procedure of Avery and Burkhart 

(1983). The importance-value of Curtis combines measures of frequency, density, 

and dominance to yield a single vegetation metric (Mueller-Dombois & Ellenburg 

1974) defined as the sum of relative frequency, relative density, and relative 

dominance where all three factors are expressed as percentages. Importance

value is subject to the criticism that the mode of combining variables is arbitrary 

and markedly different situations can yield the same importance-value (Greig

Smith 1983, P 152). Consequently, importance-values generally should be 

* A copy of the data is available from the author. 
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interpreted cautiously. 

Dominance nomograms were plotted for each species in order to obtain 

an initial sense of species distribution. Nomograms were plotted on traditional 

elevation vs topographic-moisture-index (TMI) axes (Whittaker 1967). TMI was 

calculated for each site from measured values of slope, aspect, elevation, and 

topographic position using the algorithm presented in Table 2.1. The TMI 

algorithm produced an index ranging from 0 for extremely mesic sites 

(streamsides) to 24 for the most xeric sites (south-facing ridgetops with slopes 

exceeding 70%). Dominance nomograms were then constructed using a kriging 

algorithm (Davis 1986). 

A species-by-samples data matrix was constructed from all 1060 samples 

and was ordinated with factor analysis to extract the underlying variables 

controlling community composition (Gauch 1982). Principle components analysis 

Table 2.1. The algorithm used to calculate topographic moisture index (TMI). The 
algorithm produces an index which increases with aridity. The most mesic sites have 
an index of 0 and the most xeric sites have an index of 24. 

Step 1. Assign a value for aspect: N = 1, E = 2, W = 3, S = 4. 
Step 2. Add 4 if slope exceeds 20%. 
Step 3. Add 4 if slope exceeds 70%. 
Step 4. Add 4 if the topographic position is not bottom. 
Step 5. Add 4 if the topographic position is top or ridgetop. 
Step 6. Add 4 if the topographic position is ridgetop. 
Step 7. Replace TMI with 0 if site is a streamside site. 
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(Pielou 1984; Wartenberg, Ferson, & Rohlf 1987) was used to ordinate the 

samples. The resulting factor matrix was rotated using the varimax procedure in 

order to improve factor interpretability. All statistical analyses were performed 

using SPSSJPC+™ (Norusis 1986a 1986b). 

Classification was performed to identify community types to be used as a 

framework for discussion. Classification was performed on the ordination factor

matrix using two methods: Lefk:ovitch's method (Pielou 1984) and QUICK 

CLUSTER from the SPSSJPC+ ™ package (Norusis 1986b). QUICK CLUSTER 

is a quantitative, polythetic, nonhierarchical clustering technique which requires 

that the number of clusters be known a priori. Since the number of natural 

vegetation classes cannot be known a priori, I began the analysis assuming three 

clusters. After clustering all samples, each cluster center was examined for 

species composition and for the relative dominance of each species within the 

cluster. The samples were then reclustered assuming four clusters and the four 

resulting cluster centers were compared with the original three. All three 

original clusters were still apparent; however, one new cluster (defined as a new 

combination of species) had been produced. This iterative process was continued 

until two consecutive subsequent clustering analyses produced clusters with the 

same species composition as the previous cluster. These new clusters were 

formed when one preexisting cluster was subdivided on the basis of relative 

dominance of the constituent species. Seven community types were obtained 

with both procedures. 



A composite elevation-TMI nomogram of community types for the study 

area was derived from this classification by assigning each sample to one of the 

classes and then plotting each point on the elevation vs TMI axes of a 

dominance nomogram. 

Results 

General Patterns. Fifteen tree species were encountered along the 

transects, Table 2.2. Four were dicotyledon species and eleven were 

gymnosperm species. Pinus murrayana occurred most frequently followed by P. 

balfouriana, P. jeffreyi, Juniperns occidentalis, and Abies concolor, Table 2.3. No 

other species occurred in more than 5% of the samples. 
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Pinus murrayana occurred in highest densit"yofollowed by P. balfouriana, P. 

jeffreyi, and Juniperns occidentalis, Table 2.4. The first density column in Table 

2.4 is density 



Table 2.2. A list of tree species encountered on the three transects. 

Scientific Name 

Dicotyledons 

Cercocarpus sp 
Quercus kelloggii 
Quercus vaccinifolia 
Populus tricocarpa 

Gymnosperms 

Abies concolor 
Abies magnifica 
Calocedrus decurrens 
JunipeT'.1S occidentalis 
Pinus ba/fouriana 
Pinus flexilis 
Pinus jeffreyi 
Pinus lambertiana 
Pinus monophylla 
Pinus monticola 
Pinus murrayana 

Common Name 

Mountain mahogany 
California Black Oak 
Huckleberry Oak 
Black Cottonwood 

White Fir 
Red Fir 
Incense Cedar 
Western Juniper 
Foxtail Pine 
Limber Pine 
Jeffrey Pine 
Sugar Pine 
Single Needle Pinyon 
Western White Pine 
Lodgepole Pine 

Abbreviation 

Ce 
QuKe 
QuVa 
PoTr 

AbCo 
AbMa 
CaDe 
JuOc 
PiBa 
PiFl 
PiJe 
PiLa 
PiMo 
PiMt 
PiMu 
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Table 2.3. Tree frequency in the Golden Trout Wilderness. Frequencies are 
entered on the diagonal. The number of sites where two species co-occur is 
listed above the diagonal. The fraction of sites where two species co-occur is 
listed below the diagonal. Example: P. balfouriana occurs in 469 sites, frequency 
.442. Pinus murrayana co-occurs with P. balfouriana in 334 sites (above 
diagonal), 71.2% co-occurance (below diagonal). 

CaDe PoTr PiBa QuVa PiJe JuDe QuKe piMu PiFl 
CaDe .009 2 0 0 5 0 0 1 0 
PoTr .20 .008 0 0 5 1 0 4 0 
PiBa 0 0 .442 0 0 3 0 334 14 
QuVa .10 0 0 .012 12 2 0 0 0 
PiJe .90 .56 0 .92 .148 46 0 64 0 
JuDe 0 .11 .01 .15 .29 .074 0 50 0 
QuKe 0 0 0 0 0 0 .001 0 0 
piMu .10 .44 .71 0 .41 .64 0 .637 11 
PiFl 0 0 .03 0 0 0 0 .02 .015 
Ce 0 0 .00 .08 .03 0 0 .00 .06 
piMo 0 0 0 .62 .09 .04 0 0 0 
AbMa 0 0 .01 0 .08 .13 0 .02 0 
PiLa .40 .11 0 .31 .10 .01 1 .00 0 
AbCo .60 .78 0 .15 .28 .13 1 .01 0 
PiMo 0 0 .01 0 .03 0 0 .01 0 

Ce PiMo AbMa PiLa AbCo PiMo 
CaDe 0 0 0 0 2 0 
PoTr 0 0 0 1 7 0 
PiBa 1 0 3 0 0 5 
QuVa 1 8 0 4 2 0 
PiJe 4 14 13 15 44 5 
JuDe 0 41 10 1 10 0 
QuKe 0 0 0 1 1 0 
piMu 3 0 16 1 9 6 
PiFl 1 0 0 0 0 0 
Ce .024 12 0 0 1 0 
PiMo .48 .042 0 1 2 0 
AbMa 0 0 .025 0 0 9 
PiLa 0 .02 0 .017 16 0 
AbCo .04 .05 0 .89 .051 0 
PiMo 0 0 .33 0 0 .011 
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Table 2.4. Tree density in the Golden Trout Wilderness. The first column is 
average density in the wilderness. The second column is average density within a 
stand (no entry unless the species occurred in at least three stands). 

Species 
Abies concolor 
Abies magnifica 
Calocedrus decurrens 
Cercocarpus sp 
Juniperus occidentalis 
Pinus balfouriana 
Pinus flexilis 
Pinus jeffreyi 
Pinus lambertiana 
Pinus monophylla 
Pinus monticola 
Pinus murrayana 
Populus tricocarpa 
Quercus kelloggii 
Quercus vaccinifolia 

Density, stems/1m 

All sites 
1.12 
.10 

1.06 
15.68 

.03 
5.37 

.35 

.18 
49.76 

.96 

Mean Density all sites 74.62 stems/lla 

Only Sites 
Containing Sp 

3.13 

12.31 
32.41 

29.38 

61.70 

averaged over all 93 sample sites while the second column is averaged over those 

sites where the species occurred. Consequently, the first column gives the 

average density in the wilderness while the second is the average density in a 

stand. 

Pinus balfouriana was the most dominant species, Table 2.5. Pinus 

balfouriana was followed by P. murrayana, P. tricocarpa, P. jeffreyi, and C. 

decurrens in decreasing 
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Table 2.5. Absolute dominance (mean BAC) in the Golden Trout Wilderness. 

Total Absolute 
Basal Number Dominance 

Species Area Samples (sg mlha) 
Pinus balfouriana 8674.29 469 18.50 
Pinus murrayana 12020.80 675 17.81 
Populus tricocarpa 111.36 9 12.37 
Quercus kelloggii 11.48 1 11.48 
Pinus jeffreyi 1750.74 157 11.15 
Calocedrus decurrens 107.92 10 10.79 
Abies concolor 539.54 54 9.99 
Quercus vaccinifolia 90.69 13 6.98 
Abies magnifica 175.66 27 6.51 
Juniperus occidentalis 470.70 78 6.03 
Pinus monophylla 251.47 44 5.72 
Pinus lambertiana 78.08 18 4.34 
Cercocarpus sp 106.79 25 4.27 
Pinus monticola 36.75 12 3.06 
Pinus flerilis 47.09 16 2.94 

order of dominance. 

Pinus murrayana and P. balfouriana were by far the most important 

species, Table 2.6. Pinus jeffreyi was a distant third. The remaining species had 

low importance-values. 

Direct Gradient Analysis. Figs. 2.4 through 2.17 present dominance 

nomograms for the species encountered along the transects. Quercus kelloggii 

dominance was not plotted since it occurred in a single sample *. Populus 

* This sample was located along the Golden Trout Creek Trail approximately 
40 km north of the published geographic range boundary in the Kern River Canyon 
(Griffin & Critchfield 1976). 
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Table 2.6. Importance of tree species in the Golden Trout Wilderness. Importance 
is defined as the sum of relative frequency, relative density, and relative dominance 
where all three factors are expressed as percentages. 

Relative Relative Relative 
S~ecies FreQuenc~ Densi~ Dominance J'mwrtanre 
Pinus murrayana 41.98 66.68 13.50 122.2 
Pinus balfouriana 29.17 21.01 14.02 64.2 
Pinus jeffreyi 9.76 7.20 8.45 25.4 
Abies concalor 3.36 1.50 7.57 12.4 
Juniperus occidentalis 4.85 1.42 4.57 10.8 
Populus tricocarpa .56 0.00 9.38 9.9 
Calocedrus decurrens .62 0.00 8.18 8.8 
Quercus kelloggii .06 0.00 8.70 8.8 
Pinus monophylla 2.74 .47 4.33 7.5 
Quercus vaccinifolia .81 1.29 5.29 7.4 
Abies magnifica 1.68 .13 4.93 6.7 
Cercocarpus sp 1.55 0.00 3.24 4.8 
Pinus lambertiana 1.12 0.00 3.29 4.4 
Pinus monticola .75 .24 2.32 3.3 
Pinus flexilis 1.00 .04 2.23 3.3 

tricocarpa was found to be a lower elevation, mesic adapted species which was 

moderately dominant, Fig. 2.4. There were two more xeric dicots, both of which 

are often as shrub-like as tree-like. Quercus vaccinifolia had low dominance and 

was found at lower elevations toward the xeric end of the TMI gradient, Fig. 2.5. 

Cercocarpus sp. also had low 
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Figure 2.4. Dominance nomogram for Populus tricocarpa, found 
throughout the study area. Contour intervals indicate dominance in 
sq m/ha. 
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Figure 2.5. Dominance nomogram for Quercus vaccinifolia, 
encountered only along the Kern River. Contour intervals indicate 
dominance in sq m/ha. 
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Figure 2.6. Dominance nomogram for Cercocarpus sp., found 
throughout the study area. Contour intervals indicate dominance in 
sq m/ha. 
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Figure 2.7. Dominance nomogram for Calocedrus decurrens, found 
along the Kern River. Contour intervals indicate dominance in sq 
m/ha. 
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Figure 2.8. Dominance nomogram for Juniperus occidentalis, found 
throughout the study area. Contour intervals indicate dominance in 
sq m/ha. 
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Figure 2.9. Dominance nomogram for Abies concolor, found 
principally along the Kern River. Contour intervals indicate 
dominance in sq m/ha. 
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Figure 2.10. Dominance nomogram for Abies magnifica, found 
throughout the study area. Contour intervals indicate dominance in 
sq m/ha. 
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Figure 2.11. Dominance nomogram for Pinus iambertiana, found 
along the Kern River. Contour intervals indicate dominance in sq 
m/ha. 
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Figure 2.12. Dominance nomogram for Pinus monophylla, found on 
the eastern escarpment and in the Kern Canyon. Contcur intervals 
indicate dominance in sq m/ha. 
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Figure 2.13. Dominance nomogram for Pinus jeffreyi, found 
throughout the study area. Contour intervals indicate dominance in 
sq m/ha. 

55 



Single Needle Pinyon 

3600 

E 

1= 3800 
0 (58 ... 

0 .... 
1'$ 
:> 
Q) 2400 ... 

f&I 

1808 

Mesic Xeric 
Topographic Moisture Index 

Figure 2.14. Dominance nomogram for Pinus montico/a, most 
common west of the Great Western Divide. Contour intervals indicate 
dominance in sq m/ha. 
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Figure 2.15. Dominance nomogram for Pinus mun-ayana, found 
throughout the study area. Contour intervals indicate dominance in 
sq m/ha. 
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Figure 2.16. Dominance nomogram for Pinus ba/fouriana, found 
throughout the study area. Contour intervals indicate dominance in 
sq m/ha. 
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Figure 2.17. Dominance nomogram for Pinus flexilis, found along the 
crest of the Sierra Nevada. Contour intervals indicate dominance in 
sq m/ha. 
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dominance, was slightly more xeric in habitat preference, and occurred about 

1000 m higher, Fig. 2.6. 
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The four non-pinaceous gymnosperms divided the TMI gradient in half 

with C. decurrens and Juniperus on the mesic end and Abies at the xeric end. 

Calocedrus decurrens was found at the lowest elevations where it was moderately 

dominant, Fig. 2.7. Juniperus occidentalis occurred at intermediate elevations in 

slightly more mesic sites, Fig. 2.8. Juniperus occidentalis was also moderately 

dominant. Firs were more dominant than the cedars and junipers. Abies 

concolor, Fig. 2.9, occurred in more mesic sites and was most dominant 800 m 

lower than A. magnifica, Fig. 2.10. Abies magnifica was relatively restricted in its 

habitat preference in comparison with A. can color. 

Pines varied considerably in dominance as well as the habitat in which 

they were most important (see also McCune 1988). Low elevation sites in the 

Kern Basin were dominated by P. lambertiana, Fig. 2.11. Pinus monophylla (Fig. 

2.12) occurred at slightly higher elevations both in the Kern Basin and on the 

eastern slope of the range. Both of these pines were found near the middle of 

the TMI gradient. Pinus jeffreyi was dominant at slightly higher elevations and 

was much more dominant than its lower elevation congeners, Fig. 2.13. It also 

preferred the mesic end of the TMI scale. Pinus monticola had low dominance 

at intermediate elevations and on sites which were more xeric than the sites 

where P. jeffreyi was found, Fig. 2.14. Three pines dominated the highest 

elevations. Pinus murrayana, Fig. 2.15, dominated toward the mesic end of the 
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Table 2.7. Eigenvalues obtained by principle components analysis from the species
by-samples data matrix. 

Factor Eigenvalue Pct of Var Cum Pct 

1 1.98672 13.2 13.2 
2 1.33039 8.9 22.1 
3 1.30156 8.7 30.8 
4 1.20221 8.0 38.8 
5 1.11678 7.4 46.3 
6 1.05483 7.0 53.3 
7 1.02062 6.8 60.1 

gradient and at slightly lower elevations than P. balfouriana, Fig. 2.16. Pinus 

flexilis had low dominance, Fig. 2.17. It appears that P. flexilis is displaced above 

and below the dominance peaks of P. murrayana and P. balfounana. 

Ordination. Factor analysis identified seven variables accounting for 60% 

of the variance in the species-by-samples data matrix, Table 2.7. The first 

principle factor accounted for 13% of the variance while each of the next six 

factors accounted for 7-9% of the variance. Fig. 2.18 presents an ordination 

diagram for the first three factor axes of the conifer community. 

It is impossible to interpret these factors with certainty without 

experimental study. However, preliminary interpretations were assigned to each 

of the seven principal factors based on the correlation between eigenvalues, 

Table 2.7, and known autecological ordinations (Min ore 1979). Each species was 

most highly correlated with a different mix of the principal factors, Table 2.8. 
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Figure 2.18. Results of factor analysis. 

Factor 1 was tentatively interpreted as shade tolerance or competitive 
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ability. Calocedrus decun-ens and A. con color were found on one end of this axis 

while P. mun-ayana was on the other end. Calocedrus decurrens and A. concolor 

are shade tolerant and have been increasing in abundance in undisturbed Sierran 

forests (Barbour, Burk, & Pitts 1980; Minore 1979). Pinus mun-ayana is 

extremely shade intolerant and was not found successfully establishing under the 

canopy of another tree during field study. Factor 1 is also closely correlated with 

relative frost tolerance (Minore 1979), a fact which should be kept in mind in 

future studies. 

Factor 2 was tentatively interpreted as wildfire disturbance, see also 

Chapter 3. Pinus jeffreyi and J. occidentalis are found at one end of the factor 2 

axis while the other species are located near the origin. Wildfire incidence peaks 
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at an elevation of 2700 m in this part of the Sierra Nevada, Fig. 3.10. Pinus 

jeffreyi and J. occidentalis have peak dominance overlapping the peak in wildfire 

probability. Both the lower elevation pifton forests and the higher elevation 

subalpine forests have lower incidence of wildfire. 

Factor 3 was correlated with elevation (see also Chapter 4). If the factor 

3 scores are arranged in descending order a near-perfect ordination of species 

with elevation occurs from P. monophylla on the lower forest border to P. 

balfouriana at timberline. There are a number of other variables which are 

correlated with elevation including: length of the growing season, mean-annual 

temperature, annual respiratory cost, and mean irradiance during the growing 

period. Any of these variables, or some combination of them, could cause the 

observed pattern. 

Factor 4 was interpreted as soil drainage in subalpine forests. No species 

was significantly correlated with this variable except subalpine conifers suggesting 

that this variable is important predominantly in high-elevation forests. Pinus 

mUlTayana rings subalpine meadows in the study area. As distance from the 

meadows increases, soils become better drained and P. mUlTayana gives up 

dominance to P. baifouriana and occasionally to P. flexilis. 

Factor 5 was interpreted as geographic position within the study area and 

could represent any of a number of correlated physiological variables including 

higher winter precipitation, warmer winter temperature, and lower summer 

precipitation. Pinus monticola and A. magnifica are positively correlated with 



62 

factor 5 and P. mUlTayana is negatively correlated with it. The transect crossed 

Table 2.8. Principal-components factor-matrix obtained from the species-by-samples 
data matrix. Communality indicates the fraction of the variance in the data set 
accounted for by each of the seven principle factors. 

Rotated Factor Matrix 
Comm-

1 2 3 4 5 6 7 unality 

Sugar Pine .763 -.000 -.007 -.028 -.013 -.004 .222 .633 
Incense Cedar .659 .048 -.064 -.022 -.011 .033 -.208 .486 
White Fir .626 .140 -.003 .022 -.020 .419 .329 .698 

Western Juniper -.117 .787 -.065 -.057 -.018 -.064 .079 .652 
Jeffrey Pine .247 .740 .001 .036 .029 .061 -.114 .629 

Pinyon Pine .030 -.056 .744 -.008 -.012 -.138 -.034 .579 
Mountain Mohogany -.181 .008 .630 .112 -.023 .256 .078 .516 

Lodgepole Pine -.197 -.230 -.236 -.778 -.141 .035 .016 .775 
Foxtail Pine -.044 -.322 -.291 .702 -.077 -.164 -.075 .724 
Limber Pine -.108 -.014 .035 .320 -.064 .116 .059 .137 

White Pine .016 -.060 -.013 .004 .766 .013 -.039 .594 
Red Fir -.045 .070 -.013 -.043 .738 -.016 .042 .556 

Black Cottonwood .179 -.031 .050 .003 -.000 .798 -.110 .685 
Huckleberry Oak .360 -.030 .414 -.092 -.014 -.437 -.124 .518 

Kellogg Oak .074 -.025 .002 .027 .007 -.053 .905 .829 
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over the Great Western Divide at a single location, Farewell Canyon. This 

canyon contained sparse stands of P. balfouriana at high elevation and stands of 

P. monticola and A. magnifica at slightly lower elevation. Both A. magnifica and 

P. monticola were rare in the rest of the study area. 

Factor 6 was interpreted as the presence of permanent water. Populus 

tricocarpa and A. con color were positively correlated with factor 6 and were 

commonly found growing along streams in this area. Quercus vaccinijolia, P. 

ba/fouriana, and P. monophylla were negatively correlated with factor 6 and were 

rarely found near streams. 

Factor 7 was strongly correlated with the single sample which contained Q. 

kelloggii. It is assumed that this factor identified this occurrence as unique. 

Classification. Six generally recognized plant communities were identified 

(Munz & Keck 1968; Vankat 1982; Rundel, Parsons & Gordon 1977): pinon pine 

forest (PPF), riparian forest (RF), mixed conifer forest (MCF), red fir forest 

(RFF), jeffrey pine forest (JPF), and subalpine forest (SAP), Fig. 2.19. Mixed 

conifer forest was subdivided into three classes: upper mixed conifer forest 

(UMCF) dominated by P. monticola and 1. occidentalis; jeffrey pine forest (JPF) 

dominated by P. jeffreyi; and lower mixed conifer forest (LMCF) dominated by 

C. decurrens, A. con color, and P. lambertiana. The habitats in which these 

communities were found were plotted on an elevation versus TMI nomogram, 

Fig. 2.20. This diagram shows at a glance the habitat in which each member of 

the community was found. 
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Fig. 2.19. A classification of the tree community of the southern 
Sierra Nevada using Lefkovitch's method. 
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Discussion 

Subalpine forests composed of P. balfouriana and P. murrayana dominated 

the study area. Pinus murrayana was nearly ubiquitous occurring in 64% of the 

sampled stands. Pinus balfouriana was the most important species occurring 

mostly at sites near timberline and on drier slopes. Pinus murrayana occured in 

71 % of the stands containing P. balfouriana. The only other species which 

regularly co-occurred with P. balfouriana were P. flexilis (3% co-occurrence) and 

P. monticola (1% co-occurrence). 

The most important variables controlling community composition were 

competition, disturbance, and abiotic variables associated with elevation. Other 

important variables were soil drainage, geographic position, and the availability of 

permanent water. 

The tree community of the Golden Trout Wilderness was found to be nearly 

identical with the tree community of adjacent Sequoia National Park (Vankat & 

Major 1978; Vankat 1982). Vankat and Major (1982) found that P. murrayana 

and P. balfouriana dominated the subalpine forest in the 18 sites they examined 

on the west side of the Sierran crest. They also found that gamma (regional) 

diversity increased in the mixed-conifer community at intermediate elevations. 

These are the same patterns found in the Golden Trout Wilderness. 



One significant difference was reduced importance of A. magnifica. 

Vankat (1978 1982) found A. magnifica dominated the mesic end of the 

topographic moisture gradient and P. jeffreyi dominated the xeric end in the 

upper montane-forest zone. Abies magnifica was much less important in the 

Golden Trout Wilderness. Pinus jeffreyi dominated both ends of the TMI 

gradient and A. magnifica was displaced to more xeric sites. 
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The vegetation classes identified in this study were similar to those 

recognized by previous workers (Munz & Keck 1968; Rundel, Parsons, & 

Gordon 1977). They are (roughly in order of increasing elevation): pinon-pine 

forest, mixed-conifer forest, riparian forest, jeffrey-pine forest, red-fir forest, and 

subalpine forest. 

Pinus balfouriana responded to a different mix of variables than the tree 

community as a whole, Table 2.8. Factor loadings indicated that P. balfouriana 

responds most strongly to soil drainage, factor 4. Disturbance, abiotic variables 

associated with elevation, permanent soil moisture, were also important. 

Little can be said about soil drainage, the most important variable 

controlling P. balfouriana distribution and abundance. The only soil data 

collected on the transects were a simple estimate of soil texture and a notation 

of soil parent material. These data do not permit a critical assessment of the 

importance of soil drainage to P. balfouriana distribution and abundance. 

Ryerson's (1983) results differ substantially from both Vankat's (1978, 

1982) results and from mine. I found P. balfouriana mainly associated with P. 
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murrayana, and virtually never found an understory. Ryerson found P. 

balfouriana associated with eight tree species and commonly found it growing 

with various shrub species. At least two possible explanations for these 

seemingly disparate results can be offered. First, it is possible that Ryerson's 

results are a statistical artifact caused by low sampling frequency. Additional 

sampling around the margin of the geographic range will determine if this is the 

case. 

However, Ryerson's results may indicate a real difference in vegetation 

characteristics between sites located on the margin of P. balfouriana range and 

th<?se in the middle of the range. Nine of her sites had three or fewer species 

present and seven of these sites were high elevation sites (above 3000 m). Six of 

her sites had between four and six species present and all of these were low 

elevation sites (below 3000 m). This suggests that at low elevation, i.e. near the 

habitat range boundary, P. balfouriana was in competition with a suite of other 

species in sharp contrast to the normal condition in the center of its range where 

competition was with a single species, P. murrayana. 

Ryerscil's data suggest that a single limiting-resource, such as moisture 

(Kozlowski 1982), is insufficient to explain the geographic range boundary even 

for a species as geographically restricted as P. balfouriana. If a single limiting

resource controlled distribution and abundance; then, the competition hypothesis 

(Giller 1984) should hold. The competition hypothesis claims that competition 

has adverse effects on all species which must utilize a single, limited resource at 
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the same time and place. Under these conditions, competitive exclusion 

eliminates all but the best competitor at every point along the resource gradient. 

Since species differ in their response to resource limitation (e.g. Chapin & 

Shaver 1985; Table 2.8) competitive exclusion would result in a linear 

replacement sequence along the resource gradient. Since pines are all closely 

related and use the same resources at the same time, they will sort themselves 

out along a moisture gradient. (Some observations suggests this in fact happens 

on the west slope of the Sierra Nevada, see Yeaton 1981; Yeaton, Yeaton, & 

Horenstein 1980). 

If a single limiting-factor were responsible for the geographic range 

boundary we should expect to always find the same competitor at that boundary, 

since the same species are present on all sides of the P. balfouriana geographic 

range. It is clearly true that P. balfouriana only occurs with P. murrayana in the 

center of its geographic range. But, Ryerson's data suggests that P. balfouriana 

occurs with many different species near the species lower-forest-border. Hence 

the range-limiting factor must differ around the range boundary. 
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CHAPTER 3 

WILDFIRE REGIME OF THE SOUTHERN SIERRA NEVADA 

The coniferous forests of the Sierra Nevada have been disturbed by 

several forces including fire, wind, avalanche, rock slides, predator outbreaks, 

volcanism, and glaciation. Evidence obtained along the transects reported in 

Chapter 2 indicated that wildfire was currently the most important chronic agent. 

Wildfire damage was apparent at more sample points (3.5% of 1060 randomly 

placed samples) than any other type of disturbance. Wind damage was seen at 

1.5% of the sample points, mostly at higher elevations. Avalanche damage was 

apparent at 0.8% of the sample points, all at high-elevation. No other major 

agents of disturbance were noted during gradient analysis. 

Wildfires are known to strongly influence community composition 

(Bormann & Likens 1979; Pickett & White 1985; Sousa 1984; West, Shugart, & 

Botkin 1981; Wright and Bailey 1982). An important variable controlling 

community composition in the southern Sierra Nevada is highly correlated with 

the abundance of P. jeffreyi and J. occidentalis. These species are found in 

portions of the forest subject to high incidence of wildfires (L. Armas, personal 

communication 1984). Consequently, it is natural to see if wildfire disturbance 

could be confirmed as the factor identified by factor analysis. Evidence to 

support this hypothesis is provided by demonstrating a strong correlation between 
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the observed wildfire disturbance regime and the distribution and abundance of 

P. jeffreyi and 1. occidentalis in the study area. 

Wildfires are also known to influence plant morphology and life-history 

(Gill 1981; Spurr & Barnes 1980). Pinus balfourialla possesses a number of 

morphological characteristics which are often identified as belonging to the suite 

of fire adaptations suggesting that wildfire is or has been an important factor in 

Sierran P. baifourialla forests. These traits include: thick bark (Bailey 1970; 

Mastroguiseppe 1972), self-pruning habit, a deep taproot, and wide spacing 

between trees (Gill 1981; Spurr & Barnes 1980). In addition, P. ba/fouriana 

forests are singularly devoid of litter (Ball 1976, and personal observation), 

another trait which could be interpreted as an adaptation increasing P. 

balfouriana fitness in fire prone habitats. 

This chapter uses Inyo National Forest wildfire records for the 13-year 

period 1972 to 1984, to characterize the disturbance regime of the southern 

Sierra Nevada. A predictive, stochastic, disturbance model is generated and then 

correlated with the abundance of P. jeffreyi and 1. occidentalis. The model is also 

correlated with the abundance of P. balfourialla to determine if wildfire was a 

likely range limiting factor. Since the instantaneous probability of wildfire 

ignition is a complex function of stochastic weather phenomena, the length and 

severity of drought, and vegetation properties (Andrews 1986; Kessell 1979; 

Rothermal et al. 1986), no attempt is made to model that probability. Instead, 

the model characterizes the observed spatial and temporal occurrence of wildfire. 



Man's pervasive influence is addressed in order to assess the relative impact of 

man on the natural fire regime. 

Materials and Methods 
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The 168,000 Ha study area was that portion of Inyo National Forest south 

of 37 degrees N-latitude (the northern range-limit of P. balfouriana). It includes 

portions of the John Muir and Golden Trout Wildernesses, Fig. 2.2. 

Wildfire occurrences were transcribed from official Inyo National Forest 

records, Table 3.1. A total of 350 wildfires occurred within the study area and 

were reported to the Interagency Fire Control Center in Bishop, CA during the 

study period. Fires were identified by a serial identification number assigned by 

the Interagency Fire Dispatcher's Office. The approximate location of the origin 

was reported using the legal description of that point (see Husch, Miller & Beers 

[1982] for a description of US Public Lands Survey methods). Slope, aspect, and 

elevation at the point of origin were recorded, along with the cover-type in which 

the fire began and the probable cause of the fire. Date of ignition, fire size, and 

weather at the time of ignition were also recorded. 

Several models required that the surface area within certain geographic or 

topographic classes be known; consequently, areas were planimetered from the 

Fresno and Mariposa quadrangles in the US Geological Survey 1:250,000 

topographic map series. Estimates of the fraction of land surface facing in each 
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Table 3.1. Wildfire record for the study area. All wildfires which occurred south 
of 37 degrees N latitude between 1972 and 1984 are included. FIRE is the 
sequential identification number assigned by the Interagency Fire Control Center 
in Bishop, CA. DATE is the day the fire was reported. Other codes: TNS -
Township, RNG - range, SEC - section, SLP slope at the point of ignition (in 
percent), ASP -aspect at the ignition point (degrees clockwise from true north), 
ELEV - elevation at the ignition point (meters above sea level), VEG -
vegetation growing at the ignition point, CAU - probable cause code (see list 
following table), SIZE - size of the fire after containment (see list following 
table), WIND - wind condition at the time of ignition (see list following table). 

FIRE DATE TNS RNG SEC SLP ASP ELEV VEG CAU SIZE WIND 

2 Mar 21, 72 ISS 34E 36 35 N 2499 MC 2 A 7S1 
29 May 31, 72 18S 34E 21 15 RT 2981 MC 1 A 4S0 
32 Jun 1, 72 18S 34E 15 9 RT 2743 MC 1 A 25G9 
42 Jun 7, 72 17S 36E 18 40 E 2591 AT 1 A 10G6 
43 Jun 7, 72 18S 33E 26 30 SW 2896 AT 1 B 20S3 
54 Jun 20, 72 17S 35E 11 9 FL 2926 LP 2 A 6S0 
71 Jul 7, 72 17S 36E 27 10 SE 1981 SA 9 A 10Sl 
93 Jul 10, 72 18S 34E 19 30 SE 2713 CO 1 B 20G8 
94 Jul 18, 72 19S 35E 13 40 W 3048 AT 1 B 15G7 

102 Jul 16, 72 17S 36E 6 50 E 2804 AT 1 A 30G9 
103 Jul 16, 72 14S 34E 34 110 RT 3109 AT 1 C 10G6 
107 Jul 30, 72 13S 34E 27 20 E 1615 SA 2 A 15S2 
112 Jul 31, 72 16S 34E 1 0 FL 3109 AT 2 A 15G7 
124 Aug 11, 72 17S 34E 33 30 E 2975 AT 1 A 25G9 
130 Aug 15, 72 ISs 34E 34 2 FL 3139 AT 2 A 10G6 
131 Aug 15, 72 16S 35E 31 2 FL 3353 GR 2 A 20G8 
152 Aug 31, 72 13S 33E 25 0 FL 2774 BR 2 A 5G5 
166 Dec 15, 72 12S 33E 13 50 E 2438 AT 2 A 5S0 

3 Apr 29, 73 13S 34E 20 10 E 1890 SA 6 C 20G8 
9 May 27, 73 16S 3SE 8 60 SE 2316 PJ 3 A 2S0 

14 Jun 2, 73 21S 36E 2 50 E 2438 CO 1 B 8G6 
50 Jul 5, 73 17s 36E 4 40 E 1951 SA 3 A 5S0 
56 Jul 11, 73 13S 33E 25 10 N 2774 BR 2 A 20G8 
57 Jul II, 73 14S 33E 25 25 NE 3353 AT 2 A 20G8 
69 Jul 18, 73 18S 3SE 2 50 SE 3048 AT 1 A 5s0 
72 Jul 18, 73 18S 35E 19 30 W 2743 LP 1 A SGS 
74 Jul 18, 73 18S 3SE 8 10 SE 2804 LP 1 A SGS 
83 Jul 30, 73 16S 3SE 35 20 S 3200 AT 1 A 10G6 
88 Jul 31, 73 13S 33E 35 5 NE 3231 AT 2 A 6S0 
94 Aug 13, 73 18S 35E 1 2 S 3048 AT 1 A 8G6 
95 Aug 13, 73 17s 3SE 36 20 E 3048 AT 1 A 8G6 
96 Aug 13, 73 17S 35E 26 20 S 2987 LP 1 A 8G6 
98 Aug 14, 73 21S 36E 12 40 E 2134 PJ 1 A 7S1 
99 Aug 15, 73 18S 33E 26 30 E 2774 CO 1 A 3G5 

100 Aug IS, 73 17S 36E 29 40 NE 2316 PJ 1 A SG5 
101 Aug IS, 73 17S 35E 23 30 N 3170 AT 1 A 5G5 
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Table 3.1 - continued 

105 Aug 18, 73 175 36E 7 80 5E 2195 PJ 2 B 851 

4 May 3, 74 155 34E 35 0 E 2530 MC 6 A 550 

8 May 31, 74 185 34E 19 45 5W 2743 MC 1 B 550 
16 Jun 3, 74 185 35E 18 30 5W 2682 MC 1 A 1051 
17 May 31, 74 165 34E 3 0 FL 3109 LP 2 A 050 
23 Jun 28, 74 135 34E 3 5 FL 1512 5A 2 A 2G5 
34 Jul 14, 74 175 35E 13 35 NW 3231 AT 1 A 350 
35 Jul 14, 74 165 35E 20 60 N 2926 AT 1 A 550 
45 Jul 22, 74 185 36E 33 45 E 2865 co 1 C 1552 
46 Jul 23, 74 155 34E 11 0 FL 2012 PJ 1 A 5G5 
47 Jul 24, 74 195 35E 16 5 E 2633 LP 1 A 050 
48 Jul 24, 74 195 35E 11 5 W 2682 co 1 A 050 
54 Jul 26, 74 195 36E 32 90 NE 2780 AT 1 B 10G6 
61 oct 2, 74 185 33E 11 0 RT 2896 MC 1 A 250 
64 Ju1 31, 74 125 34E 32 20 E 1609 PJ 1 A 10G6 
66 Ju1 31, 74 185 35E 26 0 FL 2743 MC 1 A 10G6 
69 Jul 30, 74 185 33E 34 45 W 2286 MC 1 A 550 
71 Aug 1, 74 205 36E 10 60 E 2896 MC 1 A 15G7 
78 Aug 5, 74 185 34E 2 45 N 2896 MC 1 A 550 
81 Aug 6, 74 185 34E 8 20 5 2743 MC 1 A 10G6 
90 Aug 18, 74 125 33E 22 5 E 3048 AT 2 A 2G5 
98 5ep 8, 74 175 35E 21 0 E 3200 MC 8 A 10G6 

105 oct 4, 74 125 33E 13 10 5 2377 BR 2 A 350 
111 Ju1 23, 74 195 34E 16 10 E 2438 FR 1 A 550 
112 Jul 23, 74 195 35E 29 10 5E 2286 co 1 A 6G5 
113 Jul 24, 74 195 34E 35 10 5E 2469 MC 1 A 650 
114 Jul 24, 74 195 34E 25 60 E 2774 MC 1 A 350 
115 Jul 24, 74 195 34E 35 10 E 2377 MC 1 A 650 
116 Jul 24, 74 205 34E 10 60 NE 2682 FR 1 A 6G5 
117 Jul 24, 74 205 34E 2 4 5W 2682 FR 1 A 550 
118 Jul 24, 74 195 35E 19 5 NE 2804 FR 1 A 6GS 
119 Jul 24, 74 195 34E 5 20 5 2438 FR 1 A 5G5 
120 Jul 24, 74 195 34E 28 50 5E 2134 co 1 A 6G5 
121 Jul 24, 74 205 35E 14 5 NE 2286 co 1 A 250 
122 Jul 24, 74 205 35E 6 10 NE 2682 FR 1 A 250 
123 Jul 26, 74 215 36E 16 10 NW 2438 PJ 1 A 450 
124 Jul 26, 74 215 36E 4 10 5E 2316 PJ 1 A 650 
125 Jul 26, 74 215 36E 27 2 W 2743 PJ 1 A 450 
126 Jul 27, 74 195 34E 23 35 5W 2774 FR 1 A 10G6 
127 Jul 31, 74 215 36E 4 1 FL 2560 co 1 A 450 
128 Jul 31, 74 205 36E 28 60 NW 2499 PJ 1 A 5G5 
129 Aug 1, 74 215 36E 34 5 E 2560 BR 1 A 550 
130 Aug 3, 74 205 35E 6 2 5E 2134 BR 1 A 150 
131 Aug 4, 74 215 36E 27 2 W 2682 PJ 1 A 650 

1 May 8, 75 195 36E 2 3 E ].311 5A 6 A 10G6 
5 Jun 6, 75 185 33E 11 40 5 2682 AT 1 A 751 
6 Jun 6, 75 185 34E 16 30 W 2195 BR 1 A 751 
7 Jun 6, 75 185 33E 21 0 RT 2560 AT 1 A 751 
8 Jun 14, 75 145 34E 30 40 N 3024 AT 1 D 550 

11 Jul 7, 75 135 33E 35 10 E 3200 AT 6 A 8G6 

14 Jul 10, 75 185 36E 15 40 NE 2499 FR 1 A 450 
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Table 3.1 - continued 

18 Jul 11, 75 175 35E 13 5 5 3124 AT 1 A 050 

21 Jul 12, 75 175 35E 24 20 W 2902 AT 1 A 050 

31 Jul 15, 75 195 35E 36 70 5 2134 BR 8 A 550 
35 Jul 26, 75 185 35E 4 15 5 2987 AT 1 A 550 
45 Jul 27, 75 115 33E 26 85 E 2073 GR 1 B 12G6 
46 Jul 27, 75 125 33E 14 45 E 2469 co 1 B 851 

47 Jul 27, 75 125 33E 22 30 5E 3170 AT 1 A 250 
48 Jul 27, 75 185 33E 26 10 NE 2926 FR 1 A 450 
51 Jul 28, 75 195 35E 11 5 W 2731 Me 1 A 450 
52 Jul 28, 75 185 35E 19 5 NW 2707 Me 1 A 350 
59 Aug 8, 75 185 35E 1 5 FL 3078 AT 6 A 050 
78 Aug 15, 75 135 34E 21 5 FL 1859 5A 6 B 1051 
85 Aug 20, 75 135 34E 3 0 FL 1463 OK 5 A 350 
88 Aug 31, 75 135 33E 3 5 5 3292 AT 2 A 9G6 
94 5ep 8, 75 125 34E 32 5 E 1518 5A 1 B 550 
95 5ep 8, 75 125 34E 32 0 E 1518 5A 1 A 550 

107 Oct 15, 75 125 33E 11 9 5W 3048 AT 2 A 6G5 
3 Feb 29, 76 175 36E 27 3 FL 1402 5A 2 B 30G9 
8 May 6, 76 195 33E 16 65 NW 2591 MC 1 B 550 
9 May 18, 76 185 35E 36 20 E 2743 MC 1 A 350 

34 Jul 6, 76 185 35E 25 30 5E 2847 LP 8 A 1151 
35 Jul 7, 76 135 33E 35 25 NE 3182 MC 9 B 1552 
62 Jul 15, 76 21S 36E 36 0 RT 2560 SA 1 A 050 
63 Jul 15, 76 215 36E 36 30 5E 2560 SA 1 A 15G7 
64 Jul 15, 76 215 36E 25 10 RT 2560 MC 1 A 12G6 
65 Jul 15, 76 21S 36E 24 120 E 2499 MC 1 A 15G7 
66 Jul 15, 76 195 36E 17 5 NE 2975 AT 1 A 550 
67 Jul 15, 76 18S 36E 7 65 s 3200 BR 1 B 350 
68 Jul 15, 76 185 33E 21 0 RT 2581 MC 1 A 1552 
69 Jul 15, 76 18S 35E 27 15 5 2707 CO 1 A 1552 
70 Jul 15, 76 185 34E 33 30 W 3414 MC 1 A 25G9 
71 Jul 15, 76 18S 35E 19 45 5 2682 CO 1 A 550 
72 Jul 15, 76 185 35E 22 45 5 2682 FR 1 A 8G6 
73 Jul 16, 76 18S 35E 24 30 5 2865 CO 1 A 350 
75 Jul 16, 76 18S 35E 5 30 E 2731 MC 1 A 3S0 
77 Jul 19, 76 17S 33E 35 40 E 2957 co 1 A 8G6 
78 Jul 19, 76 18S 34E 2 45 E 2877 co 1 A 3S0 
89 Jul 19, 76 18S 34E 14 0 RT 2804 BR 1 A 450 
95 Jul 27, 76 18S 34E 9 30 S 2804 MC 1 A 250 
97 Jul 28, 76 22S 36E 12 15 5 2585 SA 1 B 350 
98 Jul 28, 76 185 34E 6 15 S 2682 co 1 B 450 
99 Jul 28, 76 17S 34E 16 45 5E 3463 AT 1 A 851 

117 5ep 3, 76 215 36E 36 90 5E 2438 PJ 1 B 20G8 
119 5ep 4, 76 175 36E 31 80 E 2713 AT 1 A 1051 
120 5ep 4, 76 185 36E 18 33 RT 3048 AT 1 A 150 
122 5ep 4, 76 185 36E 16 20 RT 2512 co 1 A 20G8 
126 5ep 4, 76 185 36E 16 35 N 2438 MC 1 A 550 
127 5ep 4, 76 18S 36E 8 90 N 2560 co 1 A 30G9 
128 5ep 4, 76 185 35E 1 45 SW 2877 LP 1 A OSO 
129 5ep 4, 76 175 35E 14 0 FL 2999 AT 1 A OSO 
130 5ep 4, 76 185 36E 21 35 N 2621 MC 1 A 20G8 
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Table 3.1 - continued 

131 Sep 5, 76 18S 35E 5 0 FL 2902 AT 1 A 15S2 

132 Sep 5, 76 17S 35E 27 5 E 2880 LP 2 A 2S0 

133 Sep 6, 76 19S 35E 6 40 RT 2731 MC 1 A 5S0 

134 Sep 4, 76 13S 33E 35 5 NE 3216 AT 2 A OSO 

135 Sep 6, 76 19S 35E 8 0 RT 2682 MC 2 A ISO 

136 Sep 4, 76 18S 36E 17 50 E 2146 CO 1 B 10G6 

137 Sep 6, 76 18S 35E 20 60 E 2804 Me 1 A 5G5 

138 Sep 22, 76 18S 34E 16 20 SE 2707 LP 2 A 4S0 

140 Sep 28, 76 18S 34E 13 40 S 2731 co 1 B 5S0 

141 Sep 28, 76 18S 34E 19 15 w 2902 AT 1 A 5S0 

143 Sep 28, 76 17S 34E 28 5 RT 3243 AT 1 A 8S1 
10 Jun 18, 77 12S 33E 12 55 E 2682 co 1 B 4S0 
13 Jun 20, 77 18S 33E 21 5 FL 1951 co 5 B 8S1 

15 Jun 23, 77 12S 34E 19 60 E 2438 co 1 C 10Sl 

19 Jun 23, 77 17S 34E 17 40 sw 3365 AT 1 A 5S0 
34 Jun 30, 77 20S 36E 5 55 E 2865 MC 1 A 10S1 

73 Jul 31, 77 18S 35E 21 5 E 2591 MC 2 A 3S0 
78 Aug 3, 77 l1S 33E 15 50 NE 2682 BR 1 B 7G6 

100 Aug 12, 77 l1S 33E 22 12 SE 2609 co 1 A 5G5 
101 Aug 12, 77 l1S 33E 14 12 E 2377 co 1 A 5G5 

103 Aug 12, 77 12S 34E 7 45 S 2118 co 1 A 15S2 

104 Aug 12, 77 12S 33E 12 45 SE 2469 co 1 A 20G8 

105 Aug 12, 77 19S 35E 21 45 w 2804 MC 1 A 11G6 
106 Aug 12, 77 18S 35E 24 15 RT 2780 LP 1 B 11G6 

107 Aug 12, 77 18S 35E 28 25 w 2682 co 1 A 15G7 
109 Aug 12, 77 15S 34E 23 80 E 3170 MC 1 B 7G6 
119 Aug 29, 77 13S 33E 26 10 SE 3200 MC 2 A 4S0 
144 sep 10, 77 20S 36E 4 20 SE 2652 BR 8 B 4S0 
146 oct 21, 77 18S 33E 27 15 E 2743 AT 6 A 10S1 
147 oct 31, 77 13S 33E 27 5 SE 3505 AT 2 A 7S1 

4 Jun 22, 78 19S 36E 23 10 E 1433 SA 2 D 30G9 
7 Jun 26, 78 12S 34E 6 10 E 1524 SA 1 A 10S1 

10 Jul 10, 78 13S 34E 1 15 S 2438 BR 2 A 15G7 
18 Jul 28, 78 21S 36E 14 30 SE 2743 BR 1 A 4S0 
29 Aug 4, 78 18S 33E 36 5 W 3072 Me 1 B 5S0 
52 Aug 11, 78 19S 33E 21 40 w 1981 BR 1 B 5S1 
56 sep 2, 78 18S 33E 36 40 SE 2713 BR 2 A ISO 

3 May 19, 79 15S 34E 11 80 E 2591 BR 2 E 10S1 
4 May 23, 79 lIS 34E 32 0 E 1387 SA 1 A 6S0 
8 Jun 4, 79 15S 35E 30 20 E 1676 SA 3 A 30G9 

19 Jul 13, 79 17S 34E 23 2 S 2926 AT 2 A 15G7 

20 Jul 17, 79 16S 34E 2 50 W 3048 MC 2 A 10Sl 
28 Jul 19, 79 19S 34E 34 50 N 2804 Me 1 A 15G7 
29 Jul 19, 79 19S 34E 17 15 SW 2804 Me 1 A 5S0 
30 Jul 19, 79 19S 34E 31 20 W 1707 Me 1 A 5S0 
31 Jul 19, 79 19S 34E 31 20 W 1890 Me 1 A 5S0 

32 Jul 20, 79 19S 34E 28 35 S 2195 Me 1 B 15G7 
33 Jul 24, 79 16S 36E 31 70 N 2195 PJ 1 A 10G6 

34 Jul 20, 79 19S 34E 6 15 E 2743 Me 1 A 5S0 
44 Aug 16, 79 19S 34E 20 70 sw 2286 BR 1 B 20G8 

47 Aug 17, 79 19S 34E 27 70 S 2012 co 1 A 5S0 
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Table 3.1 - continued 

48 Aug 17, 79 18S 33E 27 15 S 2286 BR 1 A 2S0 

52 Aug 17, 79 18S 33E 27 10 RT 2438 BR 1 A 20S3 

53 Aug 17, 79 19S 34E 27 70 E 2286 BR 1 A 550 
54 Aug 16, 79 19S 35E 26 70 E 2286 BR 1 A 551 
72 Sep 20, 79 20S 35E 12 50 SE 2560 MC 2 A 1552 
73 Sep 24, 79 19S 34E 9 25 SE 2743 co 1 A 550 

74 Sep 24, 79 18S 34E 7 30 NE 2896 co 1 A 550 
75 Sep 25, 79 19S 34E 9 5 SW 2743 co 1 A lOS 1 
77 Sep 26, 79 19S 36E 33 40 RT 2743 MC 1 A 550 
78 Sep 27, 79 21S 36E 14 100 E 2469 MC 1 B 550 
81 Sep 30, 79 19S 33E 1 15 SE 2743 MC 1 A 550 
83 Sep 30, 79 19S 34E 28 50 W 2743 MC 1 A 1051 
85 Oct 5, 79 19S 34E 19 100 S 2438 MC 1 B 15G7 
87 Sep 27, 79 19S 36E 31 25 SW 2743 MC 1 A 250 

6 May 20, 80 17s ,~5E 12 30 S 2896 BR 5 B 8G6 
11 Jul 5, 80 18S 34E 2:> 1: ~, 2682 BR 2 A 1251 
18 Jul 24, 80 18S 34E 11 35 SE 2743 MC 1 A lOG7 
19 Jul 24, 80 18S 34E 1 5 FL 2743 AT 1 A 550 
20 Jul 24, 80 18S 34E 24 10 SE 2591 PJ 1 A 550 
.25 Jul 26, 80 18S 34E 15 7 SW 2835 WD 1 A 5G5 
31 Jul 26, 80 19S 34E 33 30 S 2073 eo 1 A 150 
32 Jul 27, 80 18S 34E 23 5 N 2438 WD 1 A 550 
33 Jul 27, 80 17S 34E 33 7 SW 3048 PJ 1 A 10S1 
39 Jul 28, 80 18S 34E 32 35 NW 2621 LP 1 A 10S1 
40 Jul 28, 80 18S 33E 22 5 RT 2438 BR 1 A 15G7 
41 Jul 28, 80 18S 33E 22 0 FL 2438 Me 1 A 5S0 
43 Aug 1, 80 20S 35E 9 100 E 2743 FR 1 A 5S0 
44 Aug 1, 80 20S 36E 6 20 SE 2743 MC 1 A OSO 
76 Sep 6, 80 18S 35E 12 15 W 2896 AT 1 A 10G6 
77 Sep 5, 80 18S 33E 34 70 SW 2560 FR 1 A 10S1 
78 Sep 5, 80 19S 33E 11 75 SW 2682 BR 1 A 10Sl 
79 Sep 5, 80 19S 33E 15 12 NW 2195 MC 1 A 10G6 
80 sep 6, 80 19S 33E 10 45 SE 2560 BR 1 A 15s2 
86 Sep 6, 80 13S 33E 35 40 N 3048 LP 2 A 15G7 
89 Sep 10, 80 17S 35E 29 10 NW 2743 LP 1 A 2S0 
91 Sep 10, 80 19S 35E 31 10 SE 2652 Me 1 A 15G7 
94 oct 11, 80 12S 33E 1 0 FL 1829 WD 2 A 20G8 
95 oct 9, 80 17S 35E 32 5 s 2621 LP 1 A 5S0 
98 Sep 9, 80 16S 34E 1 0 FL 3200 BR 1 A 8S1 

4 Aug 5, 81 16S 35E 35 5 NE 2743 Me 1 A 5S0 
8 May 25, 81 17S 35E 11 0 FL 2865 MC 2 A OSO 

28 Jul 5, 81 18s 33E 12 60 E 2560 BR 1 B 15G7 
42 Aug 5, 81 13S 34E 6 60 S 2286 SA 9 D 15G7 
43 Aug 8, 81 13S 33E 25 30 N 2797 GR 6 A OSO 
60 Aug 11, 81 19S 35E 35 5 S 2134 Me 1 A 5S0 
62 Aug 13, 81 19S 35E 30 5 W 2591 Me 1 A 12G6 
64 Aug 14, 81 19S 35E 22 30 NE 2743 MC 1 A 10G6 
65 Aug 14, 81 18S 35E 34 15 NW 2743 MC 1 A G6 
66 Aug 14, 81 18S 35E 34 20 E 2286 Me 1 A 10S1 
68 Aug 14, 81 18S 35E 34 5 sw 2621 Me 1 A 5G5 
71 Aug 14, 81 19S 33E 2 90 SE 2591 MC 1 A 10G6 
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Table 3.1 - continued 

72 Aug 15, 81 215 36E 34 30 E 2286 MC 1 A 1051 

73 Aug 15, 81 195 33E 10 10 5 2560 MC 1 A 1051 

78 Aug 16, 81 185 33E 27 50 NW 2743 MC 1 B 20G8 

79 Aug 17, 81 195 33E 22 50 NW 2438 MC 1 A 20G8 

80 Aug 17, 81 195 33E 22 50 W 2438 MC 1 A 20G8 

81 Aug 18, 81 195 34E 30 50 W 2438 MC 1 A 20G8 

82 Aug 18, 81 195 33E 22 25 W 2591 MC 1 A 10G6 

85 Aug 18, 81 165 35E 20 60 N 2286 MC 1 A 1051 

91 Aug 18, 81 195 33E 14 50 E 2438 MC 1 A 20G8 

92 Aug 18, 81 18S 35E 9 50 5 2804 MC 1 A 20G8 

96 Aug 18, 81 205 34E 10 20 NE 2743 MC 1 A 050 

97 Aug 18, 81 185 33E 22 60 W 2286 MC 1 C 1552 

98 Aug 19, 81 185 33E 27 60 N 2652 MC 1 A 1051 

99 Aug 8, 81 175 35E 33 35 N 3048 MC 1 A 10G6 

101 Aug 20, 81 185 35E 10 20 N 2621 MC 1 A 550 

102 Aug 20, 81 175 35E 24 10 NE 2957 MC 1 A 050 

103 Aug 19, 81 185 35E 4 40 W 2621 MC 1 A 15G7 

104 Aug 19, 81 185 35E 2 40 W 2652 MC 1 A 1051 

105 Aug 19, 81 185 35E 22 40 W 2743 MC 1 A 1051 

106 Aug 19, 81 185 35E 27 50 NW 2743 MC 1 A 1051 

107 Aug 20, 81 175 35E 10 9 FL 2896 MC 1 A 1051 

108 Aug 20, 81 205 36E 22 20 W 2621 SA 1 C 2053 

112 Aug 21, 81 185 35E 11 30 SW 2743 MC 1 A lSl 

113 Aug 21, 81 18S 35E 16 30 W 2591 MC 1 A 10Sl 

114 Aug 23, 81 20S 36E 23 80 SE 2438 MC 1 A 10Sl 

115 Aug 21, 81 175 36E 18 30 NE 2896 MC 1 A 8S1 

116 Aug 22, 81 15s 34E 16 5 NE 2621 MC 1 A 550 

117 Aug 24, 81 17S 35E 26 10 S 2621 MC 1 A 5S0 

118 Aug 22, 81 17S 35E 12 10 S 2743 MC 2 A 10G6 

128 Sep 10, 81 20S 36E 6 20 NW 2743 MC 1 A 1552 

129 Sep 10, 81 17S 35E 33 60 E 2499 MC 1 A 1051 
130 Sep 10, 81 19S 33E 13 35 NE 2865 MC 1 A 5S0 

131 5ep 11, 81 195 35E 19 5 NW 2743 MC 1 A 5G5 

132 5ep 12, 81 19S 35E 35 20 W 2743 MC 1 A 550 

133 sep 13, 81 195 34E 24 25 E 2804 MC 1 A 350 

134 sep 13, 81 185 33E 35 10 N 3048 MC 1 A 551 

135 sep 13, 81 195 34E 14 6 SW 2713 MC 1 A 5S0 

137 5ep 13, 81 18S 33E 26 30 W 3200 MC 1 A 5G5 

145 Aug 20, 81 175 35E 24 15 SE 2896 MC 1 A OSO 

147 sep 20, 81 19S 34E 8 22 SW 2804 MC 1 B 5S0 

5 Jun 13, 82 185 34E 2 5 FL 2621 MC 1 A 3S0 

6 Jun 18, 82 20S 34E 1 20 W 2621 WD 1 A 2S0 

7 Jun 18, 82 205 35E 18 0 FL 2621 MC 1 A 150 
8 Jun 18, 82 20s 34E 11 10 RT 2682 MC 1 A 5GO 

9 Jun 20, 82 19S 34E 29 25 W 1890 MC 1 A 2S0 

14 Jun 22, 82 18S 35E 32 40 N 3027 co 1 A 550 

15 Jun 21, 82 20S 36E 5 75 E 2652 1 A 550 
16 Jun 22, 82 20S 36E 6 5 W 2804 BR 1 A 5GO 

18 Jun 22, 82 20S 34E 3 60 N 2316 BR 1 B 550 

23 Jul 17, 82 12S 34E 31 15 E 1646 SA 0 E 6 

24 Jul 25, 82 17S 35E 25 3 N 2743 co 1 A 050 
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Table 3.1 - continued 

25 Jul 25, 82 21S 36E 12 20 E 2073 GR 1 B 5s0 

31 Jul 25, 82 18S 35E 18 40 S 2682 MC 1 A 5S0 

35 Jul 26, 82 18S 35E 5 10 NE 2926 HW 1 A OSO 

36 Jul 29, 82 18S 34E 28 10 W 2743 MC 1 A 5S0 

43 Aug 17, 82 19S 35E 31 40 W 2890 MC 1 A 7G6 

44 Aug 18, 82 205 34E 5 45 S 2591 MC 1 A 5S0 

45 Aug 19, 82 195 34E 18 78 S 2530 BR 1 C Oso 
46 Aug 18, 82 205 34E 1 10 W 2591 LP 1 A 5S0 

47 Aug 18, 82 19S 34E 24 2' NW 2591 MC 1 A 5G5 

60 Aug 19, 82 195 34E 16 0 RT 2804 co 1 A 5S0 

67 Aug 20, 82 195 34E 4 45 W 2042 BR 1 A 8G6 
68 Aug 22, 82 185 34E 29 1 NE 2804 LP 1 A 5G5 

69 Aug 23, 82 13S 34E 5 0 FL 2073 MC 2 B OSO 

70 Aug 26, 82 15S 34E 36 85 E 2896 MC 1 A 5S0 

71 Aug 26, 82 15S 34E 25 90 S 2896 co 1 A OSO 
83 Oct 22, 82 20S 36E 5 75 E 2743 BR 2 A 15G7 
84 Nov 25, 82 13S 34E 20 5 SE 2134 SA 3 A 5S0 

12 Aug 7, 83 185 34E 18 10 E 2743 MC 1 A 6S0 

16 Aug 12, 83 19S 34E 21 50 E 2682 FR 1 A 15G7 
18 Aug 17, 83 lIS 34E 7 40 sw 1524 JU 1 B 7 
20 Sep 3, 83 135 34E 21 60 N 1890 SA 5 C 10G6 
24 Sep 22, 83 19S 34E 27 60 sw 2743 BR 1 A 15G7 

1 Apr 1, 84 165 34E 34 45 S 2926 MC 6 A OSO 

8 May 19, 84 155 3SE 29 0 5E 1737 SA 6 A 550 
11 May 29, 84 215 36E 28 20 SW 2743 BR 1 B lOGS 

13 May 29, 84 2lS 36E 27 60 W 2438 SA 1 A 1051 
14 May 29, 84 21S 36E 27 15 E 2743 SA 1 A 15S4 
15 May 29, 84 2lS 36E 28 0 RT 2560 JU 1 A OsO 

16 May 29, 84 215 36E 27 5 S 2743 CO 1 A 15S4 
17 May 30, 84 175 36E 5 90 SE 2438 SA 1 15S2 

18 May 29, 84 205 36E 23 10 W 2682 SA 1 A 15G7 
20 Jun 8, 84 175 35E 3 5 S 2865 LP 2 A OSO 

27 Jun 14, 84 205 35E 18 30 W 2134 CO 1 A 15G7 

34 Jun 18, 84 165 35E 34 40 sw 3292 FR 1 A 3S0 

35 Jun 18, 84 205 36E 15 70 E 2835 SA 1 A 10G7 
36 Jun 18, 84 20S 35E 9 25 S 2682 BR 1 A 5s0 

40 Jun 19, 84 195 34E 19 55 E 2682 FR 1 B 10S1 

43 Jun 19, 84 155 34E 34 10 NW 3078 MC 1 A OSO 

49 Jun 27, 84 18S 35E 23 10 sw 2804 BR 1 A lOGS 
50 Jun 28, 84 20S 35E 7 15 E 2713 MC 1 A 1557 

51 Jun 28, 84 19S 35E 31 10 NW 2591 MC 1 A 3S0 

52 Jun 28, 84 195 3SE 20 65 5E 2804 MC 1 A 15G7 

53 Jun 28, 84 195 35E 9 10 RT 2438 CO 1 A 5S0 

66 Jul 12, 84 18S 33E 13 10 5 2469 JU 1 B 5S0 

69 Jul 12, 84 18S 34E 13 20 5 2682 JU 1 A 1055 

71 Jul 12, 84 185 35E 18 15 N 2743 AT 1 A 5S0 

72 Jul 12, 84 19S 34E 4 15 S 2743 BR 1 A OSO 

73 Jul 12, 84 205 34E 11 5 W 2682 BR 1 A OSO 

87 Jul 25, 84 175 34E 15 3 FL 3109 MC 1 A OSO 

89 Jul 27, 84 135 34E 22 50 NW 1920 SA 1 A 10G6 

105 Aug 8, 84 155 35E 29 5 E 3048 SA 2 A 5G5 



Table 3.1 - continued 

122 sep 4, 
123 5ep 5, 
127 Sep 18, 
135 Sep 19, 
136 Sep 19, 
137 Sep 19, 

Cause codes: 
1 - lightning 

84 19S 
84 175 
84 21S 
84 20S 
84 18S 
84 22S 

2 - escaped campfire 
3 - vehicle fire 

36E 
35E 
36E 
34E 
33E 
36E 

4 - power line accident 

21 
1 

36 
13 
27 
28 

5 - intentional fire escaped 

Size codes: 
A - 0.0 to 0.1 ha 
B - 0.1 to 4.0 ha 
C - 4.0 to 40 ha 

Wind codes: 

40 
60 
90 
70 

5 
40 

SE 2896 MC 1 
5 3048 co 1 
E 2530 co 1 
E 2774 MC 1 
S 2591 co 1 

SW 2804 JU 1 

6 - smoking 
7 - burning building 
8 - blasting 

A 10S0 
A 2053 
A 10G6 
A 10Sl 
B 5S1 
A 15G2 

9 - miscellaneous anthropogenic 
o - miscellaneous natural 

D - 40 to 120 ha 
E - 120 to 410 ha 

The letter indicates wind conditions: S - wind steady, C - calm, G -
gusty. The number preceding the wind condition was wind speed in 
miles/hour. The number following the wind condition was the wind 
direction reported as one of the eight cardinal directions: 
1 - NE 5 - sw 
2 - E 6 - W 
3 - SE 7 - NW 
4 - S 8 - N 
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of the eight cardinal directions and in each of several slope classes were made by 

placing 500 points at random on the map. Slope and aspect at each random 

point were estimated using contour lines immediately adjacent to the point. All 

statistical analyses were performed on an IBM PC-ATTM computer using 

SPSS/PC+ TM. 
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General patterns 

Cause. The combination of lightning and anthropogenic uses of fire 

accounted for 96% of all wildfires in the study area. The majority (282 or 81 % ) 

were caused by lightning, Fig. 3.1. Escaped campfires resulted in 42 wildfires 

(12%) and 10 fires (3%) were caused by careless smoking. The 16 remaining 

fires (4%) were attributed to: power line accidents (4), blasting (4), vehicle fires 

(4), and miscellaneous causes (4). 

Vegetation. Different kinds of vegetation experienced vastly different 

wildfire frequency but the highest incidence of wildfire (125 fires or 36%) 

occurred in mixed-conifer vegetation, Fig. 3.2. Intermediate wildfire frequency 

Cause 
3818 282 
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Cl 2BBI s: 
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Figure 3.1. Frequency of wildfires by reported cause. A total of 350 
wildfires were reported during the 13 years of the record. 
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58 
x 

48 
:71 38 u 
1= 
Il Z8 :I 
CI 

18 Il 
~ 
~ 8 

HInd of Uegetation 

19n1thm Source 
o 

Lightnin9' .. 
Anthrol'o9'enic 

Figure 3.2. Frequency of wildfire in different kinds of vegetation. 
Lightning fires are most common in mixed conifer vegetation. 
Anthropogenic wildfires are most common in sagebrush and subalpine 
timber. 
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occurred in four kinds of vegetation: subalpine-timber with 47 wildfires (13%), 

conifer-forest with 43 fires (12%), brush with 39 fires (11%), and sagebrush with 

30 wildfires (9%). The eight remaining vegetation types had low incidence of 

fire, collectively experiencing only 66 fires in 13 years. 

The number of wildfires per vegetation class depended upon ignition 

source. Lightning fires were most frequent in mixed-conifer vegetation (112 

fires) followed by conifer-forest (42 fires), subalpine-timber (33 fires), and brush 

(28 fires). All other kinds of vegetation experienced a total of 67 lightning fires. 

Anthropogenic wildfires were most common in sagebrush (16 fires) followed by 

subalpine-timber (14 fires), mixed-conifer (13 fires), and brush (11 fires). All 

other kinds of vegetation experienced a total of 12 anthropogenic wildfires. 
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Inyo National Forest has no formal vegetation classification system (L. 

Armas, personal communication 1987); consequently, the area covered by each 

vegetation class is unknown and it is impossible to determine if fire is statistically 

more likely in some classes than in others. Furthermore, the vegetation 

descriptions may be biased since they are based upon subjective judgments of the 

fire-boss on the scene. Some cover classes may even be misc1assified. Those 

classes which seem most likely to be misc1assified are: mixed-conifer and 

conifer-forest; lodgepole and subalpine-timber; juniper and pinyon-juniper; and 

brush and sagebrush. 

Superficial observation suggests that fuels accumulate to a greater depth in 

the mixed-conifer community suggesting that this community may be more fire 

prone than others in the eastern Sierra Nevada. This possibility warrants further 

investigation. 

Spatial patterns 

No information was available regarding the shape of disturbed patches or 

topographic features which might affect patch properties. However, Inyo 

National Forest records do contain the latitude and longitude of each wildfire 

origin. Consequently, some of these data could be obtained using a set of 

topographic maps in conjunction with the forest record. 

Slope. Fig. 3.3 presents both the probability density function, pdf (Blank 
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Figure 3.3a. Distribution of lightning caused wildfires by slope. 
Percent slope is defined as 100 times slope rise over horizontal 
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Figure 3.3b. Distribution of anthropogenic wildfires by slope. 
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1980), and the cumulative distribution function. cdf, for the random variable 

slope at the wildfire origination point. Pdf is defined by the function 

F(x) = P(X = x), 
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(3.1) 

where P(X = x) means the probability that the random variable X takes on the 

value x. Cdf is defined by the function 

G(x) = P(X < x), (3.2) 

where P(X < x) means the probability that the random variable X has a value 

less than or equal to x. 

The Influence ot SIDpe Dn Wildfire Frequency 
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Figure 3.4. The influence of slope on wildfire frequency. The fraction 
of the land surface in each slope class is compared with the observed 
wildfire frequency in that class. 
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Most wildfires occurred on low-angle slopes. About half of all lightning 

fires occurred on slopes less than 25% (14 degrees) and 80% occurred on slopes 

less than 50% (27 degrees), Fig. 3.3a. (Percent slope was defined as 100 times 

vertical rise over horizontal distance.) About half of all anthropogenic fires 

occurred on slopes less than 10% (6 degrees), Fig. 3.3b. Over 70% of all man 

caused fires occurred on slopes less than 25%. 

The mechanism responsible for the wildfire dependence on slope changes 

at about 10% slope. Both lightning caused and anthropogenic wildfires were 

more-or-Iess normally distributed on slopes exceeding 10%. Slopes below 10% 

exhibited a complex pattern distinctly different from that above 10%. The 

pattern appeared to be independent of cause since the same infrastructure was 

seen in both lightning and anthropogenic wildfire ignitions. 

Lightning wildfires were far more common on shallow slopes and far less 

common on steep slopes than expected from a uniform distribution hypothesis. 

The fraction of land surface within each of six slope classes is presented in Fig. 

3.4 along with the number of fires which occurred in each class. Chi-square 

analysis rejects the hypothesis that lightning wildfire probability was independent 

of slope (X2 = 53.51, df = 5, p < < .001). 

Aspect. Lightning caused wildfires were significantly more likely on south 

and west facing aspects and significantly less likely on north facing aspects than 

expected (Ho: lightning strikes occur equally frequently on all aspects, X2 = 116, 

df = 9, P < < < .001), Fig. 3.5. More fires (75 or 21%) were reported on east 
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Figure 3.5. The influence of aspect on wildfire frequency. The high 
frequency of lightning caused wildfire on east aspects is probably an 
artifact of a reporting bias. 

aspects than any other. South aspects were second (49 fires 14%) followed by 

west (43 fires 12%), and southeast aspects (40 fires 11%). No other aspect had 

more than 26 (7%) wildfires. Few wildfires occurred on flat ground or on 

ridgetops. Nearly equal numbers of human caused (15) and lightning (12) 
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wildfires occurred on flat ground. Only one anthropogenic wildfire occurred on a 

ridgetop while 21 (7%) lightning fires did. 
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Elevation. Most lightning fires began at elevations between 2200 and 2800 

meters, Fig. 3.6a, apparently in defiance of the conventional wisdom that 

lightning always strikes the highest point. Few fires occurred at the lowest or the 

highest elevations. 

Most anthropogenic wildfires occurred at higher elevations (2742 to 3656 

m) than lightning fires, Fig. 3.6b. The probability of anthropogenic wildfire was 

independent of elevation up to 2500 m. (Ho: Anthropogenic wildfire was 

uniformly distributed with elevation, Kolmogorov-Smirnov Z = 0.458, P = 0.99). 

Above 2500 m the probability of man caused wildfire was also independent of 

elevation but the probability of fire was twice that below 2500 m (Ho: 

Anthropogenic wildfire was uniformly distributed with elevation, 

Kolmogorov-Smirnov Z = 1.204, P = 0.11). 

Size. Fire-size data were crude and prohibited some analyses. Each fire 

was assigned to one of five classes, A through E. Class A fires were smaller 

than 0.1 ha. The maximum size limits on Class B, C, D, and E fires were: 4.1, 

40, 120, and 410 ha respectively. Mean values reported here were calculated 

assuming each fire burned an area equal to the mean of the size class. 

The vast majority of fires were small, Fig. 3.7. Fires burn an average of 

1050 ha/year (anthropogenic fires 750 Ha/year and lightning fires 300 ha/year). 

Over 84% of lightning fires and 79% of anthropogenic ones were less than 0,1 

ha upon containment. Only one lightning fire was larger than 40 ha. Two 

anthropogenic fires exceeded 121 ha but no fire exceeded 400 ha. 
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Figure 3.6a. Distribution of lightning caused wildfires with elevation. 
Lightning wildfires are approximately normally distributed with a mean 
elevation of 2600 m + 380 m (std dev). 

Anthropogenic Fires 
:lBB ,. sa 

tJ 
1= 68 u 
:s 
tot '18 u 

" 2B ~ 

B 
1.4 loB 2.2 2.6 3.0 3.4 

Elevation, 1<1 .. 
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number of fires changes at about 2500 m. 
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Figure 3.7. Frequency of wildfires by size class. 

Lightning fires were smaller than fires ignited by man. The average fire 

consumed 3.0 ha. An average lightning fire burned only one tenth as much area 

as an average anthropogenic wildfire. No lightning fire which occurred on flat 

ground burned more than 0.1 ha. Both lightning and anthropogenic wildfires 

increased in average size as the slope at the ignition point increased. 

Lightning fires were not larger on the remote west side of the Sierran 

crest than they were on th~ relatively accessible east side. (Ho: Wildfires were 

the same size on opposite sides of the main drainage divide of the Sierra and on 

the crest itself, chi-square = 2.65, df = 2, P = 0.27). The 70 fires which 

occurred on the east side of the crest had a mean size of 2.8 ha (standard 

deviation 10.8 Ha). The 191 west side fires had a mean size of 0.51 ha 

(standard deviation 2.3 Ha). Sixteen fires occurred in sections astride the crest 
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and averaged 0.56 Ha/fire (standard deviation 0.91 Ha). 

Fires were only marginally larger on south-facing aspects. (Ho: Wildfires 

were the same size on all aspects, chi-square = 11.63, df = 7, P = 0.11). This 

was surprising since southerly aspects receive more annual insolation and 

consequently were expected to be drier. Fuel moisture has long been known to 

be one of the most important determinants of fire probability (Spurr & Barnes 

1980; Wright & Bailey 1982). 

Spatial distribution. Wildfires occurring on the remote Kern Plateau may 

be reported significantly less frequently than wildfires occurring on the highly 

visible eastern escarpment. To test this hypothesis, lightning fires were assumed 

to occur at random with respect to the Sierran crest so that the number of fires 

should be proportional to total area. Of the 282 lightning fires recorded, 33 

occurred in sections astride the crest and were deleted from the analysis. 67 of 

the remaining 249 fires occurred east of the crest and 55 were expected. A 

chi-square test was nearly significant at the 5% level suggesting a reporting bias. 

(Ho: lightning fires were distributed across the study area according to a uniform 

pdf, chi-square 3.63, df = 1, P = 0.0567.) 

Lightning caused wildfires were spatially aggregated, Fig. 3.8 (Ho: Wildfires 

were distributed according to a uniform pdf, chi-square = 154.87, df = 5, P 

< < < .0001, variance:mean ratio test [Greig-Smith 1983] = 440.19, df = 97, P 

< < < .001.). Intermediate fire frequency occurred near the northern end of the 

study area. No lightning fires occurred between Division Creek and 
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Figure 3.8. Spatial distribution of wildfires in the study area. 

Independence Creek, Fig. 3.8. Fire activity was high near Trail Peak, Ball 

Mountain, Overlook Mountain, and along the Toowa divide. 

Anthropogenic wildfires were strongly associated with human 
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developments, Table 3.2. There was a peak in wildfire frequency associated with 

the Onion Valley road-and-trail system. A second peak was associated with the 

Whitney Portal and Horseshoe Meadows road-and-trail systems. Finally, wildfire 

activity was associated with the Pacific Crest Trail, Golden Trout Creek Trail, 
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Table 3.2. Incidence of anthropogenic wildfire in relation to improvements (roads 
and trails). 

Number of Number of 
Sections in Wildfires Percentage 

Improvement Forest Reported of Fires 

Trails 267 32 47 
Paved roads 32 25 37 
Dirt roads 98 5 7 
No improvement 262 6 9 

Total 659 68 100 

and their feeder trail systems. 93% of man-caused wildfires occurred in a section 

containing either a road or a trail. Almost half (47%) of the 68 anthropogenic 

wildfires occurred in sections containing trails. Only 32 sections in the study area 

contain major roads yet 25 fires (37%) occurred in those sections. Sections 

containing dirt roads experienced 5 fires (7%). Only 6 fires (9%) occurred in 

sections which do not contain either a road or a trail. 

Wildfire Disturbance Gradient. There was an environmental gradient of 

disturbance in the study area which peaks between 2700 and 2800 m elevation on 

submesic sites, Fig. 3.9. Isopleths indicate the number of wildfires which 

occurred during the 13-year period of the record per 100 m elevation per TMI 

class. This distribution of disturbance was correlated with other environmental 

variables (moisture availability, soil properties, solar energy input etc.). Thus, it 
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was possible to confound the effect of disturbance with that of other 

environmental factors. 

Temporal Patterns 

The recorded time of occurrence of wildfires may be biased; however, this 

fact was not expected to significantly influence analytical results. Wildfires were 

recorded as starting on the day they were reported to the Interagency Fire 

Control Center in Bishop, CA. It was probably not uncommon for fires to 

remain unreported for several hours, perhaps even several days, after ignition. 

Consequently, the day ignition occurred may not always coincide exactly with the 
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Figure 3.9. The distribution of lightning caused wildfire and P. 
balfouriana. Disturbance isopleths indicate recorded number of 
lightning fires/IOO m elevationtTMI class/13 years of the record. 
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Figure 3.10. Annual wildfire frequency. 

Annual Distribution. The number of ignitions varied widely from year to 
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year, Fig. 3.10. Fewer fires occurred in 1983 than any other year while 1981 had 

the most fires. The annual average was 26.8 fires/year with 21.4 fires/year caused 

by lightning and 5.2 fires/year caused by man. Variance in lightning fire 

incidence was responsible for most of the variance in the record. 

The incidence of human caused fires declined significantly after 1977. 

Humans ignited 7.2 fires/year from 1972 until 1977. Subsequently, the annual 

frequency dropped to 3.6 fires/year. This decline may have occurred as a result 

of a decrease in forest visitation or it may represent normal variance in 

anthropogenic wildfire frequency. 
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The number of lightning caused wildfires was correlated with precipitation 

at Golden Trout Camp for the months January through June of the calendar 

year prior to the fire season (r = 0.62). No correlation was found with 

precipitation for the current calendar year (r = -0.03), the current hydrologic 

year (October of the previous calendar year through September of the current 

calendar year, r = 0.14), or the six-months immediately preceding the fire season 

(r = -0.06). No correlation was found with precipitation two years prior to the 

fire season (r = -0.06). 
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Figure 3.11. Distribution of wildfires by month. Each bar is a 
composite formed of: the number of lightning caused fires, the number 
of man caused fires, and the number of thunderstorm days expected 
in Bishop for the same 13-year period. 
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Monthly Distribution. Fire activity was highly seasonal with peak 

incidence between July and September, Fig. 3.11. Only January experienced no 

anthropogenic wildfires. No lightning fires were reported from November 

through April, a period of low thunderstorm activity in the Owens Valley. A 

thunderstorm in September was nearly 8 times more likely to ignite a wildfire 

than one in May. 

Return Interval and Rotation Time'. Both return interval and rotation 

time were functions of elevation, Table 3.3. Rotation time was dominated by 

lightning caused wildfire below 2743 m and by anthropogenic fires at higher 

elevations. Return interval was dominated by lightning between 2134 and 3047 

m with approximately equal contributions of lightning and man at other 
\ 

elevations. 

Return interval varied by a factor of 20 with elevation. The shortest 

return interval occurred at intermediate elevations. The average 

point-fire-frequency of 161 fires/year/million ha was substantially lower than the 

average of 256 fires/year/million ha reported by Mastroguiseppe (1986) for 

adjacent Sequoia National Park. 

• Return interval is the average time between successive fires. Rotation time 
is the time required to burn an area equal in size to the study area (Pickett & 
White 1985). 
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Table 3.3. Return interval and rotation time in the study area. Rotation time is the 
time required to burn an area the same size as the study area. Return interval is 
the average number of years between fires on a per hectare basis. 

Rotation time Return interval 
[1000 years] [100Oyr/fire/Ha] 

All Ltng Man All Ltng Man 
Elevation,m Fires Only Only Fires Only Only 

1219-1523 1.1 43 1.1 12 31 19 
1524-1828 0.63 75 0.64 21 42 42 
1829-2133 3.5 30 3.9 11 18 25 
2134-2437 2.2 8.1 3.1 8.1 9.9 43 
2438-2742 1.4 4.8 1.9 4.2 4.7 42 
2743-3047 3.6 3.7 170.0 4.0 4.5 33 
3048-3352 8.0 8.7 97.0 6.9 11 17 
3353-3657 730.0 1500.0 1500.0 37 73 73 

Average 2.1 7.2 2.9 6.3 7.8 32 

Disturbance Models: Spatial Patterns 

Fire occurrence was modeled as a gaussian function of slope. 

Anthropogenic fires were distributed normally for slopes exceeding 10% (Ho: 

Fire occurrence was normally distributed with mean slope of 0%, standard 

deviation 40%, Kolmogorov-Smirnov Z = 0.77, P = 0.59). There was a 

substantial deviation from normality at the lowest slopes. 

Lightning fire ignition was only approximately normally distributed with 

respect to slope (Ho: Fire occurrence was normally distributed with mean slope 
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23%, standard deviation 32%, Kolmogorov-Smirnov Z = 2.335, P < 0.001). It 

was not possible to reject a lognormal distribution for slopes exceeding 20%. 

(Ro: Fire occurrence was normally distributed with mean slope log(.23), standard 

deviation log(.32), Z = 1.212, P = 0.11). Fires occurring on slopes less than 

10% have a complex pdf; but, for simplicity, they were assumed to be normally 

distributed for modelling purposes, Table 3.4. 

The distribution of fires by aspect class was complex, Fig. 3.5, so the 

observed distribution was used to determine an empirical probability of wildfire 

with aspect, Table 3.4. Probabilities were estimated by summing the number of 

lightning and anthropogenic:: wildfires and then dividing by the total number of 

wildfires for each aspect. 

Lightning wildfire occurrence was normally, or near-normally, distributed 

with elevation. A forest containing equal areas per 305 m elevation band 

(1,000,000 ha per band) was assumed and the expected number of wildfires 

calculated. Examination of the record shows an unbelievably large numlJer of 

fires occurred at elevations which were exact multiples of 500 feet. Clearly the 

fire boss estimated the elevation of most ignitions to the nearest 500 feet. 

Consequently, many of the fires were misclassified in the original data. If half 

the fires reported at each multiple of 500 ft elevation were arbitrarily assigned to 

each of the classes meeting at that elevation, a normal distribution cannot be 

rejected (Ro: The observed distribution of wildfires is normally distributed with 

mean elevation 2630 m and standard deviation 377 m, Kolmogorov-Smirnov Z = 
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Table 3.4. Summary of wildfire models. The mathematical form of the models can 
be found in the text. 

Models and Parameters 
Variable Lightning Anthropogenic 

Slope 
<10% 

>10% 

Aspect 
N 
NE 
E 
SE 
S 
SW 
W 
NW 

FL 
RT 

Elevation 
~1525 m 

<2500 m 
~2500 m 

Yearly 

Normal 
Mean = 8% 
Std Dev = 19% 
Mean = 23% 
Std Dev = 32% 

Empirical 
0.068 
0.071 
0.200 
0.100 
0.139 
0.089 
0.150 
0.064 

0.043 
0.075 

Normal 
Mean = 2630 m 
Std Dev = 377 m 

Geometric 
a = 317 
b = -3.84 

Pascal 
p = 0.88 
k = 3 

Thunderstorm Events Poisson 
L = 5.91 

Fires/Storm Event Logarithmic 
p = 0.131 

Normal 
Mean = 8% 
Std Dev = 7% 
Mean = 0% 
Std Dev = 40% 

Empirical 
0.074 
0.059 
0.279 
0.176 
0.147 
0.015 
0.015 
0.001 

0.221 
0.015 

Uniform 

1.67 fires/km/yr 
2.69 fires/km/yr 

Geometric 
a = 41.2 
b = -2.18 

Poisson 
L = 5.23 
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0.611, P = 0.85). 

Anthropogenic wildfire was uniformly distributed with elevation below 

2500 m (Ho: Anthropogenic wildfire was uniformly distributed with elevation, 

Kolmogorov-Smirnov Z = 0.458, P = 0.99). The probability of wildfire was 1.67 

fires/km/year below 2500m. The probability of wildfire nearly doubled above 

2500 m to 2.69 fires/km/year and was modeled as independent of elevation (Ho: 

Anthropogenic wildfire was uniformly distributed with elevation, 

Kolmogorov-Smirnov Z = 1.204, P = 0.11). 

The number of fires of any size can be predicted from the geometric pdf: 

Number of fires = a(S)b, (3.3) 

where S was the median sized fire in the size class. This was an empirical 

equation. Consequently, it only holds for the 13 years of the record and it may 

not accurately predict the size of future fires. However, if the underlying 

mechanisms remain constant, the equation should accurately predict the 

distribution of wildfires by size class. 
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Disturbance Models: Temporal Patterns 

The observed incidence of fire during a wildfire season is the outcome of 

a sequence of Bernoulli trials. Both lightning strikes and human visits to the 

forest have one of two possible consequences: either a wildfire results or it does 

not. The probability that a wildfire occurs can be represented as p. Then the 

probability that no wildfire results is q = 1 - p. If the probability p remains 

constant for each trial (i.e. lightning strike or human visitor), the assumptions of 

the Bernoulli distribution are met (Blank 1980). 

Lightning Fires. Lightning fire probability was modeled with the Pascal 

distribution. Tthunderstorms were considered to be experiments composed of a 

number of independent lightning strikes. Each strike was a separate Bernoulli 

trial where success was a lightning ignited wildfire. The probability of n fires 

being ignited after k failures is given by the Pascal or negative-binomial 

distribution 

Pen fires) = /k+n-l/ n k 
/ n /p q (3.4) 

where Pen fires) was the probability that there will be exactly n fires during that 

fire season. Marsden (1982) has shown that the Pascal distribution adequately 

describes fire frequency for the Nezperce National Forest in Idaho. 

The parameters p and k were estimated using the method of moments 
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estimators (Bishop et al. 1975). If m was the mean number of lightning fires per 

year and s was the variance, then 

(3.5) 

and 

P = m! (m + k). (3.6) 

The mean number of fires observed per year was 21.38 and the variance was 

13.98 for the thirteen years of this record. Substituting these values into 

equations 3.5 and 3.6 yields p = 0.88, k = 3, and the following Pascal pdf: 

Pen fires in seasoll) = 1 n + 21 0.88n 0.123 

1 n 1 
(3.7) 

A chi-square goodness-of-fit test supports this distribution. (Ho: Equation 7 was 

the distribution which generated the observed annual lightning-fire record, 

chi-square = 4.25, df = 10, P = 0.94, minimum frequency correction applied 

whenever the expected number fell below 5.) The close fit suggests, but does 

not prove, that the appropriate model has been chosen. 

Marsden (1982) derived the Pascal distribution from two assumptions: (1) 

that the number of lightning storms per year follows a Poisson distribution, and 



(2) that the number of fires per storm follows a logarithmic distribution. 

Therefore, the choice of a Pascal model will be strengthened if these two 

assumptions can be supported. 

103 

Storm-periods were defined as any three consecutive days for purposes of 

modeling the number of lightning storms per year, Table 3.5. The actual number 

of storm-periods per year was not available for Inyo National Forest. 

Consequently, the fire record was used as a proxy storm-period record. A simple 

count of the number of days during which fires were reported could be used as a 

proxy for the number of storm-periods. However, this estimate would surely be 

biased since lightning may start fires which remain undiscovered for 48-72 hours. 

Considering a storm-period as three consecutive days should produce a better 

(less biased) estimate. Consequently, all fires reported during successive 

three-day periods were assigned to the same storm-period. If fires occurred on 

four or more consecutive days, two storm-periods were assumed. Fires were 

never reported on six or more consecutive days. 

A Poisson process has the pdf 

P(x storm events) = exp(-L) e / xl (3.8) 

where L was a parameter which depends on the process. Poisson processes have 

identical means and variances. The close correspondence between the sample 

mean and variance suggested that a pooled estimate of 5.91 be used for the 
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Table 3.5. The number of thunderstorm periods per year. A thunderstorm period 
is defined as a period of 1-3 consecutive days during which a fire was reported to 
the Interagency Fire Dispatch Center in Bishop, CA. 

Number of 
thunderstorm periods 

1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 

Sample mean = 6.54 
Standard deviation = 2.30 

Variance= 5.27 
Estimate of L= 5.91 

Poisson parameter. The resulting pdf is 

P(x storm events) = exp(-5.91) (5.91t / xl. 

6 
4 
9 
4 
8 
5 
4 
8 
6 

11 
8 
4 
8 

(3.9) 

A chi-square goodness-of-fit test indicated that this equation models the data well 

(Ho: The number of storm periods per year followed equation 6, chi-square = 



0.646, df = 1, P = 0.42.) 

Finally, the assumption that the number of fires generated per storm is 

logarithmically distributed was tested. The logarithmic distribution is 
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pes fires per storm event) = (1 - pt /(-s In(p)), (3.10) 

where p is a parameter dependent on the process. The mean, m, of the 

logarithmic distribution is (Pearson 1983) 

m = (1 - l/p)/1n(p). (3.11) 

This equation was solved using the computer program TK Solver Plus™. The 

value of p was found to be 0.1306 and was used as the estimate of p. 

The number of wildfires per storm event was determined from the record, 

Table 3.1. Cumulative frequency of lightning caused fires per storm is presented 

in Table 3.6 along with the expected fire frequency. A chi-square 

goodness-of-fit test shows that the model fits the data well (Ro: Equation 3.10 is 

the distribution which generated the observed number of lightning-fires per 

storm-period, chi-square = 5.27, df = 4, P = 0.26, minimum frequency correction 

applied). 

The Pascal model of fire frequency was supported by three different tests. 

Although it was not proven, it models the natural system well and should predict 
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fire probabilities well. 

Anthropogenic Fires. The number of people in the forest and the 

activities they were engaged in combine with weather variables to determine the 

probability of anthropogenic wildfire. The number of anthropogenic wildfires is a 

function of fuel status, the number of visitors to the forest, and the nature of 

visitor activity (Martell, Otukol, & Stocks 1987; Cunningham & Martell 1973). 

The majority of the study area is wilderness consequently the range of permitted 

activities is largely restricted to recreation. Land use has not changed 

significantly in the study area over the 13 years of the record. For this model I 

assumed that fuel status and the number of visitors to the study area are 

Table 3.;5. Frequency of lightning caused wildfire as a function of elevation. 

Observed Corrected Corrected 
Elevation, m in 13 yr for elev for area Expected X2 

1524-1828 4 2 17.88 10.88 0.10 
1829-2133 11 13.5 67.15 56.08 2.19 
2134-2437 26 33.5 129.87 154.51 3.93 
2438-2742 108 118 235.58 228.48 0.22 
2743-3047 101 85.5 187.41 181.53 0.19 
3048-3352 24 19.5 71.05 77.48 0.53 
3353-3658 3 3 21.27 17.67 0.73 

chi-square = 7.90 
df = 4 
P = 0.10 

Population estimates: Mean elevation of lightning fires 2630 m 
Standard deviation of lightning fires 377 m 
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constant from year-to-year. The probability of anyone individual starting a fire 

is assumed to be small and constant. The Poisson assumptions are met under 

these conditions (Blank 1980) and equation 3.8 should describe the process. 

Mean fire frequency, 5.23 fires/year, is an unbiased estimator of the Poisson 

parameter L. The probability that n anthropogenic wildfires will occur per year 

is then: 

Pen fires/year) = 5.23n exp(-5.23)/n!. (3.12) 

This distribution was supported by a chi-square goodness-of-fit test. (Ho: 

Equation 3.12 is the distribution which produced the observed frequency of 

anthropogenic wildfires, chi-square = 0.545, df = 1, P = 0.46, minimum 

frequency correction applied.) 

Pinus balfouriana Abundance and the Probability of Wildfire. Pinus 

balfouriana BAC was significantly negatively correlated with the probability of 

lightning caused wildfire (r = -0.2027, P < 0.001). Pinus murrayana was 

positively correlated with probability of lightning caused wildfire (r = 0.1634, P < 

0.001). Diversity was also positively correlated with probability of lightning 

caused wildfire (r = 0.2455, P < 0.001). 



Discussion 

The occurrence of numerous mature P. balfouriana with fire scars (Ball 

1976, and personal observation) attests to the commonness of wildfire. It also 

attests to the ability of mature P. balfouriana to tolerate wildfire. 
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Fires in the P. balfouriana forest are typically small and caused by 

lightning, the same pattern observed by Kilgore (1981) in nearby P. albicaulis, P. 

murrayana, and A. magnifica forests. Most fires are restricted to one or a few 

trees. Lightning fires often burn the crown and kill individual trees. Fires 

seldom bum large areas or involve many trees because there is very little fuel on 

the ground and because the trees are too widely spaced. This pattern is in stark 

contrast with the frequent, low intensity, large magnitude fires which occur in the 

lower elevation Sequoia and mixed conifer forests (Kilgore & Taylor 1979). 

The impact of wildfire on individual P. balfouriana trees is probably much 

less severe than it is on P. murrayana. Kilgore (1971) reported that mature P. 

murrayana are readily killed by fire while seedling germination is stimulated. P. 

balfouriana seedlings may be susceptible to fire. However, mature trees have 

thick bark (Mastroguiseppe & Mastroguiseppe 1980), self-pruning growth habit, 

and wide stand-spacing. (Self-pruning is the habit of shedding lower branches as 

the tree grows, thus removing a potential fire ladder to the crown.) All these 

factors reduce the risk of fire mortality by increasing the protection afforded to 

meristems. 
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All four meristems of mature P. balfouriana are protected from fire. 

Shoot apical meristems are protected by the self-pruning habit and the height of 

the tree. The vascular and cork cambia are protected by thick bark. The root 

apical meristem is protected deep within the soit. 

Evolution of fire adaptations is possible in P. balfouriana because the 

natural wildfire disturbance regime overlaps generation time and consequently 

has significant fitness consequences. Pinus balfouriana is frequently exposed to 

wildfire at its lower forest border, Fig. 3.9. Both rotation time and return 

interval, Table 3.3, are much shorter than the estimated longevity of P. 

balfouriana (Mastroguiseppe 1972) when wildfires are not extinguished by man. 

The combination of relatively short return-interval, short rotation-time, and 

longevity assure that natural selection will have the opportunity to adapt the 

species to fire. 

It is interesting to speculate on another life-history trait of P. balfouriana 

(and pines in general) the habit of producing reproductive buds at the end of 

one growing season followed by the release of matured seeds following the 

second subsequent growing season. Could this habit be an adaptation to fire? 

Wildfire probability is strongly correlated with precipitation 12-18 months prior to 

the growing season. Precipitation is often limiting and a correlation is often 

• Pinus balfouriana pine seedlings 10 cm tall have a tap root approaching a 
meter in length (personal observation). I have no evidence of rooting depth for 
mature trees. 
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observed between years of unusually high precipitation and increased 

reproductive effort. IT offspring are released at the end of the first growing 

season, they are subjected as seedlings to a high probability of wildfire and 

consequently have low fitness. If they are released at the beginning of the 

second growing season, they have low fitness for the same reason. However, 

fitness is increased if seeds are released two seasons following a wet one. That 

year's growing season is unlikely to be subject to high frequency of wildfire. In 

addition, there is a substantial probability that nFW patches will be created by 

wildfire during the second growing season. Patches produced by wildfire are 

often conducive to germination and establishment (Spurr & Barnes 1980). 

Recent studies of thunderstorm and lightning climatology have shown that 

thunderstorms tend to originate in "genesis-zones" (Banta & Schaaf 1987) and 

that lightning is far more common in some mountainous sites and at some 

elevations than it is in others (Lopez & Holle 1986; Reap 1986). Thunderstorm 

genesis-zones occur under certain combinations of airflow patterns and 

topography. In Colorado they occur at intermediate elevation on slopes located 

a few kilometers from high ridges (Lopez & Holle 1986). Similar conditions 

should encourage thunderstorm genesis zones in the Sierra Nevada, although no 

direct observations have been made (R. Holle, personal communication 1987). 

Furthermore, the power available in a lightning strike to ignite a wildfire depends 

upon elevation and is expected to be at a maximum at these intermediate 

elevations, Appendix 3. 
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Wildfire records for Inyo National Forest (this study) and for Sequoia and 

Kings Canyon National Parks (Vankat 1985) strongly suggest that lightning 

activity in the Sierra Nevada occurs predominantly in thunderstorm genesis-zones 

which are not uniformly distributed across the range. At least the spatial pattern 

of wildfire activity is highly suggestive and is certainly consistent with their 

presence. Thunderstorm genesis zones locally increase the probability of 

wildfire and could present formidable barriers to migration out of the subalpine 

zone. A high frequency of lighting strikes increases wildfire probability and 

decreases fire return interval. The result is a dramatic increase in disturbance 

probability relative to adjacent regions outside genesis zones. Slow growing 

subalpine trees would be at a disadvantage under these conditions compared with 

the much faster growing lower elevation species. 

The pre-settlement wildfire ignition regime was probably nearly identical 

to the modern regime; however, the modern intensity and recurrence properties 

of wildfires have been significantly altered by man. Fire ignition in Inyo 

National Forest is dominated by physical factors, not anthropogenic ones. There 

is no reason to believe that the mechanism of lightning-fire ignition has changed 

within the past few millennia. Wildfire incidence has been increased by 

approximately 25% by modern man. However, this increase is probably 

negligible since the variance of the Pascal distribution is large (Blank 1980). 

The influence of modern man on the spatial properties of wildfire 

disturbance is not negligible. Recent fire-management-policy in Inyo National 
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Forest has been to control all wildfires (L. Annas, personal communication 

1987). Several, obvious, community-level consequences of this action can be 

identified. First, the size of natural wildfires has been reduced. Fires that once 

burned for weeks or months (Muir 1878) are now extinguished in a few days. 

The overall magnitude of disturbance in the study area has been reduced to 

approximate equivalence with pre-settlement disturbance levels in subalpine 

forests (Parsons 1977). Finally, the nature of wildfire disturbance is different 

today from pre-settlement times particularly outside wilderness areas. 

Suppression efforts outside wilderness areas often involve the use of earth 

moving equipment. One consequence of the use of these devices is the removal 

of plant organs which are adapted to survive wildfire. They also alter the nature 

of the patch boundary by removing surface layers of soil. Thus, the perimeter of 

a bulldozed patch is fundamentally different from a natural patch boundary and, 

consequently, native vegetation may suffer. 

A second consequence of the fire-management policy is an altered wildfire 

intensity. Frequent, low-intensity wildfires burned through much of this area 

before suppression (Kilgore 1981). Those fires consumed fuel, converting it to 

mineral ash. Fire suppression policy prevents this natural process. The 

consequences for the community depend upon the rate at which fuel accumulates 

and the ability of the species present to compete for limited resources. If 

accumulation rates are high, fuel buildup is great and wildfire severity may 

increase. Where accumulation rates are low, as in the P. balfouriana forests, 



113 

suppression may have had little impact on intensity. 

It is possible that the factors which dominate fitness in P. balfouriana 

forests have shifted from disturbance to some other factor, perhaps competitive 

ability or climate, as a result of man's influence. Disturbances which occur 

infrequently are believed to have substantially reduced influence upon the 

evolution of adaptations (Harper 1977). When disturbance occurs with the 

natural rotation time of 450 years or so, each tree in the P. balfouriana forest is 

expected to experience wildfire at least once during its lifetime. This frequency 

of fire should strongly influence natural selection because of the strong effect 

fires have on survival. The current 6300-year rotation time may be twice the age 

reached by even the longest-lived P. balfouriana (Mastroguiseppe 1972). Most 

trees could escape disturbance for their entire lifetime and the lifetime of their 

offspring. Factors other than fire then come to dominate mortality and the 

evolution of adaptations. 

The intermediate disturbance hypothesis (Connel 1978) predicts that 

diversity is highest in communities experiencing an intermediate level of 

disturbance and can account for co dominance of P. balfouriana and P. murrayana 

in the southern Sierra Nevada. Connell doesn't discuss how much disturbance is 

intermediate. However, it is possible to estimate disturbance frequencies which 

should lead to high diversity from a knowledge of the autecology of the species 

involved. For example, P. murrayana lives as long as 600 years and can 

reproduce in as little as 5 years (Fowells 1965). Pinus balfouriana can live for 
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perhaps 2500 years (Mastroguiseppe 1972) and probably requires at least 40 

years to reproduce (Ryerson 1983 and personal observation). Severe 

disturbances occurring more frequently than once every 20 years could eliminate 

P. balfouriana but, if the return interval exceeds 5 years, P. murrayana could 

survive (Romme & Knight 1981). 

It is conceivable that competition for light could lead to the exclusion of 

P. murrayana from these forests. Pinus murrayana is extremely shade intolerant. 

It was never found growing under the canopy of P. balfouriana during direct 

gradient studies. Seedlings of P. balfouriana were occasionally found growing 

under the canopy of P. murrayana so it was slightly more shade tolerant. If 

severe disturbances occur less frequently than once every 600-700 years, P. 

murrayana will be at a competitive disadvantage and might be eliminated by P. 

balfouriana. 

Intermediate disturbance frequencies permit coexistence of the two 

species. The extensive mixed stands of P. balfouriana and P. murrayana in the 

southern Sierra Nevada are found in a region which experiences a natural fire

rotation-period of about 450 years. This period is long enough that both species 

reach reproductive maturity long before another fire can be expected. It is short 

enough that the longer lived P. murrayana individuals can survive between 

rotations thus supplying seed to colonize newly disturbed patches. 

Although the possibility of disturbance as a limiting factor cannot be ruled 

out at the lower-forest-border, there is no evidence that wildfire disturbance 
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regulates P. balfouriana's northern geographic boundary and is therefore 

responsible for the disjunction. Pinus balfouriana grows throughout the study 

area in regions experiencing high and low levels of wildfire disturbance. The 

northern boundary of P. balfouriana occurs in a region of intermediate wildfire 

incidence. Thus it is unlikely that wildfire alone limits the northern border of the 

species and consequently, it is unlikely to be solely responsible for the current 

disjunction. The possibility of interaction of wildfires with some other factor 

should be considered. 
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CHAPTER 4 

PINUS BALFOURIANA RESPONSE TO ENVIRONMENTAL VARIABLES 

A large number of physical factors are correlated with elevation and could 

potentially be the third important factor limiting P. balfouriana distribution and 

abundance. Most of these factors also vary with latitude and could, therefore, be 

responsible for the geographic-range disjunction. Those factors include: length of 

the growing season, mean annual temperature, mean monthly temperature, mean 

monthly range in temperature, total annual precipitation, mean monthly 

precipitation, total irradiance, available soil moisture, and potential 

evapotran!'Jpiration. 

Physical factors in the environment regulate plant growth and development 

through their interactions with plant physiology (Charles-Edwards 1986; Jones 

1983; Larcher 1982; Nobel 1983). For example, solar irradiance is the only 

source of energy for a green plant and extremes of irradiance are known to limit 

distribution and abundance. Temperature affects metabolic rate and the balance 

between energy gained in photosynthesis and energy lost through respiration 

controls distribution. Temperature extremes also control plant distribution by 

causing either high temperature or freezing injury. Moisture availability has 

often been suggested as the single most important factor controlling the 

distribution and abundance of plants generally. 
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There is substantial potential for confounding results due to 

multicollinearity when studying abiotic responses. Pinus balfouriana responds to 

a number of highly intercorrelated physical variables related to elevation. Ideally, 

these variables would be studied by allowing a single variable to change while 

holding all other variables constant, either statistically or experimentally using 

stratified random-sampling. Neither of these approaches was practical for this 

study. 

Ryerson (1983) performed the only reported study of P. balfouriana 

ecology. She found P. balfouriana density was greatest on north-facing aspects 

and least on south-facing lower-elevation sites. From this observation she 

inferred temperature and moisture were both limiting. 

The response of P. balfouriana to variation in abiotic variables is the 

subject of this chapter. A number of physical models are developed and the 

results of my analysis are presented. 

Materials and Methods 

Climatic variables selected for study were: potential irradiance, mean 

monthly temperature, mean total monthly precipitation, potential 

evapotranspiration, actual evapotranspiration, and water vapor deficit. The 

beginning and ending dates for the growing season, mesic season, and thermal 
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season, defined in Fig. 4.1, were estimated for each site. 

Since growth represents the integrated response of the stand to the 

operational environment (Mason & Langenheim 1957), dominance (i.e. basal-

area-cover) was used to measure the relative importance of each variable. BAC 

is known to be highly correlated with stand biomass, density, leaf-are a-index, and 

volume (Satoo & Madgwick 1982). 

Pinus balfouriana dominance was examined as each physical factor was 

varied. A three-step analytic procedure was employed. First each physical 

variable was correlated with BAC in order to determine if that variable had any 

potential influence on P. balfouriana abundance. Correlation functions· (Blasing, 

Season Definitions 

CDld~'CDld 

~ c::;: Mean Ternperatl1re 
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Figure 4.1. Season definitions. 

• Correlation functions are defined as a series of linear correlation coefficients 
between any measure of vegetation performance and each of several sequential 
climatic variables. 
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Solomon, & Duvick 1984) were constructed to aid in interpreting these results. 

Second, analysis of variance, ANDV A, was used to determine if different levels 

of the physiological variable had a significantly different effect on BAC. The 

data set was sorted in ascending order on the independent variable. Five 

treatments were defined as the lowest quintile of points through the highest 

quintile. AIl sample points in each quintile were lumped together as a single 

treatment for analytical purposes. ANDV A was used assess the presence of 

significant differences between quintiles and to determine whether a linear or 

higher-order model would best account for any differences which were found. 

Finally, bivariate response surfaces (Davis 1986) were produced for each variable 

which was found to have significant potential influence on P. balfouriana 

performance. Response surfaces were graphed using SUrferlM. 

The effect of the biotic environment was assessed by comparing the 

response of P. balfouriana in monospecific stands with its response in mixed

stands containing at least one other species. First the data were sorted into two 

classes: monospecific P. balfouriana stands (n=112), and mixed stands (n=347). 

The analytic procedure previously described was employed on each class 

separately. 

The most important climatic factors were identified using multiple

regression analysis after reducing multicolinearity by eliminating sets of highly 

intercorrelated variables. Nearly 100 climatic variables were surveyed and 

considered for inclusion in the model. Factor analysis was applied separately to 
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each climatic element (irradiance, temperature, PET, etc.). Factor analysis 

identified two or three independent factors which explained most of the variance 

in a climatic element. Monthly variables which were most highly correlated with 

these independent factors were selected as candidate variables for the multiple

regression analysis. Four different hierarchical clustering techniques (average 

linkage between groups, average linkage within groups, nearest neighbor, and 

furthest neighbor) were also employed. All four clustering methods identified 

virtually identical sets of highly correlated variables which could be combined into 

a single variable in a multiple-regression analysis. Factor analysis and cluster 

analysis generally identified the same variables. The final set of variables 

included in the analysis was selected from those identified by both factor analysis 

and cluster analysis with the proviso that at least one variable from each of the 

climatic elements considered in the study must be included. Multiple regression 

was then used to develop the climatic response model from this set of variables. 

In addition, each of the suites of variables identified by Major (1951) as 

potentially regulating plant distribution and abundance are examined individually. 

When quantitative data were unavailable, qualitative information pertaining to 

that variable was simply listed. 

Climatic Models 

Mean monthly temperature and mean total monthly precipitation models 
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were derived by multiple regression from weather stations scattered throughout 

the southern Sierra Nevada, see Appendix 4 for the details of this analysis. 

Irradiance. Mean monthly potential irradiance (irradiance in the absence 

of clouds [Brock 1981]) was estimated for each site using Kaufmann and 

Weatherred's (1982) potential solar irradiance model. This model accounts for 

slope, aspect, latitude, and day of the year. The influence of topographic 

obstructions and reflections from nearby surfaces were neglected. Direct solar 

irradiance models predict measured irradiance in cloud-free western mountains 

within about 20% during the summer months (Flint & Childs 1987). Predictions 

can be improved substantially by accounting for atmospheric attenuation. 

The empirical dependence of irradiance on elevation (Barry 1981, Fig. 2.5) 

was used to account for atmospheric attenuation. A model was derived by linear 

regression from data presented by Barry (1981, Fig. 2.5). The model is: 

T = 1070 ZO.083 /1360, 

where z is elevation measured in km above mean sea level, and T is a 

dimensionless atmospheric attenuation coefficient. 

(4.1) 

Potential evapotranspiration. A measure of the drying potential of the 

atmosphere, potential evapotranspiration (PET), was estimated for each month 

of the year using climatic mean estimates for each site. Potential 

evapotranspiration was estimated using the standard Penman model (Gommes 
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1983): 

PET = (BRn + RJ/(B + 1). (4.2) 

The model contains three functions: B, Rn, and Ru. B is a function of elevation, 

z (expressed in meters above mean sea level), and absolute temperature, T 

(degrees Kelvin): 

B = (e/T)(9792fT-5.95)(IOZ/KT), (4.3) 

where K is a constant (67.4072 km/degree kelvin) and es is the saturation water

vapor pressure in mbar. Saturation vapor pressure can be calculated from 

es = 6.15 exp(19.51 tfT), 

where t is temperature in degrees C. Ru is an aerodynamic term. It can be 

calculated from the equation: 

Ru = .26(es - e)(1 + 0.54U), 

where e is the actual water vapor pressure in mbar, and U is wind speed in 

mlsec. Rn is a net radiation term which consists of a shortwave energy input 

(4.4) 

(4.5) 
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term, Rs' and a longwave energy loss term, R1: 

(4.6) 

The two radiation terms were calculated from 

Rs = (1 - r)RaCa + bn/N), (4.7) 

and 

Rl = (1.5748xlO-ll)(7.0886 - eo.s)(1 + 9n/N)Tt, (4.8) 

where r is the albedo (taken as 0.25 for this work). The constants a and b were 

assumed to be 0.18 and 0.55 respectively (Gommes 1983; Jarvis, James, & 

Landsberg 1976). N was the daylength in hours, and n was the number of hours 

of bright sunshine per day. Since cloud cover was always neglected nand N 

were always identical for this study. Ra was estimated from the Kaufmann and 

Weatherred (1982) direct irradiance model. 

Application of the Penman-Monteith model requires estimates of actual 

water vapor pressure and windspeed which were unavailable. Since there are 

few data available for the southern Sierra Nevada, only crude estimates could be 

obtained for these parameters. Monthly mean windspeed values were calculated 



124 

Table 4.1. Estimated sea-leve~ water-vapor pressure and wind speed for the 
southeastern Sierra Nevada. Estimates were ootained from records for Bishop WSO 
and Mt. Barcroft Station. 

Sea level Mean 
water vapor wind speed 

Month pressure. mbar m/sec 

January 5.47 4.44 
February 5.36 4.44 
March 4.77 4.80 
April 4.72 4.35 
May 6.06 3.10 
June 6.89 2.90 
July 9.04 2.78 
August 8.37 2.77 
September 7.20 2.95 
October 5.99 3.66 
November 5.52 4.74 
December 5.44 4.62 

from data collected at the University of California's Barcroft Laboratory (3780 

m) in the White Mountains (Hart & Lawhon 1982). These mean values were 

used as estimates of the aerodynamic term, Table 4.1. 

Actual water-vapor-pressure data, recorded at Bishop (1252 m) (USDC 

1986) and Barcroft Laboratory, were used to estimate the parameters of an 

empirical model of the dependence of water-vapor-pressure on elevation (Barry 

1981, p24): 

e = Eo exp(-bz), (4.9) 
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where Eo and b are empirical constants. Barry reported that b is often found to 

be approximately 0.44 per lan. Monthly data from Bishop and Barcroft were fit 

to an exponential and values of b and Eo were calculated. The estimate of b 

was found to be exactly 0.44 for every month of the year lending some credibility 

to a two point regression. 

Actual Evapotranspiration. Mean monthly values of actual 

evapotranspiration (AET), which measures the actual water lost by evaporation 

and transpiration, were estimated for each site. AET was calculated using 

Major's procedure (Major 1963) which requires knowledge of soil water storage 

capacity. Unfortunately, no soil water storage capacity measurements were 

available and crude estimates had to be made. Jones (1983) reported soil-water 

storage-capacity is often taken as 125 mm for crops in England where glaciers 

removed topsoil during the Pleistocene. ~ajor (1963) and Thornthwaite and 

Mather (1957) used 300 mm as typical values for soil-moisture storage in 

agricultural areas of the United States. Since the sites in my study are in 

mountainous terrain, much of which was glaciated within the past 100,000 years, 

soils are shallow. Consequently, 100 mm was assumed to be the maximum soil

water storage at each site. Measured evapotranspiration usually amounts to 60-

80% of the Penman-Montieth prediction (Jones 1983, p92), so PET estimates 

were multiplied by 0.7 prior to estimating AET. 

Water Vapor Deficit. Water vapor deficit was estimated by combining the 

estimate of ambient water-vapor pressure, Equation 4.9, with substomatal water 
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vapor pressure under two assumptions: needle temperature was identical to mean 

ambient temperature and the substomatal cavity was saturated with water vapor. 

Results 

Correlation Between P. balfouriana BAC and Density. The expected 

correlation of BAC with density was confirmed. A strong linear correlation exists 

between P. balfouriana BAC and density (r = 0.76, P «0.001). A linear 

regression of density on BAC was also highly significant. The regression 

equation was: 

Density = 1.096 + 1.682 BAC, (4.10) 

where density is measured in stems/ha and BAC in sq m/ha (F = 59.0, P < < 

0.001, R2 = 0.58). 

Temperature. MOderately-strong and highly-significant negative 

correlations were found between P. balfouriana BAC and mean-monthly 

temperature when all stands were examined and when mixed stands were 

examined, Table 4.2a. (The correlation functions of Fig. 4.2a permit rapid visual 

comparisons of these data.) However, monospecific stands were independent of 

temperature during spring and during November. The strongest correlations 
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occurred in midwinter and in midsummer. 

Different quintiles of temperature had significantly different BAC. The 

response of P. balfouriana to temperature was linear during every month. 

Highly significant linear regressions were found between P. balfouriana 

BAC and temperature for each month, Table 4.2b. Regression coefficients were 

largest during the months of November through January. 

Bivariate regression response surfaces for temperature· are presented in 

Fig. 4.3. Fig. 4.3a is the composite response surface for the entire data set. Fig. 

4.3b is the response surface for monospecific stands. Fig. 4.3c is the response 

surface for mixed stands. Small changes in temperature during the winter result 

in relatively large changes in BAC. However, during summer, regression slopes 

are shallow. Very cold winter temperatures are required to achieve large BAC. 

The pattern is virtually identical in monospecific and mixed stands. However, no 

significant regression was found in monospecific stands during March, April, May, 

and November. 

• All the response surfaces shown in this chapter extend well beyond the range 
of physical conditions under which P. balfouriana is found. This was done to 
accentuate the shapes of the responses. 
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Table 4.2a. Correlations between P. balfouriana basal area cover and mean 
monthly temperature. Pearson product-moment correlation scores are reported 
for all stands containing P. balfouriana, monospecific stands of P. balfouriana, 
and mixed stands. (Two-tailed t-test of significance *-0.05, **-0.01, ***-0.001) 

TEMPERATURE 

Month All Samples Foxtail Only Mixed Stands 

January -.4238*** -.4155*** -.3289*** 
February -.4245*** -.4585*** -.3355*** 
March -.3228*** -.0145 -.3311 *** 
April -.3099*** .0256 -.3296*** 
May -.3418*** -.0737 -.3331*** 
June -.4173*** -.3466*** -.3398*** 
July -.4206*** -.3608*** -.3398*** 
August -.4252*** -.3824*** -.3398*** 
September -.4267*** -.3918*** -.3398*** 
October -.4259*** -.3904*** -.3395*** 
November -.3546*** -.1337 -.3272*** 
December -.3946*** -.2931 *** -.3241 *** 

Nr samples 470 136 334 
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Table 4.2b. Regression analysis for temperature. For this regression analysis, 
mean-monthly temperature was the independent variable and P. balfounana BAC 
was the dependent variable. Units are sq m/ha for the intercept and sq 
m/ha/degrees C for the slope. 

'",. 
TEMPERATURE 

Month Intercept Slope R2 F 

January -25.18 -10.00 0.1496 77.15*** 
February -22.51 -6.66 0.1527 79.02*** 
March -3.09 -7.24 0.1527 79.04*** 
April 12.70 -6.57 0.1529 79.13*** 
May 39.19 -6.33 0.1527 79.06*** 
June 61.61 -5.93 0.1527 79.04*** 
July 95.42 -6.34 0.1526 78.97*** 
August 88.44 -6.35 0.1526 78.97*** 
September 69.56 -6.48 0.1528 79.07*** 
October 37.63 -6.76 0.1525 78.89*** 
November 22.42 -10.12 0.1509 77.92*** 
December -6.93 -12.28 0.1481 76.29*** 
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Figure 4.2a. Correlation functions for temperature. 
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Figure 4.2b. Correlation functions for precipitation. 
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Figure 4.2c. Correlation functions for potential evapotranspiration . 
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Figure 4.3a. Bivariate temperature response-surface for all stands 
containing P. balfouriana. 
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Figure 4.3b. Bivariate temperature response-surface for monospecific 
stands of P. balfouriana. 
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Figure 4.3c. Bivariate temperature response-surface for mixed stands 
of P. balfouriana and P. murrayana. 

Precipitation. The correlation of P. balfouriana BAC with monthly 
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precipitation was complex, weak to moderately strong, and not always significant, 

Table 4.3 and Fig. 4.2b. Samples on the west slope of the Great Western Divide 

were omitted because of uncertainty regarding the validity of the precipitation 

regressions on that slope at high elevation. Significant positive correlations were 

found for the forest as a whole. Mixed stands were positively correlated with 

precipitation except during May. Monospecific stand relationships were more 

complex. Positive correlations were found during the months of January, March, 

May, October, and December. No other month was correlated with 

precipitation. It is interesting to note that monospecific stands were not 

correlated with growing season precipitation except during May, the earliest part 

of the season. 
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Different quintiles of precipitation had significantly different BAC. The 

June response may deviate significantly from linearity. 

Highly significant linear regressions were always found between P. 

balfouriana BAC and precipitation. The largest regression coefficients occurred 

in August and September. The smallest occurred in December and January. 

Fig. 4.4 presents the bivariate regression response surfaces for 

precipitation. All regressions were highly significant. Composite BAC responds 

strongly to slight increases in late summer precipitation. Small changes in BAC 

accompany large changes in precipitation during the winter in all three 

treatments of the data. The pattern is qualitatively the same in mixed stands 

although no significant regression was found for the month of May. The pattern 

differs substantially for monospecific stands where no significant regression was 

found between June and September. Extremely large BAC changes accompany 

small precipitation changes during May and October. 
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Table 4.3a. Correlations between P. balfouriana basal area cover and mean 
total-monthly precipitation. Pearson product-moment correlation scores are 
reported for all stands containing P. balfouriana, monospecific stands of P. 
balfouriana, and mixed stands. (Two-tailed t-test of significance *-0.05, **-0.01, 
***-0.001) 

PRECIPITATION 

Month All Samples Foxtail Only Mixed Stands 

January .3114*** .2173* .1800*** 
February .3777*** .1771 .2813*** 
March .3518*** .2032* .2368*** 
April .3914*** .1654 .3069*** 
May .1935*** .2628** .0597 
June .2578*** -.0821 .2428*** 
July .3557*** .0372 .3129*** 
August .3718*** .0605 .3253*** 
September .3865*** .0925 .3313*** 
October .2704*** .2417** .1340* 
November .3886*** .1653 .3025*** 
December .3283*** .2085* .2027*** 

Nr samples 470 136 334 
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Table 4.3b. Regression analysis for precipitation. For this regression analysis, 
mean total-monthly precipitation was the independent variable and P. balfouriana 
BAC was the dependent variable. Units are sq m/ha for the intercept and sq 
m/ha/mm/month for the slope. 

PRECIPITATION 

Month Intercept Slope R2 F 

January -97.16 1.23 0.0911 44.31 *** 
February -140.84 2.18 0.1354 68.63*** 
March -107.34 2.06 0.1164 57.91*** 
April -115.51 3.40 0.1471 75.48*** 
May -28.78 1.84 0.0341 16.25*** 
June -4.19 1.87 0.0590 28.10*** 
July -54.41 3.73 0.1195 59.65*** 
August -74.24 5.14 0.1314 66.37*** 
September -96.18 5.31 0.1439 73.59*** 
October -53.76 2.99 0.0674 32.20*** 
November -123.14 2.49 0.1440 73.65*** 
December -93.61 1.27 0.1015 49.81*** 
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Figure 4.4a. Bivariate precipitation response-surface for all stands 
containing P. balfounana. 
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Figure 4.4b. Bivariate precipitation response-surface for monospecific 
stands of P. balfounana. 
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Figure 4.4c. Bivariate precipitation response-surface for mixed stands 
of P. balfouriana and P. murrayana. 

Potential Evapotranspiration. The correlation with potential 

evapotranspiration (PET) was also complex, Table 4.4 and Fig. 4.2c. Weak-to-

moderate negative-correlations were found for the forest as a whole and for 

mixed stands. Monospecific stands were uncorrelated with PET during the 

summer months and negatively correlated during winter. Correlations were 

weakest in June and July and strongest in August. 

Different quintiles of PET had significantly different BAC. It was not 

possible to reject a nonlinear response to PET during the months of June and 

July based on the ANOVA results. 

Highly significant linear regressions were found for every month. 

Regression analysis rejected higher order regressions for June and July. 
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Regression coefficients were largest in May, high throughout the thermal season, 
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and low during winter. 

Fig. 4.5 presents the bivariate response surface for PET. PET is 

particularly important during late spring and summer. Very low values of 

summertime PET are required to achieve a large stand BAC. 

Table 4.4a. Correlations between P. balfouriana basal area cover and Penman
Monteith potential evapotranspiration. Pearson product-moment correlation 
scores are reported for all stands containing P. balfouriana, monospecific stands 
of P. balfouriana, and mixed stands. (Two-tailed t-test of significance *-0.05, 
**-0.01, ***-0.001) 

POTENTIAL EVAPOTRANSPIRATION 

Month AU Samples Foxtail Only Mixed Stands 

January -.2294*** -.2407** -.2060*** 
February -.2635*** -.2817*** -.2326*** 
March -.2502*** -.1459 -.2567*** 
April -.2697*** -.0563 -.3154*** 
May -.2188*** .0993 -.3080*** 
June -.1232** .1342 -.1384** 
July -.1648*** .0924 -.1965*** 
August -.2756*** -.1246 -.3008*** 
September -.2540*** -.1935* -.2489*** 
October -.2471*** -.2227** -.2311 *** 
November -.2302*** -.2123* -.2137*** 
December -.2242*** -.2294** -.2027*** 

Nr samples 470 136 334 
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Table 4.4b. Regression analysis for Penman-Monteith potential 
evapotranspiration. For this regression analysis, potential evapotranspiration was 
the independent variable and P. balfouriana BAC was the dependent variable. 
Units are sq m/ha for the intercept and sq m/ha/degrees C for the slope. 

"-
POTENTIAL EVAPOTRANSPIRATION 

Month Intercept Slope R2 F 

January 25.15 -6.19 0.0501 25.75*** 
February 29.51 -8.13 0.0667 34.53*** 
March 38.57 -8.63 0.0593 30.56*** 
April 60.44 -13.86 0.0685 35.50*** 
May 80.84 -18.30 0.0449 23.07*** 
June 57.05 -9.87 0.0126 6.98** 
July 74.37 -13.39 ·0.0242 12.63*** 
August 72.98 -14.88 0.0717 37.23*** 
September 40.14 -7.67 0.0618 31.89*** 
October 30.82 -6.08 0.0582 30.00*** 
November 27.36 -5.39 0.0502 25.80*** 
December 25.06 -5.55 0.0477 24.49*** 
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Figure 4.5. Bivariate potential-evapotranspiration response-surface 
for all stands containing P. balfouriana. 
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Potential Irradiance. Irradiance response was complex. Weak, but highly 

significant, negative-correlations were found from August through April for the 

forest as a whole, Table 4.5 and Fig. 4.2d. A weak, significant, positive 

correlation was found during June, and no correlation was found during May and 

July. The pattern is qualitatively the same for monospecific and mixed stands. 

However, monospecific stands were relatively strongly correlated with both June 

and July irradiance. P. balfouriana stand BAC in mixed stands was not positively 

correlated with irradiance at any time during the year. 

Different quintiles of potential irradiance had significantly different BAC. 

The irradiance response was linear in every month where a significant difference 

occurred. 

Highly significant linear regressions were obtained for each month except 



143 

May and July. The regression coefficient was largest in June, the only month for 

which a significant positive coefficient was found. The steepest negative 

responses occurred during April and August. Winter regression coefficients were 

about half the April values. 

Potential irradiance response surfaces are shown in Fig. 4.6. Large values 

of BAC were found with low values of monthly irradiance during the winter 

months and with high values of monthly irradiance during the growing season. 

Monospecific and mixed stands responded in a qualitatively similar way. No 

significant regression was found during April, August, or September in 

monospecific stands. No significant regression was found in June or July in 

mixed stands. 
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Table 4.5a. Correlations between P. balfouriana basal area cover and potential 
irradiance. Pearson product-moment correlation scores are reported for all 
stands containing P. balfouriana, monospecific stands of P. balfouriana, and mixed 
stands. (Two-tailed t-test of significance *-0.05, **-0.01, ***-0.001) 

POTENTIAL IRRADIANCE 

Month All Samples Foxtail Only Mixed Stands 

January -.2003*** -.2068* -.1854*** 
February -.1958*** -.1850* -.1881*** 
March -.1872*** -.1525 -.1901*** 
April -.1587*** -.0732 -.1882*** 
May -.0256 .1469 -.1162* 
June .1407** .3368*** .0502 
July .0779 .2677** -.0160 
August -.1266** -.0053 -.1790*** 
September -.1800*** -.1296 -.1905*** 
October -.1933*** -.1747* -.1889*** 
November -.1991*** -.2007* -.1863*** 
December -.2014*** -.2131* -.1846*** 
Nr samples 470 136 334 



Table 4.5b. Regression analysis for potential irradiance. For this regression 
analysis, potential irradiance was the independent variable and P. balfouriana 
BAC was the dependent variable. Units are sq m/ha for the intercept and sq 
m/ha/degrees C for the slope. 

POTENTIAL IRRADIANCE 

Month Intercept Slope R2 F 

January 27.17 -0.559 0.0381 19.56*** 
February 30.07 -0.590 0.0363 18.65*** 
March 35.87 -0.703 0.0330 16.99*** 
April 48.60 -1.004 0.0231 12.09*** 
May 29.63 -0.334 0.0007 0.31 
June -48.01 1.905 0.0177 9.45** 
July -20.17 1.125 0.0039 2.86 
August 52.98 -1.089 0.0139 7.62** 
September 40.10 -0.801 0.0303 15.67*** 
October 31.77 -0.619 0.0353 18.16*** 
November 27.85 -0.563 0.0376 19.31 *** 
December 26.56 -0.559 0.0385 19.80*** 
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Figure 4.6a. Bivariate potential-irradiance response-surface for all 
stands containing P. balfouriana. 

Figure 4.6b. Bivariate potential-irradiance response-surface for 
monospecific stands of P. balfouriana. 
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Figure 4.6c. Bivariate potential-irradiance response-surface for mixed 
stands of P. balfouriana and P. murrayana. 

147 

Water-Vapor Deficit. Moderately strong, negative correlations were found 

between P. balfouriana BAC and mean leaf-to-air water-vapor concentration 

difference both for the forest as a whole and for mixed stands, Table 4.6 and 

Fig. 4.2e. Correlations were weakest during March and April and strongest from 

July through October. Monospecific stands were uncorrelated with water-vapor-

deficit during the spring and November. The same pattern was seen with 

temperature. 

There were significant differences between quintiles during every month of 

the year. ANOV A was generally unable to reject a nonlinear response. 

Very large negative regression coefficients were found in midwinter. 

Relatively small coefficients were found during late summer. 

The water-vapor-deficit response surface is presented in Fig. 4.7. 
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Response surfaces for composite and mixed stands were essentially identical. 

Very low values of water vapor deficit are required during midwinter to achieve 

large BAC. The pattern was slightly different in monospecific stands where no 

significant regression was found from March through May. 

Table 4.6a. Correlations between P. balfouriana basal area cover and water 
vapor deficit. Pearson product-moment correlation scores are reported for all 
stands containing P. balfouriana, monospecific stands of P. balfouriana, and mixed 
stands. (Two-tailed t-test of significance *-0.05, **-0.01, ***-0.001) 

WATER VAPOR DEFICIT 

Month All Samples Foxtail Only Mixed Stands 

January -.4178*** -.4626*** -.3170*** 
February -.4033*** -.4868*** -.3261*** 
March -.2944*** .0715 -.3276*** 
April -.2877*** .0932 -.3270*** 
May -.3262*** -.0214 -.3312*** 
June -.4199*** -.3645*** -.3386*** 
July -.4235*** -.3792*** -.3389*** 
August -.4284*** -.4039*** -.3387*** 
September -.4291*** -.4143*** -.3384*** 
October -.4289*** -.4154*** -.3386*** 
November -.3290*** -.0527 -.3206*** 
December -.3887*** -.2928*** -.3133*** 

Nr samples 470 136 334 



Table 4.6b. Regression analysis for water vapor deficit. For this regression 
analysis, water vapor deficit was the independent variable and P. baifouriana 
BAC was the dependent variable. Units are sq m/ha for the intercept and sq 
m/ha/degrees C for the slope. 

WATER VAPOR DEFICIT 

Month Intercept Slope R2 F 

January 162.09 -46.42 0.1728 98.98*** 
February 79.05 -23.43 0.1609 90.93*** 
March 85.38 -18.06 0.0848 44.43**:-!< 
April 77.00 -12.96 0.0808 42.24*** 
May 87.79 -11.29 0.1045 55.73*** 
June 106.89 -10.50 0.1746 100.19*** 
July 118.14 -8.47 0.1776 102.30*** 
August 116.60 -8.94 0.1818 105.19*** 
September 115.06 -10.97 0.1824 105.63*** 
October 115.30 -16.17 0.1822 105.47*** 
November 146.18 -26.12 0.1063 56.81*** 
December 232.20 -54.73 0.1493 83.32*** 

149 



~ 200 

g jll50 CI, 
'§ E 100 
~ g
il 

Q 
o 

-~:s~~~~~~ AM f" J J J M .. A 
N 0 ~ Monfh 

Figure 4.7. Bivariate water-vapor-deficit response-surface for all 
stands containing P. balfouriana. 
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Actual Evapotranspiration. Actual evapotranspiration, AET, is generally 

positively correlated with BAC during the summer and negatively correlated with 

AET during the winter both for the forest as a whole and for mixed stands, 

Table 4.7 and Fig. 4.2f. There was no correlation between AET and BAC 

during July or September for the forest as a whole. May and October AET 

were uncorrelated with BAC in mixed stands. Monospecific stands were 

significantly negatively correlated with AET during July and were uncorrelated 

with AET during March, April, and June. 

There were significant differences between quintiIes every month. 

Nonlinear models could not be rejected by ANOVA from May through August. 

Linear regressions fit best during the rest of the year. 

Significant regressions were found every month except July and 
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September. Quadratic models fit the data best during May and August. Linear 

models fit best during the rest of the year. 

The response function for AET is presented in Fig. 4.8. Low values of 

wintertime AET are required for high BAC. However, high values of growing 

season AET are required. 

Table 4.7a. Correlations between P. balfouriana basal area cover and actual 
evapotranspiration calculated using Major's method. Pearson product-moment 
correlation scores are reported for all stands containing P. balfouriana, 
monospecific stands of P. balfouriana, and mixed stands. (Two-tailed t-test of 
significance *-0.05, **-0.01, ***-0.001) 

ACTUAL BV APOTRANSPIRATION 

Month All Samples Foxtail Only Mixed Stands 

January -.2367*** -.2755*** -.2050*** 
February -.2643*** -.2852*** -.2326*** 
March -.2502*** -.1459 -.2567*** 
April -.2605*** -.0543 -.3008*** 
May .0976* .1887* .0862 
June .2192*** .0786 .2143*** 
July .0726 -.3168*** .3047*** 
August .3022*** .2289** .3344*** 
September -.0597 -.4671 *** .2092*** 
October -.1250** -.3033*** -.0492 
November -.2258*** -.2209** -.2121 *** 
December -.2303*** -.2591** -.2017*** 
Nr samples 470 136 334 
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Table 4.6b. Regression analysis for actual evapotranspiration. For this 
regression analysis, actual evapotranspiration was the independent variable and P. 
balfouriana BAC was the dependent variable. Units are sq m/ha for the 
intercept and sq m/ha/degrees C for the slope. 

ACTUAL EVAPOTRANSPIRATION 

Month Intercept Slope Quadratic R2 F 

January 25.40 -0.2354 0.0540 27.79*** 
February 29.21 -0.3212 0.0679 35.15*** 
March 38.50 -0.3079 0.0606 31.26*** 
April 59.13 -0.4975 0.0659 34.07*** 
May -18.76 0.9462 -0.00581 0.0187 5.46** 
June 13.01 0.0877 0.0460 23.62*** 
July 16.65 0.0687 0.0032 2.48 
August -129.27 12.11 -0.21580 0.1505 42.53*** 
September 23.75 -0.2352 0.0014 1.68 
October 26.31 -0.3126 0.0135 7.43** 
November 27.86 -0.2192 0.0490 25.14*** 
December 25.27 -0.2091 0.0510 26.21*** 



Figure 4.8. Bivariate actual-evapotranspiration response-surface for 
all stands which contain P. balfouriana. 
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Seasons. There was a moderately strong positive correlation with growing 

season beginning and ending dates and negative correlations with the thermal 

season ending and mesic season beginning dates for the forest and for mixed 

stands, Table 4.8. Monospecific stands were not correlated with the thermal 

season beginning date and were negatively correlated with mesic season ending 

date. The forest as a whole and mixed stands were most strongly correlated with 

thermal season dates. Monospecific stands were strongly correlated with mesic 

season dates. 

Growing season thermal sum is positively correlated with stand BAC. A 

moderately strong negative correlation was found with thermal sums during all 

other seasons. There is no significant correlation between mesic season thermal 

sum and BAC for monospecific and mixed stands. There was no correlation 
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between BAC and winter or annual thermal sums in monospecific stands. The 

forest and mixed stands were most strongly correlated with drought season 

thermal sums. Monospecific stands were most strongly correlated with growing 

season thermal sums. 

Only the mesic season irradiance was positively correlated with BAC. No 

correlation was found with growing season or winter irradiance for the forest as a 

whole or for mixed stands. Negative correlations were found with all other 

seasons. Monospecific stands were significantly correlated only with drought 

season and winter season irradiance. 

Interspecific Interactions. The response of Pinus balfouriana and its 

primary competitor, P. murrayana, are compared in Table 4.9. Pinus balfouriana 

BAC is negatively correlated with P. murrayana BAC. It is also strongly 

negatively correlated with the total BAC of all other trees occupying the site. 

Pinus balfouriana is negatively correlated while P. murrayana is positively 

correlated with mean annual temperature, thermal season thermal sum, and 

length of the thermal season. Both species are positively correlated with the 

range in mean monthly temperature. P. murrayana is negatively correlated and 

Pinus balfouriana is independent of growing season thermal sum. 

P. murrayana BAC is not correlated with any measure of irradiance. 

Pinus balfouriana is negatively correlated with total annual irradiance and 

thermal season irradiance sum. It is positively correlated with range in monthly 

potential irradiance. 
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Table 4.8. Correlation of P. balfouriana basal-area-cover with estimates of 
season beginning and ending dates, and seasonal sums of irradiance, temperature, 
precipitation, actual evapotranspiration, and water-vapor deficit. Significance 
levels: * - 0.05, ** - 0.01, *** - 0.001 (2-tailed t-test). 

Season Dates 
Thermal begins 
Thermal ends 
Mesic begins 
Mesic ends 

n 

Thermal Sums 
Thermal 
Mesic 
Growing 
Drought 
winter 
Annual 

n 

Irradiance Sums 
Thermal 
Mesic 
Growing 
Drought 
winter 
Annual 

n 

Forest 
0.3913*** 

-0.3791*** 
-0.2871*** 

0.3452*** 

436 

Forest 
-0.3998*** 
-0.1181* 

0.1857*** 
-0.4683*** 
-0.3895*** 
-0.3977*** 

436 

Forest 
-0.3383*** 

0.2653*** 
-0.0138 
-0.2968*** 
-0.0298 
-0.1806*** 

436 

Precipitation Sums Forest 
Thermal -0.3754*** 
Mesic 0.4304*** 
Growing 0.0274 
Drought -0.2164*** 
winter 0.3826*** 
Annual 0.3780*** 

n 436 

Monospecific stands 
0.1285 

-0.0908 
-0.3094*** 
-0.3181*** 

112 

Monospecific stands 
-0.1574 

0.1518 
0.3054*** 

-0.2666** 
-0.0933 
-0.1329 

112 

Monospecific stands 
-0.0773 

0.0784 
-0.1279 
-0.3089*** 
-0.1984* 
-0.1377 

112 

Mixed stands 
0.3254*** 

-0.3168*** 
-0.2427*** 

0.2778*** 

324 

Mixed stands 
-0.3267*** 
-0.0686 

0.1526** 
-0.4133*** 
-0.3324*** 
-0.3303*** 

324 

Mixed Stands 
-0.3771*** 

0.1789*** 
0.0322 

-0.2393*** 
-0.0288 
-0.1848*** 

324 

Monospecific stands Mixed stands 
-0.0704 -0.3163*** 

0.2948** 0.3595*** 
0.2276* 0.0378 

-0.2805** -0.1793*** 
0.1313 0.3045*** 
q.1732 0.2838*** 

112 324 
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Table 4.9. Pearson product-moment correlations between measures of foxtail 
and lodgepole pine performance and selected physiological variables. The 
variables have been broken down into four classes: the affect of other organisms, 
measures of light, measures of precipitation, measures of temperature, and a 
measure of the probability of disturbance from Chapter 3. 2-tailed significance 
levels (t-test): ** - .01 *** - .001. 

Foxtail Foxtail Lodgepole Lodgepole 
Variable BAC Densitv BAC Density 

organisms 
Foxtail BAC .7606*** -.3811*** -.3449 
Foxtail Density .7606*** -.3286 -.2408 
Lodgepole BAC -.3811*** -.3286 .6092*** 
Lodgepole Density -.3449 -.2408 .6092*** 
TOTAL -.9001*** -.7028*** .7343*** .5482*** 

Temeerature 
Mean Annual, MAT -.3965*** -.293:. .3284*** .3987** 
Range in MAT .1572*** .0239 .1747*** .1071 
Thermal season, TS -.3254*** -.2334 .3252*** .3397 
TS thermal sum -.2239*** -.3077 .1359** .0416 
Growing season sum -.0709 .0063 -.2165*** -.2409 

precieitation 
Total Annual -.1748*** -.0698 -.1669*** -.0913 
Range in monthly -.1852*** -.0823 -.1555*** -.0636 
water stress -.2460*** -.4285** .1982*** .2239 
Maximum stress -.2277*** -.3547 .1932*** .1277 
store -.1851*** -.0913 -.1600*** -.0669 
Growing season -.1684*** -.1363 -.1427** -.0178 
Drought -.0063 -.1255 .2794*** .2825 

Irradiance 
Total annual -.1839*** -.3221 -.0004 .0150 
Range in monthly .2143*** .4095** .0135 -.0258 
TS Irradiance -.1901*** -.2955 .0294 -.0284 
GS Irradiance .0139 .1390 .0260 -.0330 

Disturbance 
Fire -.2027*** -.1109 .1634*** .1163 
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Climatic Response Model 

Regression analysis was able to account for 22% of the variance in the 

Pinus balfouriana BAC data using two variables identified with factor analysis 

and cluster analysis from the set of 97 climatic variables studied. Factor analysis 

and cluster analysis identified 12 climatic variables as being highly correlated with 

independent factors, Table 4.10. Partial correlation analysis identified four 

variables as significantly correlated with Pinus balfouriana BAC when the linear 

contribution of all other variables was accounted for statistically. Those four 

variables were: mean annual temperature (r = -.15), winter PET (r = -.14), late 

summer AET (r = -.15), and winter precipitation (r = -.13). Stepwise multiple 

regression eliminated all but two predictor variables: mean annual temperature 

(MAT) and winter PET (represented by SEPPET in the analysis). The model 

was: 

P. balfouriana BAC = 180.3 - 11.7*MAT - 19.5*SEPPET, 

where MAT is in degrees C and September precipitation is in mm. This 

equation was highly significant (df 2 and 433, F = 62.70, P < 0.001). 

(4.11) 

Other Organisms. Competition is important in the niche of P. 

balfouriana. The strongest correlation I uncovered was a negative correlation 

between P. balfouriana BAC and the BAC of all other trees on the site, Table 



158 

Table 4.10. Climatic variables identified by cluster-analysis and factor-analysis and 
the surrogate analytic variables employed in regression analysis. 

Climatic Variable 
Growing season irradiance 
Non-growing season irradiance 

Temperature 

Spring water-vapor deficit 
Winter water-vapor deficit 

Growing season PET 
Non-growing season PET 

Winter AET 
Late summer AET 
Spring AET 

Winter precipitation 
Growing season precipitation 

Candidate Analytic Variable 
June irradiance 
September irradiance 

Mean annual temperature 

April water-vapor deficit 
February water-vapor deficit 

June PET 
September PET 

March AET 
September AET 
May AET 

October precipitation 
June precipitation 

4.9. This variable was consequently added to the P. balfouriana niche model 

analysis. 

No evidence was found for a significant predator impact on P. balfouriana. 

A number of vertebrate predators are fqund in the study area including: Bos 

taurus (domestic cattle), Cervus elaphus (tule elk), Mannota flaviventris (marmot), 

Odocoileus hemionus (deer), Ovis canadensis (bighorn sheep), Tamias sp. 

(chipmunks), Ursus americanus (black bear). Most could consume P. balfouriana. 

However, the only vertebrate herbivory I observed during six field seasons was a 

single observation of Nucifraga columbiana, Clark's nutcracker, consuming mature 
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microstrobili in Onion Valley. Whether this is common behavior is unknown to 

me. 

Invertebrate predators with the potential for significant impact are known 

(Furniss & Carolin 1977). They include foliage scale, Matsucoccus acalyptus and 

several species of bark beetles Pityophthorus spp, Dendroctonus ponderosae and 

Pityogenes Jossifrons. Bark beetle damage was commonly observed on dead 

material lying on the forest floor. However, no significant outbreaks of insect 

herbivory were observed. 

Mistletoes of the genus Arceuthobium parasitize Balfourianae pines 

(Hawksworth & Wiens 1984; Miller & Bynum 1965) but they are an insignificant 

predator at the present time, at least within the study area. Arceuthobium was 

observed at a single site, about a mile west of Cottonwood Pass, infecting a few 

trees. 

Topographic variables. Pinus balfouriana BAC was not correlated with 

slope, Table 4.11; however, it was significantly correlated with aspect, elevation, 

and topographic moisture index. 

Soil Properties. Soils are relatively uniform throughout the study area. 

There was little variation in soil parent material observed on the transects. Most 

soils were derived from igneous intrusive rock. A few sites were on metamorphic 

or volcanic substrates. 

P. balfouriana produced stands with greater BAC on soils derived from 

granitic rock than on soils derived from metamorphic rock. P. balfouriana was 
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Table 4.11. Correlations of P. balfouriana BAC with topographic variables. 
Correlation coefficients are Pearson product-moment correlations with 2-tailed 
probability statements. Significance levels: * - 0.05, ** - 0.01, *** -0.001 

Topographic Correlation 
Variable Coefficient 

Slope -0.0249 
Aspect 0.1622*** 
Elevation 0.4016*** 
TMI 0.1002* 

0.0006 
0.0543 
0.1595 
0.0218 

Regression Analysis 
Intercept a a2 F 

0.29 
14.45*** 87.38 
90.02*** -523.85 
6.24** 6.11 

0.1139 -0.3100 
0.1934 
2.4820 -0.1094 

found on five soil classes: granite parent material of all three texture classes and 

metamorphic parent material on texture classes 1 and 3. Significant differences 

in P. balfouriana BAC were detected between stands on boulder/decomposed 

granite and decomposed metamorphic soils. Stands on granite substrates grew to 

significantly larger BAC (mean 82 sq m/ha) than stands on metamorphic 

substrates (mean 34 sq m/ha). 

Multiple regression analysis was able to account for 32% of the variance 

in P. balfouriana BAC. Variables included in the analysis were: BAC of all other 

species encountered at the site, probability of wildfire disturbance, and abiotic 

variables. Five variables were found to have significant contributions to P. 

balfouriana abundance based on partial correlation analysis. Those variables 

were: BAC of all other species encountered on the site (TBAC, r = -0.42), late-

summer actual evapotranspiration (SEP AET, r = -.22), winter rain (CSRN, r = -



.17), mean annual temperature (MAT, r = -0.15), and growing season rain 

(GSRN, r = -0.13). Stepwise multiple regression was used to derive the niche 

model from these variables. The equation was: 
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BAC = 9.267 - 8.501 *TBAC - 7.730*MAT + 5.538*GSRN (4.12) 

where TBAC is measured in sq m/ha, MAT in C, and GSRN in mm. 

Probability of disturbance did not enter the regression equation. This equation 

was highly significant (df = 3 and 432, F = 67.94, P < 0.001). 

Discussion 

Climatic factors are likely candidates for range limitation in subalpine 

forests. In order to survive in this habitat, plants must be adapted to the 

shortness of the growing season and this often requires a slow growth rate 

(Woodward 1987). Lower elevation species generally experience longer growing 

seasons, have relatively high growth rates, and generally perform relatively poorly 

under high elevation climatic conditions (Woodward 1987). Small changes in 

climate can dramatically alter the length of the growing season and the relative 

performance of competing species. Consequently geographic ranges can be 

affected. 

Climate affects two important aspects of tree physiology: carbon balance 



and water relations. Climate affects carbon balance by altering both the light 

environment and thermal regime. Water relations are affected through 

precipitation amounts and evapotranspiration demands. 
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Carbon balance. Carbon balance in Pinus balfouriana can only be indirectly 

estimated since ecophysioiogical measurements have not yet been made. 

However, carbon balance has been measured in the field in Great Basin 

bristlecone pine (Schulze, Mooney, & Dunn 1967, Mooney, West, & Brayton 

1966). Since this species is closely related to Pinus balfouriana, the performance 

of bristlecone pine can be used as a crude approximation of the performance of 

Pinus balfouriana. 

A composite diagram showing carbon assimilation and loss in bristlecone 

pine was compiled from Mooney's work and is presented in Fig. 4.9. The 

temperature dependence of respiration is essentially constant throughout the 

year. Significant photosynthetic carbon assimilation occurred during a brief 

period in late spring and early summer. Photosynthetic carbon assimilation falls 

off during midsummer, is low in the fall, and immeasurable during the winter. 

Schulze et at. (1967) calculated that at least half the summertime photosynthate 

was required to pay winter respiratory costs in bristlecone pine. Consequently, 

winter respiration is critical to the performance of bristlecone and by inference, 

Pinus balfouriana. 

The climatic measures I have chosen should provide a reasonably good 

proxy measure of carbon balance for Pinus balfouriana. Air temperature is 
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Figure 4.9a. Dark respiration measured in P. IOllgaeva growing in the 
White Mountains of California. 
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Figure 4.9b. Temperature dependence of dark respiration in P. 
longaeva growing in the White Mountains of California. 
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Figure 4.9c. Net photosynthesis measured in P. longaeva growing in 
the White Mountains of California. 
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Figure 4.9d. Temperature dependence of net photosynthesis in P. 
longaeva growing in the White Mountains of California. 
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expected to be a good proxy measure of respiration. Conifer leaf-temperature 

essentially equals ambient air-temperature since the boundary layer for needle

like leaves is very thin (Nobel 1983). A careful study will show that 

micrometeorological variables change throughout the canopy of a conifer 

(Schulze, Fuchs, & Fuchs 1977, Jarvis, James, & Landsberg 1976); however, the 

change is relatively small. Consequently, needle temperature is roughly constant 

throughout the canopy and equal to ambient air temperature. Since respiration 

is a stationary linear-function of temperature, air temperature is a rough measure 

of dark respiration. 

Since respiration is proportional to temperature, and since respiration is a 

stationary function of temperature, there should be a negative relationship 

between BAC and temperature for all months. Cool conditions should be 

required for large BAC. Since respiratory losses are offset by photosynthetic 

carbon assimilation during the growing season but not during winter, the 

response is expected to be particularly pronounced during the winter, exactly the 

pattern I observed. One of the strongest, consistent, negative correlations I 

found between climatic measures and P. balfouriana BAC was with temperature, 

Table 4.2. The strength of the correlation suggests a strong and important link 

between these variables. It also suggests that temperature is a good variable to 

examine for potential range limitation. 

The regressions of P. balfouriana BAC on temperature, Fig. 4.3, show that 

midwinter temperatures are critically important for achieving large BAC. 
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February had one of the lowest regression coefficients observed and a relatively 

large, negative, intercept. Consequently, extremely cold winters, February in 

particular, are required to achieve large stand basal area. 

Growing season potential irradiance is expected to be a good proxy 

measure of carbon assimilation. Solar irradiance has two nearly equally energetic 

components (Larcher 1983). One component is photosynthetically active 

irradiance, PAR. The other is near infrared irradiance, NIR. The PAR 

component is used by plants to fix carbon. The NIR component causes heating 

but the photons in this component are insufficiently energetic to be used for 

photosynthesis. Photosynthetic carbon assimilation is directly proportional to the 

PAR component and hence to potential direct irradiance. Respiration is also 

directly proportional to irradiance because of the NIR thermal component. 

Bristlecone pine has high and relatively constant CO2 uptake during the 

brief summer growing season, Fig. 4.9. The photosynthetic apparatus is shut off 

during the coldest half of the year. Therefore, photosynthetic carbon assimilation 

is only expected during the summer. Respiration is expected throughout the 

year. Respiration and BAC are negatively related while photosynthetic carbon 

assimilation and BAC are positively related. Consequently, there should be a 

positive correlation of BAC and irradiance during the growing season and a 

negative response caused by respiratory losses during the remaining months of 

the year. This is the pattern observed in the field, Fig. 4.6, and again suggests 

that winter temperatures are critical for Pinus balfouriana. 
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Figure 4.10. Photograph of a typical P. 
ba1fotiriana taken facing due west. The-tree 
was growing on the divide separating Golden 
Trout Creek from Johnson Creek. 

Figure 4.11. Photograph of the same P. 
ba1fdtiriana tree as Fig. 4.10, taken Tacing 
due north. Note the extreme eccentricity 
of the canopy. 
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A final line of evidence which suggests that winter temperatures are 

critical is the highly elliptic canopy of mature trees with the major axis oriented 

north-to-south. Fig.s 6.10 and 6.11 are photographs of a typical Pinus 

balfouriana tree in the Sierra Nevada. Fig. 4.10 shows the canopy of the tree as 

viewed from the east. The canopy is approximately 3.5 m wide at midcanopy. 

Fig. 4.11 shows the same canopy as viewed from the south. Notice that the 

canopy is approximately 1 m wide at midcanopy. This canopy shape minimizes 

wintertime irradiance interception (Ehlringer & Werk 1986, and Fig. 4.11) and 

consequently would reduce wintertime respiration. 

-Il 5a 
u:l'l 5 
: ~ 4 

... "'1:1 4a 
~, 35 
,1/ 3a 
10 1:7' 25 
10" 2a. 
:~ 15 
.. :I: tel 

5 
e~------------------------------------

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

MDnth 

Figure 4.12. Theoretical potential daily-irradiance intercepted by a 
flat canopy facing east-and-west, a flat canopy facing north-and-south, 
and a flat horizontal surface. 
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Elliptic canopies were observed in mature Pinus balfouriana trees across 

the natural range of the species. All canopies· have the major axis oriented 

almost exactly north-to-south indicating strong control over this trait. This habit 

is maintained even in places where there is a clear penalty for its maintenance. 

For example, sites in saddles along the main Sierran crest are subject to 

extremely high winds during the winter. P. murrayana trees growing in these 

sites are wind pruned with their elliptically shaped canopies oriented east-to-west. 

However, P. balfouriana growing beside the P. murrayana retain the north-to-

south canopy orientation in this habitat despite the certain cost in terms of 

increased winter drought stress and the potential for mechanical damage to the 

canopy caused by high winds. 

Water Relations. Plant water relations are complicated because of the 

large number of variables which influence soil moisture and the soil-plant-

atmosphere continuum. Clearly the amount and distribution of precipitation 

influence water relations. Soil properties determine the amount of water which 

can be held against gravity and hence is available for use by plants. Air 

temperature, insolation, topography, and local physiographic features such as 

large bodies of water all influence ambient water-vapor concentration which 

forces evapotranspiration. Plant physiology and phylogenetic history affect 

• I believe that this trait is generally expressed in Balfourianae pines because 
it was also observed in P. [ongaeva growing in the White Mountains of California, 
and in P. aristata growing in the Sangre de Cristo Mountains of New Mexico. 
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stomatal, vascular, and mesophyll resistance to the flow of water. We can begin 

to sort out the most important of these potentially interacting factors by looking 

at correlations. The factors which are most highly correlated with BAC are the 

factors which are most likely limiting. 

The strongest climatic correlations I found were with water-vapor deficit, 

the driving force behind transpiration. February appears to be a critical month. 

An extremely low water-vapor deficit in February is required in order to achieve 

a large stand BAC. Low water-vapor deficit can be achieved by low temperature 

or by high humidity associated with precipitation. 

Strong correlations were also obtained with mean total monthly 

precipitation, particularly during the winter and late summer months. The 

weakest correlation occurs in May when melting snow would make water 

relatively available for all sites. The correlation grows monotonically stronger 

throughout the summer suggesting an increasing water stress limitation. July, 

August, and September precipitation are particularly important. Most sites in the 

Sierras receive little or no precipitation during this period. However, the 

regression model relating BAC and precipitation indicates that even slight 

increases in precipitation during this period will result in large changes in stand 

BAC. 

Climatic response can be inferred from tree ring data (Fritts 1976) and 

offers independent confirmation of the results presented in this chapter. Scudari 

(1987) performed a dendrochrological study of Pinus balfouriana growing at 
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Cirque Peak, a timberline site in the Sierra Nevada. His climatic response 

functions show a significant positive response to precipitation during the months 

of February and April preceding the growing season. The trees also respond 

significantly and negatively to high february temperatures during the winter 

preceding growth. Scudari reported a positive temperature response jn July and 

during each month from October through January prior to the growing season. 

Interpretation of Scudari's data is aided by considering phenology 

(Chapter 7) and climatology. Fig. 2.1 contain a Walter climate diagram and 

water balance diagram for Scudari's timberline site. The coldest month at the 

site is February. Similarly, April is a cold month. High precipitation during 

these months will most likely result in an increase in the snow pack. A large 

snow pack will take longer to melt in the spring and should extend the growing 

season. Consequently, trees should engage in rapid photosynthetic assimilation 

for a longer period and would be expected to grow more. 

The warmest month at Scudari's site is July. Air temperature in July can 

be expected to reach 9 C. Larcher (1983) reports that subalpine pines have a 

photosynthetic thermal optimum of about 16 C with reduced performance at 

both higher and lower temperatures, see also Fig. 4.9. Since water should be 

relatively available through much of July, assimilation should increase if mean air 

temperatures rise a degree or two. 

Warmer than normal October through January temperatures can be 

expected to have two effects on the trees. First, precipitation naturally increases 



172 

in October and air temperatures remain above freezing. These conditions permit 

assimilation. A resumption of growth is not expected since growth requires 

production of unhardened immature tissue which would be selectively 

disadvantageous if temperatures were to suddenly drop. Phothsynthate produced 

during this time could only be stored and used for increased growth during the 

subsequent growing season. Second, warmer than normal winters are usually 

associated with higher than normal precipitation. Increased precipitation should 

extend the length of the assimilation period by increasing the stored moisture 

and permitting assimilation later in the summer. Extension of the assimilation 

period would permit increased growth during the subsequent growing season. 

Climatic limitation of Pinus balfouriana geographic range appears to be 

possible and the bivariate climatic response surfaces can be used to identify the 

most critical climatic variables. Winter respiration and evapotranspiration are 

critical for the species. Increased summer precipitation should benefit Pinus 

balfouriana. Winter temperatures and evapotranspiration demands are lower and 

summer precipitation is higher in continental climates than in maritime climates. 

Continentality increases to the south and east in the Sierra Nevada. This 

correlation of climatic environment and Pinus balfouriana response warrants 

ecophysiological and phytometric study. 

The climatic variables most highly correlated with Pinus balfouriana BAC 

were water-vapor deficit and temperature suggesting that respiration is the 

elevation related factor identified in community studies. Respiration is closely 
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correlated with temperature, and temperature is a strong function of elevation, 

Appendix 4. 

Interspecific competition between P. balfouriana and P. murrayana does 

not significantly alter the shape of any response surface. In each case, the 

competitive environment modified the details of the response increasing the 

importance of some climatic variables while decreasing the importance of others. 

Since BAC is highly correlated with other measures of tree size (leaf-area index, 

volume, and height (Satoo & Madgwick 1982)) these differences can have 

important consequences particularly near the range boundary where one of these 

variables may already limiting performance. Under these conditions the 

additional stress of competition may shift the balance in favor of the competitor 

and locally eliminate Pinus balfouriana. 

There are occasional trade-offs which must be made by Pinus balfouriana 

if it is to successfully compete both against other Pinus balfourianas and against 

other species. For example, monospecific stands of Pinus balfouriana are 

negatively correlated with the date the mesic season ends; however, in mixed 

stands the correlation is positive. Clearly a different strategy is required to best 

take advantage of the mesic season under these two different biotic regimes. 

Another example of conflicting demands is seen with irradiance response. 

Stand BAC is positively correlated with potential irradiance during the growing 

season in monospecific stands, i.e. under intraspecific competition. Stand BAC is 

independent of potential irradiance during the growing season under interspecific 



competition. 

The climatic variables which are most likely to limit Pinus balfouriana 

geographic range are temperature (particularly during the winter) and winter 

evapotranspiration. These variables together are able to explain 23% of the 

variance in Pinus balfouriana BAC. 
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The strongest correlation I uncovered in this study was a negative 

correlation between P. balfouriana BAC and the BAC of all other trees on the 

site, Table 4.9. This important finding suggests two things. First that competitive 

effects are likely to be highly important in P. balfouriana forests as they are in 

other forests of the Sierra Nevada (Yeaton 1981, Yeaton, Yeaton, & Horenstein 

1980). Second, it suggests an overriding limitation on the total basal-area cover 

even in these sparsely wooded sites. (This observation is commonly made in 

commercial forests where it is referred to as the law of constant final yield 

(Satoo & Madgwick 1982).) If other trees occupy the site they apparently 

remove or consume some factor thus preventing P. balfouriana from occupying 

the site. 

Little observed predator impact suggests that predation is not particularly 

important in controlling the species range. However, this is not necessarily the 

case. Examples herbivory controlling species range are known, (e.g. Hypericum 

peiforatum, Klammath weed). In the case of Hypericum peiforatum, predation 

clearly controls distribution but the control is so powerful that little direct 

evidence of that control is manifest (Huffaker 1964 1975). 



175 

Soil limitation of geographic range was inferred during community studies 

(Chapter 2). If soil properties limit the geographic range, then changes in soil 

properties would necessarily be correlated with the range boundaries. Soil 

factors might limit range; however, if they do then the limiting factor is more 

subtle than a change in parent material or stoniness. No changes in soil parent 

material or stoniness of the soil were consistently observed at the lower forest 

border of P. balfouriana or at its northern geographic range boundary. P. 

balfouriana is usually found on soils denved from igneous intrusive rock. Soils at 

lower altitudes and along the crest for at least 100 km north of the present range 

were formed predominantly from igneous intrusive rock. 

Soil forming factors including climate, biota, soil parent material, and time 

since last disturbance, vary throughout the mountains and alter soil properties 

(Jenny 1980). Since no quantitative measures of soil properties were made, it is 

not possible to determine which soil factor was identified in Chapter 2 or 

whether it provides a real limitation to the geographic range. 

The disappointingly low predictive ability of the multiple regression niche 

model suggests that another factor, not considered in this analysis, may be 

responsible for the majority of the variance in the data set. 



CH.A.PTER 5 

FOXTAIL BIOGEOGRAPHY 

liThe plain fact is that since the species arose ... the 
Pleistocene has supervened; there has been sufficient 
time, and sufficient transfiguration of geography, for 
the pre-Pleistocene distribution patterns to be 
completely transformed in a very large number of 
cases. 

- E.S. Deevey, Jr. (1949) 
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The information accumulated to this point provides substantial information 

to aid in the construction of an accurate historical biogeographic scenario for P. 

balfouriana; however, two additional pieces of information bear on this effort and 

will be discussed first. The first is an attempt to predict the geographic range 

boundary using a carbon-balance model. The second is an estimate of the 

dispersal ability of P. balfouriana in the absence of vertebrate dispersers. 

Prediction of the Geographic Range Boundaty Using a Carbon-Balance Model 

A promising approach for biogeographic studies is to examine carbon-

balance (e.g. Bunce, Chabot & Miller 1979). Carbon-balance is the difference 



between carbon assimilated in photosynthesis and carbon lost in respiration. 

Carbon-balance must be positive within the geographic range of a species. 

Carbon-balance analysis might predict the lower-forest border since respiration 

increases as temperature increases; and, temperature increases as elevation 

decreases. Direct irradiance decreases with elevation so carbon assimilation 

decreases as elevation decreases. Therefore, net carbon assimilation must 

decrease as elevation decreases for a given genotype. 
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The Bunce approach works well for predicting the lower-forest-border of 

P. longaeva. The data reported in Chapter 4 on the temperature response of 

photosynthesis and respiration for P. longaeva were combined with the climate 

model for the southern Sierra Nevada (Appendix 4) to estimate the elevation at 

which net carbon assimilation for P. longaeva is zero. Both photosynthesis and 

respiration were assumed to be temperature limited at the lower forest border 

and carbon balance was calculated using the data of Mooney and coworkers, Fig. 

4.9. The estimated elevation is 1950 m. The lowest elevation stand of P. 

longaeva is found in a relatively mesic site at 1960 m in "The Narrows" of Marble 

Canyon in the Inyo Mountains of California (E. Rockwell, personal 

communication 1985; personal observation). The concordance with the carbon

balance model is striking. 

A similar analysis for P. balfouriana is not possible since the appropriate 

ecophysiological measurements have not been made. However, P. balfourialla is 

closely related to P. IOllgaeva. A crude approximation of P. balfouriana 



178 

ecophysiology was made by assuming the P. longaeva values. The model, after 

adjustment to account for the length of the growing season, predicts a lower 

forest border of 2680 m. This result is in good agreement with the published 

value of 2750 m (Mastroguiseppe & Mastroguiseppe 1980). 

Dispersal 

How fast can P. balfouriana expand its geographic range under optimum 

conditions? There are at least three different ways pines disperse which I will 

call wind dispersal, animal dispersal, and chance dispersal. Wind dispersal is the 

annual dispersal by winged flight from ~he cone to the ground. Animal dispersal 

is movement of seeds and/or cones by animals once the seeds have reached the 

ground. Chance dispersal is accidental dispersal, e.g. stuck in mud on the feet of 

birds, stuck in the fur of a mammal, blown along a crust of snow, or dispersal by 

a storm. Animal dispersal is distinguished from chance dispersal because the 

efficiency of animal dispersal can be improved by natural selection while chance 

dispersal can not. 

Wind dispersal is the function of the wing on the pine seed. Pine seeds 

autorotate as they fall. If the wind is not blowing when seeds are released (the 

worst possible dispersal case), seeds will land directly below the parent tree 

where establishment is unlikely and geographic range will not change. If the 

wind is blowing, dispersal results. The importance of wind dispersal to P. 
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balfouriana was estimated by performing flight tests of seeds collected from trees 

in Onion Valley and Horseshoe Meadow. Seeds were dropped from the ceiling 

in a closed room, a height of 2.91 m. The time of flight was measured to the 

nearest 1/100 second using a stopwatch. Mean terminal velocity was 0.92 + 0.34 

m/sec (n = 200) and the distribution was highly skewed (maximum velocity 2.39 

m/sec, minimum velocity 0.45 m/sec). 

A conservative estimate of the time required to unite the two extant 

populations by wind dispersal can be made from these data. Wind velocities in 

the subalpine forest during the months of September and October usually reach 

9 m/sec and often exceed 20 m/sec (Hart & Lawhon 1982). Pinus balfouriana 

probably requires 40 years to reach reproductive maturity. If they grow at an 

average annual rate of 5 em, they will be 2 m tall at maturity. If we assume 

laminar flow and a wind velocity of 20 m/sec, then an average seed released 2 m 

above ground will fly a distance of 43 m before coming to earth, a rate of spread 

of 1.1 m/year. However, a slow falling seed will fly 89 m for a rate of spread of 

2.2 m/year. The disjunction is 500 km. If both populations were to expand their 

geographic ranges at the average rate of 2.2 m/year then 110,000 years would be 

required to unite the two populations by wind dispersal alone. 

The estimate of 110,000 years to unite the two P. balfouriana populations 

is a minimum estimate. Laminar air flow was assumed but laminar flow is rare 

in forests and certainly doesn't occur when the wind is blowing at 20 m/sec 

(Jones 1983; Landsburg 1987). Turbulent flow can produce much longer flights 
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with correspondingly greater dispersal distance. Furthermore, the model ignores 

animal dispersal. Animal dispersal often results when a seed predator caches 

seeds or cones. There are a number of potential animal dispersal agents in the 

P. balfouriana forest including: Spermophilus lateralis, the golden-mantled ground 

squirrel, Eutamias spp., chipmunks, Tamiasciurus douglasii, chickaree (Douglas 

squirrel), and Nucifraga columbiana, Clark's nutcracker. Any of these dispersers 

is capable of moving P. balfouriana seeds at far rates than winged flight alone. 

Animal dispersal could result in closure of the disjunction in a matter of a few 

centuries under optimum conditions. 

A single long-distance tertiary dispersal event could account for the 

present disjunction; however, this explanation for the disjunction seems unlikely 

based on the distributions of other species associated with P. balfouriana. If a 

corvid flew from the Sierra Nevada to the Klammath Mountains carrying a seed, 

then continuous populations might never have existed between the· two 

populations. Since such a dispersal event is expected to be extremely rare, the 

chance that two species would experience the same event would be vanishingly 

small. There are two trees and five herbs which have distributions similar to P. 

balfouriana, Chapter 1. In order to simultaneously explain the distributions of 

these eight species, as many as eight tertiary dispersal events would have to be 

invoked. The alternative of a single event which disrupted formerly continuous 

distributions of all eight species is more parsimonious. 
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Historical Biogeographic H:wothesis for the Balfourianae 

The combined results of phylogenetic analysis, the fossil record, 

community ecological studies, studies of the response of P. balfouriana to the 

abiotic and disturbance environment, and breeding experiments suggest the 

following historical, biogeographic hypothesis for P. balfouriana. Subsection 

Balfourianae arose in North America during or prior to the Eocene (Mirov 1967; 

Bailey 1970; Axelrod & Raven 1985). 

Sometime during the Paleogene the ancestral population grew in response 

to an increasingly continental climate which was developing in the interior of the 

continent at that time (Axelrod 1976). Evidence to support this claim includes 

the observation that all Balfourianae possess an elliptic canopy and that it 

reduces wintertime insolation and thus lowers respiratory costs. Since the elliptic 

canopy is a synapomorphous trait, it suggests that the common ancestor had a 

similar wintertime respiration problem. If so, these ancestral populations would 

flourish in continental climates and would expand their geographic ranges into 

ever more continental sites until some limitation was reached. The factor which 

split this ancestral population is unknown. 

One population expanded its range along a highland route into the 

pre-Rocky Mountains. This population was the ancestor of P. aristata. The 

other population expanded its range along a highland route into the pre-Sierra 
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Nevada Mountains. The fossil record suggests that both populations were estab

lished in the vicinity of their modem geographic ranges by the Oligocene. 

The Sierra Nevada orogeny and formation of the Owens Valley divided a 

panmictic population of the Miocene ancestor of P. balfouriana and P. longaeva. 

The resulting rain shadow subjected the eastern population to strong directional 

selection resulting in the evolution of P. longaeva. Evidence for this claim comes 

from the breeding experiments of Critchfield (1977) but requires that the ability 

to interbreed is a function of a number of independently evolving genes. Both 

populations of P. balfouriana freely interbreed and both populations of P. 

balfouriana breed with P. longaeva. Neither P. balfouriana nor P. longaeva freely 

interbreeds with P. aristata. This suggests a much more recent split between P. 

balfouriana and P. longaeva. The lack of macrofossils older than the Pleistocene 

with clear affinity to P. longaeva suggests a relatively brief existence. Finally, 

fossil pollen evidence (Axelrod and Ting 1960 1961) offers a tantalizing hint that 

P. balfouriana and P. longaeva had diverged by late Pliocene or early Pleistocene 

times. 

During the Pleistocene ice ages all three Balfourianae species greatly 

expanded their ranges (c.f. Wells 1983, Jacobs 1985, and the Clear Lake P. 

balfouriana fossil evidence). During one of these ice ages a vicariance event 

occurred in P. balfouriana. Evidence in support of this claim includes the similar 

distributions of two trees and five herbs. Another vicariance event, this time in 

!. 



P. aristata, occurred during the Wisconsin glaciation and accounts for the 

presence of P. aristata on the San Francisco Peaks in Arizona (Jacobs 1985). 
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The fossil record provides a tantalizing suggestion that the P. balfouriana 

vicariance event occurred during the penultimate glaciation. The lowest elevation 

site connecting the two populations of P. balfouriana is at about 1000 m 

elevation in the vicinity of Mount Shasta. The Clear Lake fossils are found at an 

elevation of 400 m, at least 600 m lower than required to permit a continuous 

population extending from the Klammath Mountains to the southern Sierra 

Nevada. The typical model of Pleistocene glacial cycles is a gradual cooling 

trend lasting 100,000 years or so followed by a brief 20,000-year interglacial. A 

100,000-year cooling period was shown to be long enough that the two modern 

populations could merge using only winged flight of their seeds. Subsequent 

interglacial warming would force a migration up into the Klammath Mountains 

and the Sierra Nevada. 

It is not possible to rule out a Holocene P. balfouriana vicariance event; 

however, in several studies on the western slope of the Sierra Nevada (Anderson 

1987; Davis 1986 1988; Cole 1983), no evidence has been found of P. balfouriana 

during the last glaciation. The Wisconsin glacial refugium of P. balfouriana 

remains unknown. 
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CONCLUSIONS 

The most important factors controlling the tree community in the Golden 

Trout Wilderness and southern Sequoia National Park are: (1) competition, (2) 

disturbance, and (3) elevation. 

The most important factors controlling the distribution of P. balfouriana in 

the southern southern Sierra Nevada are: (1) soil drainage properties, (2) 

disturbance, and (3) temperature. 

Pinus balfouriana is associated with a single tree species, P. murrayana, 

over the vast majority of its geographic range in the southern Sierra Nevada. 

Interactions with other species probably increase near the geographic range 

boundary. 

Pinus balfouriana dominates the forest above 3000 m on submesic to xeric 

sites. 

Fire is the most frequent chronic disturbance agent in the P. balfouriana 

forest. Windthrow and avalanche are also important but no significant impact of 

biotic disturbance agents was noted during five years of field work. 

Pinus balfouriana possesses several morphological traits which increase its 

fitness when faced with wildfire. These traits include thick bark, deep tap root, 

self pruning habit, long needle retention time. Any or all of the morphological 

traits which improve fitness in fires may be adaptations to the wildfire regime. 
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Wildfires occur frequently enough under natural fire conditions that each 

tree should experience wildfire during its lifetime. 

A wildfire disturbance gradient overlaps the lower forest border of P. 

balfouriana. 

Wildfire disturbance might account, at least in part, for the lower forest 

border of P. balfouriana but it probably cannot account for the northern border. 

Temperature followed by wintertime potential evapotranspiration are 

probably the most important abiotic factors affecting the performance of P. 

balfouriana within its geographic range. 

Low winter temperatures and late summer precipitation are required to 

achieve large stand basal-area-cover. 

Solar irradiance during summer is used to assimilate carbon. Winter 

irradiance probably cannot be used for carbon assimilation. Instead it increases 

respiration. 

Pinus Balfouriana probably has a relatively short photosynthetic carbon 

assimilation period and respiration rates are probably all high year round. 

The highly elliptic canopy of P. Balfouriana simultaneously reduces 

evapotranspiration demand during summer and reduces winter respiratory costs. 

Competition is an important factor in the Pinus Balfouriana forests. 

Primary dispersal could unite the two populations of Pinus Balfouriana 

within a single glacial cycle. The time required (approximately 110,000 years) 

could be substantially shortened if secondary dispersal events occur. 
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The disjunction in P. balfouriana is probably of Pleistocene origin and may 

be as recent as the end of the penultimate glacial period. 



Abbreviation 

AET 

ANOVA 

BAC 

BAF 

dbh 

e 

PET 

TMI 

APPENDIX 1 

LIST OF ABBREVIATIONS 

Definition 

actual evapotranspiration 

analysis of variance 

basal area cover (m2/ha) 

basal area factor, a factor which concerts tree counts to 
BAC in angle count sampling 

tree diameter at breast height (1.3 m above ground) 

eccentricity of an ellipse 

potential evapotranspiration 
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topographic moisture index, see Table 4.1 for the algorithm 
used to calculate TMI 
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APPENDIX 2 

SELECTING SAMPLE SITES 

Sample site selection is a complicated process which can have dramatic 

unintended effects on experimental results if improperly done (Sukhatme et aI., 

1984). For this study a large number of sample points were needed. Since the 

actual number of points required depends upon the complexity of the natural 

system and since the amount of complexity in this system was unknown, I 

decided to collect as many samples as possible under two constraints. First, data 

collection could consume no more than three weeks of field time and second, at 

least three transects across the range of P. balfouriana would be required. The 

optimum sampling protocol under these conditions is to backpack while collecting 

data and to sample with angle-count sampling. 

The importance of various sampling parameters can be studied with a 

simple model of the sampling process. Consider a sample team hiking between 

points A and B, separated by the distance d, Fig. A2.l. Assume that the sample 

team can hike at an average velocity V between sample points, that t hours are 

available for sampling each day, that N points must be sampled, and that each 

sample requires T hours to obtain. If the samplers only collect data while hiking 

from point A to point B then their average hiking velocities are: 

v = V (A2.1) 
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IJ --> 

V' (-

Figure A2.1. Geometric model of the sampling problem. 

when no sampling is occurring and 

v' = d/(dN + TN) (A2.2) 

when sampling is being done. The distance which can be covered in a single day 

is 

d = t/(l/v + l/v') 

= V/2 (t-TN). (A2.3) 
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Equation A2.3 shows that the distance covered can be maximized in five 

ways: (1) hiking faster (increasing V), (2) working a longer day (increasing t), (3) 

sampling fewer points (reducing N), (4) reducing the time required to collect a 

sample (reducing T), or (5) backpacldng from A to B while collecting data 

(which removes the factor of 2 assuming that hiking velocity is independent of 

carrying a backpack). 

The number of samples which can be collected in a day is 

N = (t - 2dN)(f. (A2A) 

The number of samples can be maximized by: sampling longer, reducing the 

distance traveled, increasing hiking velocity, or shortening the sampling time. 

The sampling problem requires both a large number of samples and a 

great distance of travel. It is impractical to work more than ten hours a day 

since fatigue will increase the number of errors made. Similarly, it i~ impractical 

to increase hiking velocity since this will also increase fatigue and contribute to 

errors. Consequently, the only factors which can be manipulated are the time 

required to collect a sample and reducing redundancy by backpacking from point 

A to B while simultaneously collecting data. 

Preliminary sampling during the 1984 and 1985 field seasons indicated that 

the traditional tools of vegetation ecology, releve and point-centered quarter 

sampling (Mueller-Dombois & Ellenberg 1974), are too time consuming for this 
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study. Vegetation-typing sample quadrats (Daubenmire & Daubenmire 1968) 

were also too time consuming. Instead, angle-count sampling (Bitterlich 1984) 

was selected because it is rapid and accurate (Bitterlich 1984; Avery & Burkhart 

1983; Husch, Miller & Beers 1982). 



APPENDIX 3 

A PHYSICAL MODEL OF WILDFIRE IGNITION BY LIGHTNING 

A purely physical argument suggests that lightning-fire incidence should 

peak at intermediate elevations in mountainous terrain. The argument is 

presented in this appendix. 

A cloud is essentially one plate of a parallel plate capacitor so that the 

voltage developed between cloud and ground can be calculated from standard 

equations. The voltage, V, dropped between plates of a capacitor is given by 

(Feynman, Leighton, & Sands 1964): 
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V = Qd/eA, (A3.1) 

where Q is the charge on the plates, e is the dielectric constant, A is the area of 

the plates, and d is plate separation. If the distance separating the plates 

decreases, the voltage across the plates also decreases. If a mountain peak 

penetrates the cloud, lightning cannot occur since there can be no charge 

separation between the cloud and ground. 

The elevation of cloud bases changes with season; consequently, plate 

separation is a function of time. Clouds form when air temperature drops below 
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the dew point (Battan 1979). The elevation at which the dew point is reached 

depends upon adiabatic lapse rate and relative humidity. Generally, the warmer 

the surface air temperature, the higher cloud bases will be. The higher the cloud 

base, the greater the voltage drop to ground, Equation A3.l. 

A certain minimum amount of energy is required to ignite a fire. The 

energy available in a lightning strike can be calculated by multiplying the length 

of time current flows by the electrical power, P, given by 

p = V 2/R, (A3.2) 

where R is the resistance of the return-stroke channel. Since voltage drops as 

the distance from cloud-to-ground decreases, the energy present in the stroke 

also decreases, assuming constant return-stroke-channel resistance. 

Several predictions about lighting and lightning-caused wildfire frequency 

can be made based on this simple model. First, the incidence of lightning strikes 

should decrease to zero with elevation since charge separation cannot occur 

when mountain peaks penetrate the clouds. Lightning strikes during winter 

should be rare in mountainous terrain since clouds form at low elevations during 

cold months. During summer months clouds may form above the mountain 

peaks. Consequently, thunderstorms should be relatively common. Finally, the 

energy available in the average lightning stroke should decrease with elevation. 



Hence, the probability of lightning caused wildfire ignition is expected to 

decrease with elevation. 
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Lightning strokes are of two different types (Viemeister 1961; Uman 

1973). One type is a high current, relatively short duration stroke called 

cold-lightning (typically 10,000-1,000,000 amperes, 0.1-2 msec duration). The 

other type is a low current, relatively long duration stroke called hot-lightning 

(typically 200-2000 amperes, 2-10 msec duration). Hot-lightning is far more likely 

to initiate a wildfire than cold-lightning (Fuquay et aI. 1967). 

As the separation between cloud and ground increases, the frequency of 

hot-lightning strokes should decrease. The higher the cloud, the greater the 

voltage drop to ground, assuming constant charge and cloud size. If the 

resistance to current flow in the return-stroke channel is relatively independent of 

the voltage difference, current will increase as plate separation increases. 

Consequently the time required to discharge the cloud decreases. Short duration, 

cold-lightning, strokes should result and are unlikely to initiate a wildfire. For 

smaller cloud-to-ground distances, currents are smaller and discharge times are 

longer. This should result in hot-lightning strokes. 

Some intermediate elevation exists where conditions are appropriate for a 

high frequency of hot-lightning strokes. When clouds form at low elevations, 

either no charge separation occurs or the energy present in the discharge is too 

low to cause ignition. When clouds form at high elevations, only short-duration 

cold-lightning strokes occur. In both cases, the incidence of wildfire is lower. 



Consequently, an intermediate elevation zone is expected which experiences a 

high frequency of lightning caused wildfire. 
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APPENDIX 4 

TEMPERATURE AND PRECIPITATION CLIMATE MODEL 

A search for climatic factors influencing distribution and abundance 

requires an accurate climate model with suitably high spatial resolution. I could 

not locate such a model in the literature (but see Baker 1944; Goodridge 1982; 

Pyke 1972; and Rantz 1969), consequently, I developed my own. 

Materials and Methods 

Multiple regression was used to derive climate models from the US 

Department of Commerce, Annual Climatological Summary for California 

(USDC 1983). Models were derived to predict mean monthly temperature and 

mean total monthly precipitation. Every reporting station in or near the 

southern Sierra Nevada was included in the analysis (41 stations, 7 east side and 

34 west side), Table A4.1. This data set contains no west-slope reporting stations 

above Grant Grove at 2012 m in Sequoia National Park and no high-elevation 

reporting stations at all on the eastern slope. 

Three additional high-elevation data sets were located for use in the 

analysis. The first two sets contain precipitation data only. The third set is a ten 

year temperature record. Data set one was obtained from Southern California 
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Table A4.1. Weather stations used to develop a climate model for the southern 
Sierra Nevada. Codes are: E - east slope, W - west slope. 

record 
length, yr 

Station latit long elev,m side temp precip 

Bishop WSO AP 37.37 118.37 1252 E 48 71 
Ellery Lake 37.93 119.23 2940 E 10 59 
Gem Lake 37.75 119.13 2734 E 0 57 
Glacier Lodge 37.10 118.43 2499 E 0 34 
Golden Trout Camp 36.48 118.18 3231 E 0 34 
Haiwee 36.13 117.95 1166 E 60 61 
Independence 36.80 118.20 1204 E 76 98 
Inyokern 35.65 117.82 744 E 33 35 
Lake Sabrina 37.22 118.62 2763 E 0 59 
Mojave 35.05 118.17 834 E 20 81 
Onion Valley 36.77 118.33 2697 E 0 24 
South Lake 37.18 118.57 2920 E 0 59 
Tehachapi 35.13 118.45 1224 E 84 88 

Ash Mountain 36.48 118.83 521 W 59 59 
Auberry 1NW 37.08 119.50 652 W 64 68 
Bakersfield WSO AP 35.42 119.05 151 W 77 95 
Balch Power House 36.92 119.08 524 W 21 58 
Buttonwillow 35.40 119.47 82 W 44 68 
Coalinga 36.15 120.35 204 W 71 72 
Corcoran Irrig Dist 36.10 119.57 61 W 36 38 
Delano 35.78 119.25 98 W 0 78 
Exchequer Reservoir 37.58 120.27 135 W 0 33 
Five Points 5SSW 36.37 120.15 87 W 35 38 
Fresno WSO AP 36.77 119.72 100 W 96 106 
Friant Govrnt Camp 36.98 119.72 125 W 45 45 
Glennville 35.72 118.70 957 W 32 33 
Grant Grove 36.73 118.97 2012 W 42 48 
Groveland RS 37.82 120.10 959 W 0 46 
Hanford 2S 36.30 119.65 73 W 82 85 
Hetch Hetchy 37.95 119.78 1180 W 73 72 
Kern River PH 1 35.47 118.78 296 W 75 80 
Kern River PH 3 35.78 118.43 824 W 37 37 
Lemon Cove 36.38 119.03 156 W 89 85 
Lindsay 36.20 119.05 128 W 70 70 
Los Banos 37.05 120.87 37 W 80 111 



198 

Table A4.1 - Continued 

Madera 36.95 120.03 82 W 84 84 
Maricopa 35.08 119.38 206 W 72 72 
Mariposa 37.48 119.97 613 W 0 75 
Modesto 37.65 121.00 28 W 113 57 
North Fork RS 37,23 119.50 802 W 68 80 
Porterville 36.07 119.02 120 W 95 95 
Sonora RS 37.98 120.38 533 W 75 96 
SEnt Yosemite NP 37.50 119.63 1561 W 42 42 
Stockton WSO AP 37.90 121.25 7 W 35 35 
Turlock 37.48 120.85 35 W 0 63 
Visalia 36.33 119.30 99 W 94 105 
Yosemite NP HQ 37.75 119.58 1209 W 7f? 79 

Edison Company. It contained precipitation data for three east-side reservoirs: 

South Lake (2975 m), Lake Sabrina (2785 m), and Ellery Lake (2903 m). Data 

set two was obtained from the Los Angeles Department of Water and Power. It 

contained precipitation data for: Golden Trout Camp (3231 m), Onion Valley 

(2697 m), and Glacier Lodge (2499 m). The third set was a 10-year temperature 

record published by Clausen, Keck, and Heisey (1940) for Ellery Lake (2903 m). 

Figure A4.1 shows the spatial coverage of the reporting stations. 

Climate models were generated using the stepwise-multiple-regression 

routines from the regression package of SPSSIPC+™ (Norusis 1986a) on an 

IBM PC/AT™ computer. Four site variables were employed as candidate 

predictor variables in the model: latitude, elevation, elevation squared, and side 

of the main drainage divide of the Sierra Nevada. Local topographic effects, 

which are often important modifiers of local climate (Barry 1981), were 
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Figure A4.1. Geographic location of the climate stations used to 
develop the precipitation and temperature climate models. 

neglected. 
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These regression models are expected to accurately predict climate on the 

eastern and western slopes of the southern Sierra Nevada; however, they cannot 

be expected to accurately predict climate outside the domain used to develop 

them (Sokal & Rohlf 1983). A large portion of the P. balfouriana geographic 

range is in the Kern River Basin. This basin lies to the west of the main Sierran 

crest and to the east of the Great Western Divide, Figure 2.2. The regression 
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models are inappropriate for estimating climate in this basin since the basin is in 

the rainshadow of a major mountain range and windward of the east slope of the 

Sierra Nevada. 

No long-term weather stations exist in the upper Kern River Basin with 

which to develop a climatic model; consequently, climate was estimated from a 

transect of similar topography, Figure A4.1. The transect (at 37N latitude) runs 

from Merced, in the central valley, over the main Sierran drainage divide to 

Bishop. From Bishop the transect climbs over the White Mountains to Deep 

Springs COllege. The list of weather stations used in this model is presented in 

Table A4.2. 

Table A4.2. Stations included in the climate transect at 37 N latitude. 
Location codes: C - crest; E - east; W - west; SN - Sierra Nevada, 
WM -White Mountains. 

Station Lat. Long. Elev. Loc. 

Merced Municipal AP 37.28 120.52 47 WSN 
Friant Government Camp 36.98 119.72 125 WSN 
Auberry 1NW 37.08 119.50 652 WSN 
Grant Grove 36.73 118.97 2012 WSN 
Mount Humphreys 37.27 118.67 4263 CSN 
Lake Sabrina 37.22 118.62 2763 ESN 
Bishop WSO AP 37.37 118.37 1252 ESN 
Mt Barcroft Laboratory 37.35 118.23 3780 CWM 
Crooked Creek 37.50 118.17 3097 EWM 
Deep Spring College 37.22 117.59 1593 EWM 
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There is no a priori guarantee that independent regression estimates for 

opposite slopes of a mountain range will provide the same climate estimates 

when these independent estimates converge at the crest. Consequently, 

temperature and precipitation estimates from opposite slopes were constrained to 

be identical on the summits of the two mountain ranges and at Bishop. Absolute 

temperature and precipitation estimates were also calculated at 2000 m elevation 

on all four slopes. 

Simple proportions were used to estimate Kern Basin climate from the 

transect results and the east- and west-slope regression models. Lapse-rate and 

2000 m climate of the eastern side of the Kern Basin were assumed to be the 

same proportion of transrange climate as was the eastern side of Owens Valley 

on the climate transect. Similarly, lapse-rate and 2000 m climate on the western 

side of the Kern Basin were assumed to be the same proportion of transrange 

climate as was the western side of Owens Valley. These are obviously arbitrary 

assumptions and may bias the estimates. 

Climate Model Results and Discussion 

The modeling exercise yielded a set of 52 linear equations which can be 

used to estimate temperature and precipitation on the east and west slopes of 

the range, Tables A4.3 and A4.4. Elevation squared entered the models on the 



west slope when west-slope precipitation was constrained to equal east-slope 

precipitation at the Sierran crest. 
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East slope precipitation depended linearly on elevation and was 

independent of latitude, Table A4.3. All regression equations were highly 

statistically significant and exhibited high coefficients of correlation. The model 

best estimated growing season precipitation. It explained over 90% of the 

variance during the months of May through July. November precipitation 

estimates were the poorest accounting for 65% of the variance. 

East slope precipitation increased rapidly with elevation. Lapse rates were 

five times greater in winter than summer (30 mm/km in December and 5.6 

mm/km in June). 

West slope precipitation always depended on elevation squared and 

significant latitudinal terms were found for every month except August and 

September, Table A4.3. Significant elevational terms were found in every month 

except July and August. All regression equations are highly statistically 

significant and exhibit very high coefficients of correlation. September 

precipitation predict~ons were the poorest but still accounted for 68% of the 

variance. All other regression models accounted for at least 81% of the 

variance. 

Precipitation increased much more rapidly with elevation on the west side 

than on the east side of the range. The highest winter lapse rate (131 mm/km in 

January) was four times greater than the greatest monthly lapse rate on the east 



Table A4.3. Multiple regression precipitation model for the southern Sierra 
Nevada including the Kern River Basin. 

PRECIPITATION ON EAST SLOPE SIERRA NEVADA 
elevation latitude 

intercept lapse rate lapse rate 
R2 Month mm mm/m mm/deg F 

January 2.43 .02904 0 .7035 29.47 
February 7.60 .02091 0 .8897 97.76 
March -1.94 .02009 0 .7980 48.42 
April -2.71 .01347 0 .7459 36.22 
May -4.31 .00949 0 .9423 197.06 
June -4.23 .00563 0 .9157 131.50 
July -4.25 .00777 0 .9281 156.50 
August -2.17 .00658 0 .8495 68.75 
September -.76 .00723 0 .8107 52.40 
October -5.60 .00942 0 .8655 78.20 
November -1.42 .01862 0 .6457 22.87 
December -7.25 .03031 0 .8007 49.20 

Total -32.81 .18158 0 .8533 70.81 

PRECIPITATION IN EASTERN KERN RIVER BASIN 
elevation latitude 

intercept lapse rate lapse rate 
Month mm mm/m mm/deg 

January 32.46 
February 18.35 
March 2.92 
April -7.74 
May 3.57 
June -5.13 
July -7.45 
August -2.76 
September -5.18 
October -1.52 
November 3.24 
December 23.35 

.02119 

.01810 

.01954 

.01540 

.00807 

.00462 

.00827 

.00644 

.00846 

.00892 

.01754 

.02213 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 

p 

.0002 

.0001 

.0001 

.0001 

.0001 

.0001 

.0001 

.0001 

.0001 

.0001 

.0006 

.0001 

.0001 
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Table A4.3 - Continued 

PRECIPITATION IN WESTERN KERN RIVER BASIN 

elevation latitude 
intercept lapse rate lapse rate 

Month mm mm/m mm/deg 

January 17.99 
February -6.13 
March -13.02 
April -12.47 
May -60.93 
June -8.77 
July -4.32 
August -2.64 
September -4.68 
October -11.84 
November -11.91 
December 6.84 

.03187 

.03643 

.03084 

.01875 

.03599 

.00538 

.00611 

.00633 

.00800 

.01493 

.02884 

.03351 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 

PRECIPITATION ON WEST SLOPE SIERRA NEVADA 
elevation quad latitude 

intercept lapse rate elev lapse rate 
R2 Month mm mm/m (mm/m)2 mm/deg F 

January -987.17 0.1306 -0.00002878 28.10 0.8990 104.83 
February -708.83 0.1181 -0.00002389 20.28 0.8991 104.93 
March -617.50 0.1093 -0.00002220 17.60 0.8630 74.49 
April -487.97 0.0658 -0.00001388 13.97 0.8885 94.01 
May -154.48 0.0230 -0.00000421 4.41 0.8243 55.74 
June -82.26 0.0083 -0.00000093 2.28 0.8110 51.05 
July -26.87 0.00000143 0.75 0.9077 173.02 
August 1.29 0.00000157 0.8816 261.68 
September 3.05 0.0187 -0.00000293 0.6825 38.62 
October -221.14 0.0249 -0.00000426 6.29 0.8109 51.04 
November -670.85 0.0746 -0.00001565 19.01 0.9181 131.72 
December -968.10 0.1096 -0.00002262 27.36 0.9190 133.43 

Total -4969.36 0.6837 -0.0001366 141.36 0.9296 155.06 
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p 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

0.0000· 
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Table A4.4. Multiple regression temperature model for the southern Sierra 
Nevada including the Kern River Basin. 

/II 

TEMPERATURE IN KERN RIVER BASIN AND ON EAST SLOPE SIERRA 
NEVADA 

elevation latitude 
intercept lapse rate lapse rate 

R2 Month mm mmlm mmldeg F 12 
January 38.93 -.00458 -.80 .9937 474.65 .0001 
February 14.75 -.00672 0 .9915 696.84 .0001 
March 16.25 -.00618 0 .9762 246.85 .0001 
April 20.28 -.00680 0 .9634 158.99 .0001 
May 25.24 -.0070 0 .9129 63.91 .0005 
June 30.70 -.00753 0 .9052 58.29 .0006 
July 34.06 -.00705 0 .9512 117.89 .0001 
August 32.96 -.00705 0 .9689 187.98 .0001 
September 29.39 -.00691 0 .9816 321.88 .0001 
October 23.40 -.00661 0 .9842 373.64 .0001 
November 36.57 -.00451 -.61 .9906 318.29 .0001 
December 39.70 -.00374 -.83 .9932 437.32 .0001 
Total 257.91 -.00536 -2.01 .9928 276.09 .0001 

TEMPERATURE ON WEST SLOPE SIERRA NEVADA 

elevation latitude 
intercept lapse rate lapse rate 

R2 Month mm mmlm mmldeg F 12 
January 32.03 -.00383 -.65 .8514 81.23 .0001 
February 33.49 -.00486 -.61 .9236 170.24 .0001 
March 37.56 -.00574 -.66 .9502 268.09 .0001 
April 42.27 -.00610 -.71 .9470 251.15 .0001 
May 52.36 -.00599 -.87 .9435 234.85 .0001 
June 62.76 -.00550 -1.04 .9124 146.79 .0001 
July 71.87 -.00496 -1.20 .8542 83.04 .0001 
August 65.51 -.00483 -1.06 .8355 72.12 .0001 
September 54.41 -.00493 -.83 .8450 77.32 .0001 
October 19.29 -.00500 0 .8465 155.44 .0001 
November 36.13 -.00419 -.64 .8526 81.99 .0001 
December 31.86 -.00342 -.64 .7740 48.95 .0001 
Total 46.85 -.00493 -.79 .9023 130.31 .0001 
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side (30 mm/km in December). Summers were quite dry on the west slope. 

Latitudinal lapse rates varied from insignificant in August and September to 28.1 

mm/degree in January. Mean-annual-precipitation lapse rate was 2.5 times 

greater on the west side (182 mm/km east side versus 451 mm/km west side). 

There are no west slope weather stations in the P. balfouriana zone; 

consequently, climatic estimates there should be viewed cautiously. The highest 

elevation west-slope reporting station included in the model was at 2012 m. 

Consequently, these models are valid only up to that elevation. Unfortunately, 

the P. balfouriana forest on the west slope is nearly 1000 m higher and is outside 

the range of elevations for which the model is valid. No similar problem exists 

for the east slope since weather stations up to 3231 m were used in the model. 

West slope precipitation models predict a decrease in precipitation at 

elevations above 2000 m (see also Major in Barbour & Major 1977) implying 

that the P. balfouriana lower-forest-border is more mesic than the upper 

timberline. If precipitation estimates are constrained to equal estimates from the 

east side at the crest, precipitation amounts must decrease above 2012 m. This 

suggests that the lower forest border of P. balfouriana is more mesic than 

timberline on the western side. 

East slope temperature depended linearly on elevation and was 

independent of latitude except during late fall and early winter, Table A4.4. All 

regression equations were highly statistically significant and the coefficients of 

correlation were all above 0.90. There was but a single high-elevation station in 



the model. Howev~r, the regression equations did accurately predict average 

monthly temperature at Mt. Barcroft Station (in the White Mountains), thus 

lending credibility to their predictions. 
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Higher elevations and more northerly latitudes (when they entered the 

models) were colder as expected. The temperature lapse rate was smaller in 

winter (3.7 C/km in December) and larger in summer (7.5 C/km in June) 

probably reflecting the greater atmospheric water content during winter months. 

West slope temperature models had significant latitudinal as well as 

elevational terms, Table A4.4. The models were excellent predictors of 

temperature explaining at least 77% of the variation in every month. 

West slope temperature lapse rates ranged from 3.4 C/km in December to 

6.1 C/km in April, slightly lower than on the east side. The generally lower lapse 

rates reflect the generally more mesic, maritime environment of the west-slope as 

compared to the more continental east-slope. Latitudinal effects varied from 

insignificant in October to -1.2 C/degree in July. Mean-annual temperature 

lapse-rate was slightly lower on the west side (4.9 C/km) than the east side (5.4 

C/km). 

Kern Basin precipitation was intermediate between the east and west 

slopes while Kern Basin temperature was essentially identical to the east slope 

model. Climate transect data (for the transect at 37 N latitude) are presented in 

Table A4.5. 
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Model Predictions 

Figures A4.2 and A4.3 present model predictions at 1000 m intervals. 

The east side and the Kern River Basin receive a greater fraction of their annual 

precipitation during the summer months. Precipitation peaks somewhere 

between 2000 and 3000 m on the west slope of the range. 

An interesting feature of these predictions is an elevational shift in the 

timing of the coldest month. Low elevations are coldest in January. At 4000 m 

on the west slope, March is the coldest month. At 4000 m on the east slope, 

February is the coldest. The model predicts that sites below 2000 m do not 

experience a month with subfreezing mean air temperature. Obviously this has 

important implications for the ability of plants to transpire. 

The combination of low wintertime lapse-rates and high summertime 

lapse-rates suggests that seasonal extremes are greater at low elevation than at 

high elevation. This suggestion is supported by limited weather data. Los 

Angeles Department of Water and Power records only the highest and lowest 

temperatures reached at each of their recording sites. During the 34 years of the 

Golden Trout Camp (3231 m) record, the coldest winter temperature was -15 C. 

The warmest summer temperature during the same period was + 24 C. The 

temperature range at this subalpine site was 39 C. Bishop (1252 m) recorded a 

minimum of -22 C and a maximum of +43 C during the same period. Thus the 

low elevation site had a much wider range of temperature, 65 C. The Great 
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Western Divide is apparently the most significant modifier of climate within the 

study area. It modifies both temperature and precipitation. The main Sierran 

divide has weak effects on precipitation but does not significantly affect 

temperature. 
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Table A4.5. Precipitation transect results for the climatic transect across the 
Sierra Nevada and White Mountains in California. The stations used in this 
transect are: Merced (47 m), Friant Government Camp (125 m), Auberry (652 
m), Grant Grove (2012 m), Huntington Lake (2120 m) and Mount Humphreys 
(4263 m est precip) on the West Slope of Sierra Nevada; Lake Sabrina (2763 m) 
and Bishop (1252 m) on the east slope of the Sierra Nevada; Bishop and Mt 
Barcroft Station (3780 m) for the west slope of the White Mountains; and Mt 
Barcroft Station, Crooked Creek (3097 m), and Deep Springs College (1593 m) 
for the east slope of the White Mountains. 

West Slope including Huntington Lake and Mt Humphreys 

Month 
January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 

inter 
51.74 
37.30 
29.88 
30.05 
9.51 
.99 
.60 
.63 
.73 

9.36 
30.23 
45.83 

elev 
,1221]48 
.141104 
.137743 
.066028 
.016300 
.005019 

-.000382 
-.000601 
.029391 
.033325 
.080966 
.099080 

East Slope Sierra Nevada 

Month 
January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 

inter 
7.22 

-9.83 
-22.75 
-14.22 
-3.11 
-5.20 
-4.43 
-8.36 
-4.27 

-10.41 
-10.92 
-9.66 

lapse 
.021013 
.027737 
.026896 
.017651 
.008573 
.006388 
.007396 
.008909 
.007060 
.011767 
.018659 
.028409 

eley2 
-2.6173E-5 
-2.9073E-5 
-2. 8762E-5 
-1.3780E-5 
-2. 5249E-6 
-1.9201E-8 
1.5543E-6 
1.7415E-6 

-5.4587E-6 
-6.0944E-6 
-1.6807E-5 
-1.9657E-5 

.8561 

.8882 

.7970 

.9978 

.8620 

.9802 

.9010 

.9320 

.4609 

.5658 

.8581 

.9330 
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Table A4.5 - Continued 

West Slope White Mountains 

Month inter laI2se 
January 20.82 .010150 
February 13.44 .009145 
March -10.09 .016782 
April -10.87 .014974 
May -13.77 .017084 
June -6.01 .007035 
July -8.64 .010753 
August -8.66 .009145 
September -4.99 .007638 
October -7.26 .009245 
November 3.01 .007537 
December 2.51 .018692 

East Slope White Mountains 

Month inter laI2se R2 
January -12.08 .018137 .9711 
February 1.87 .011995 .9941 
March -15.33 .017277 .9520 
April -6.60 .013436 .9829 
May -16.61 .016652 .9126 
June -3.62 .006170 .9743 
July -2.50 .009972 .8806 
August -7.78 .009444 .9435 
September .13 .006101 .9836 
October -11.12 .009456 .8779 
November -1.92 .008597 .9850 
December -28.04 .025680 .9667 
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Figure A4.2a. Precipitation climate model for the east slope of the 
Sierra Nevada. 
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Figure A4.2b. Precipitation climate model for the east side of the 
Kern River Basin. 
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Figure A4.2c. Precipitation climate model for the west side of the 
Kern River Basin. 
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Figure A4.2d. Precipitation climate model for the west slope of the 
Sierra Nevada. 
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Figure A4.3a. Temperature model results for the east slope of the 
Sierra Nevada and the Kern River Basin. 
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Figure A4.3b. Temperature model results for the west slope of the 
Sierra Nevada. 
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