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ABSTRACT 

I used age structure to examine the role of fire disturbance and climate 

on the population dynamics of the subalpine forest in the southern Sierra 

Nevada. I cored trees on ten 0.1 ha plots (3300-3400 m elevation) that varied 

in species composition, from single-species foxtail pine (Pinus balfouriana) or 

lodgepole pine (Pinus contorta, var. murrayana), to mixed-species stands of 

both pines. Crossdating was used to produce accurate dates of tree 

recruitment and fire events. Age structure varied by plot species 

composition: lodgepole pine recruitment pattern is pulsed, sometimes 

forming single-cohort patches in response to fire; foxtail pine plots have a 

more steady pattern of recruitment; mixed-species plots show an intermediate 

recruitment pattern. Fire may maintain a species composition mosaic in the 

subalpine forest. Foxtail pine regeneration may increase in areas opened by 

fire, although not immediately following fire. Low-intensity fire may spread 

over areas larger than previously reported under certain conditions in the 

subalpine zone. In addition, unusually frequent, extreme, and/or extended 

periods of drought may severely limit subalpine tree regeneration. Growing 

season frost events and grazing before 1900 may also have affected trees 

establishing in the subalpine zone. 
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CHAPTER 1 - INTRODUCTION 

1.1 STUDY CONTEXT 

The ecological and physical processes that structure ecosystems are 

complex but important to understand. The present structure of an ecosystem 

is an integration of past processes at the population and community levels. 

Both local and regional processes have been cited as the driving mechanisms 

that organize communities (Ricklefs 1987). Local processes include 

competition, predation, disease, and disturbance. Regional processes include 

dispersal, regeneration, disturbance, and climatic history. 

Population dynamics can be affected by both the local and regional 

processes, and are therefore important to community organization. 

Population dynamics within forest communities are affected by rates of 

germination, establishment, recruitment, growth, and mortality (Harper 1977; 

West et al. 1981; Oliver and Larson 1990); a species' success in a particular 

environment is dependent upon its ability to establish, grow, and reproduce 

in that environment. The nature of forest trees allows the study of plant 

populations over long periods of time and in different environmental 

conditions. However, the unique longevity of trees also makes it difficult to 

directly follow population processes. 

Ecologists have increasingly recognized the importance of disturbance 

as a factor influencing the structure of ecosystems (Pickett and White 1985). 

Disturbance events may play an important role in some or all of the forest 

tree population processes. Current forest age structure can reveal a 

temporally integrated picture of the outcome of these processes that may 
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provide insights into forest population dynamics and the role of disturbance 

events. 

In the subalpine zone of the southern Sierra Nevada, foxtail pine 

(Pinus balfouriana) dominates on steep, dry, rocky slopes, while lodgepole 

pine (Pinus contorta, var. murrayana) is favored in moist drainages (Rundel 

et al. 1988). However, the two species overlap considerably in a range of 

subalpine zone microhabitats. Within the area of coexistence, evidence of fire 

disturbance exists as fire scars on live trees of both pine species. The long-

lived, fire-scarred trees provide a unique and accurate temporal and spatial 

record of disturbance. 

Of all the regional forest types, ecological information is least available 

for the subalpine community (Rundel et al. 1988). Information about past 

and present forest structure and dynamics of lodgepole and foxtail pine forests 

in the southern Sierra Nevada is necessary to attempt to understand the 

possible roles of fire disturbance in the population dynamics and coexistence 

of these two species. 

1.2 SPECIES ECOLOGY 

Foxtail pine occurs from 2600-3660 m elevation in the southern section 

of the Sierra Nevada of California; a disjunct population also occurs in the 

Klamath Mountains of northern California (Rundel et al. 1988). Few studies 

of this species have been conducted. Foxtail pine requires at least 40 years to 

reproduce (Ryerson 1983), can live at least 1600 years, and perhaps as long as 

2000 years (Mastroguiseppe 1972). Ryerson (1983) conducted a study of foxtail 

pine population structure and concluded that reproduction was sufficient to 
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maintain the population at all study sites. Ryerson sampled at the margins of 

the foxtail pine distribution, using age estimations; therefore, the information 

may not be applicable to stands in the center of the species range. 

Lodgepole pine dominates the higher elevations of the upper montane 

zone (2440-3350 m) but it also occurs with foxtail pine throughout the 

subalpine zone. Relative to foxtail pine, even fewer studies of lodgepole pine 

in the Sierra Nevada exist. However, much information has been gathered 

about the closely related, P. contorta var. latifolia, in the Rocky Mountains, 

and this information may be useful in understanding the ecology of the 

Sierran lodgepole pine. Lodgepole pine is shade-intolerant, has relatively 

thin bark, and a well-developed tap root (Pfister and Daubenmire 1973). 

Reproductive age may be reached as early as about five years and trees can 

live to 700 years. Young lodgepole pine trees grow quickly and in open 

stands, branches are large, crowns are full and conical in shape, and litter 

accumulation is great (Pfister and Daubenmire 1973). Lodgepole pine stands 

exhibit either a unimodal or bimodal age structure in the Rocky Mountains, 

where it has a serai role after stand-replacing fires (Clements 1910; Habeck and 

Mutch 1973; Whipple and Dix 1979). However, lodgepole pine can persist in a 

non-seral role in the absence of fire on nutrient-poor sites (Despain 1983). 

The only study of Sierran lodgepole pine population structure was conducted 

in Yosemite National Park in the central Sierra Nevada, where Parker (1986) 

found persistent, multi-aged stands of lodgepole pine in subalpine areas 

devoid of fire evidence. 
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1.3 FIRE DISTURBANCE 

Fire is a natural disturbance that is an important factor in many forest 

ecosystems. In the forests of western North America, fire is often the 

dominant disturbance mechanism. In the Sierra Nevada, the effects of fire 

have been studied in red fir (Abies magnified) (Kilgore 1971), ponderosa pine 

(Pinus ponderosa) (Weaver 1967; Kilgore and Taylor 1979), and mixed conifer 

forests (Kilgore 1973). Within Sequoia National Park, population dynamics 

and fire frequency over the last 2,000 years are being documented for giant 

sequoia (Sequoiadendron giganteum) in the sequoia-mixed conifer groves 

(Swetnam et al. 1990; Stephensen et al., in press). 

Little ecological work has been done in the Sierra Nevada subalpine 

forest; consequently, the role of fire in this forest type is unknown. According 

to Rundel et al. (1988), low litter and fuel accumulation in the subalpine zone 

results in minimal impact of fire in this forest type. However, several lines of 

evidence indicate that fire may be important in subalpine forests. First, all 

conifer forests in the Sierra Nevada are susceptible to fire because the 

summer is hot and dry and frequent lightning storms occur (Rundel et al. 

1988). Also, reports of numerous fire-damaged trees in foxtail and lodgepole 

pine forests attest to the prevalence of at least small-scale fires (Rourke 1988; 

Ryerson 1983). Of all disturbance types, including windthrow and avalanches, 

fire damage occurred most frequently (3.5% of 1060 trees randomly sampled) 

in a southern Sierra Nevada subalpine zone survey (Rourke 1988). 

Finally, in addition to physical fire evidence, some morphological and 

stand characteristics consistent with fire adaptations occur in both species. 

Lodgepole and foxtail pine differ in physiological characteristics that may 
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represent differential adaptations to fire. Mature lodgepole are more readily 

killed by fire, and seedling germination increases after fire (Kilgore 1971). 

Foxtail pine seedlings are susceptible to fire but the mature trees are more 

fire-tolerant (Mastroguiseppe and Mastroguiseppe 1980). Foxtail pine have 

thick bark, are shade-intolerant, and have deep-spreading roots 

(Mastroguiseppe 1972). In addition, they show a self-pruning habit, are widely 

spaced in open stands, and accumulate low amounts of litter (Rourke 1988). 

The persistence of these two species with fire-related characteristics may argue 

for the importance of fire at some time in the subalpine forest history. If the 

two species are differentially adapted to fire, then the distribution and age 

structure of each species may be dependent on the frequency or intensity of 

fire in a particular area. Therefore, differential species response to disturbance 

may be an important factor in community organization of the subalpine 

zone. 

1.4 STUDY OBJECTIVES 

The primary objective of this study was to determine the population 

dynamics, specifically the recruitment patterns, of foxtail and lodgepole pine 

in the southern Sierra Nevada subalpine forest, by examining spatial and 

temporal differences in forest age structure. A specific goal to assess the 

possible role of fire disturbance in subalpine forest population dynamics and 

species coexistence was carried out by studying plots of varying species 

composition and level of fire disturbance. 

Age structure differences within and between stands were studied by 

examining species composition, fire disturbance type, spatial distribution of 
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trees, tree mortality, and a number of specific site characteristics. Differences 

in stand age structure were also interpreted temporally by comparison with 

dates of fire disturbance. To assess the role that other factors may have in 

subalpine population dynamics, age structure results were compared with 

growth chronologies, long-term tree-ring reconstructions of temperature and 

precipitation, records of extreme climatic events, as well as historical accounts 

of disturbance. 
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CHAPTER 2 - METHODS 

2.1 STUDY SITE 

The study site was located in Tulare County, California (36° 30' N , 118° 

15' W) on the western slope of the southern Sierra Nevada's eastern ridge 

(Figure 1). Most of this area is located in or near the Rock Creek basin within 

the boundaries of Sequoia National Park in the northeastern portion of the 

Kern watershed. However, part of the study was conducted in the adjacent 

John Muir Wilderness area of the Inyo National Forest near the Cottonwood 

Lakes. 

The subalpine zone of the southern Sierra Nevada extends from 2900-

3660 m (Rundel et al. 1988). Annual precipitation is 750-1250 mm with most 

falling as winter snow (Rundel et al. 1988). The growing season is short (7-9 

weeks) and frost can occur virtually anytime during the year. The soils in the 

subalpine zone originate primarily from decomposed granite and are 

undeveloped, shallow, coarse, and well-drained, and therefore quick-drying 

(Rundel et al. 1988). Foxtail pine (Pinus balfouriana) and lodgepole pine 

(Pinus contorta var. murrayana) are the dominant species in the study area. 

Other species occurring within this elevation range, including mountain 

hemlock (Tsuga mertensiana), western white pine (Pinus monticola), 

whitebark pine (Pinus albicaulis), and limber pine (Pinus flexilis) (Rundel et 

al. 1988), are often absent from most of the southern section of the Sierra 

Nevada. Lodgepole pine is generally classified as an upper montane zone 

species, however, with an elevation range of 2150-3400 m (Vankat and Major 
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1978), and its common occurrence as a co-dominant in the subalpine zone 

(Rourke 1988), it can be considered a subalpine species within the study area. 

2.2 HELD METHODS 

I selected ten 20 m by 50 m plots for the study. Plots were selected to 

allow comparisons between single-species and mixed-species stands, as well as 

stands with and without recent fire disturbance. Recent fire evidence was 

defined as the presence of fire-scarred trees or identifiable charcoal on 

standing dead or live trees. The sampling was replicated by studying 4 foxtail 

pine single-species plots, 4 plots of mixed foxtail and lodgepole pine, and 2 

lodgepole pine single-species plots (Table 1). Half of each species-composition 

plot type had recent evidence of fire, with the exception of the lodgepole pine 

single-species plots, both of which had fire evidence. The 0.1 hectare plot size 

corresponds roughly to the patch sizes of species composition mixes found in 

this area. Intensive plot sampling, rather than extensive transect sampling, 

enabled me to examine the effects of localized processes that might affect 

groups of trees instead of only individuals. Plots were characterized by 

elevation, aspect, slope, and an estimate of percent cover of rock and 

herbaceous vegetation. Data collected for all trees in each plot included: 

mapped location in plot (relative distance and direction); diameter at breast 

height (dbh); presence and condition of cones (open or closed); pathogen 

evidence; fire scar location and size. 

Two increment cores were taken as close to ground level as possible 

from every tree greater than 4 cm dbh to obtain individual tree age. For 

smaller trees, diameter was measured at ground level, and the height and 
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number of branch whorls were recorded to estimate age. Additional 

increment cores were taken from fire scars on mature trees, if possible, to 

determine the date of fire occurrence. Cores were occasionally taken from 

fire-scarred trees just outside the plots and from standing dead trees within 

the plots, if possible. 

2.3 LABORATORY METHODS 

To determine tree age and identify disturbance events recorded in the 

annual rings, all increment cores collected were mounted and finely sanded 

following standard dendrochronological techniques. Each core was crossdated 

to assign an exact calendar year to each ring. This process eliminates 

underestimation of age due to absent rings that can occur during stressful 

growing conditions (Stokes and Smiley 1968). The annual rings on each core 

were measured using a calibrated, rotary-encoder measuring bench with an 

accuracy of 0.01 mm. The computer program COFECHA (Holmes 1983) was 

used to check the crossdating on each measured core to ensure an accurate age 

assignment to each tree. 

Every effort was made to obtain increment cores that reached the center 

of the tree, or the pith. Due to the large diameter and some eccentricity of the 

tree boles, reaching the pith of each tree was difficult. Heart rot (decayed 

wood in the inner portion of the bole) also made it difficult to core to the pith 

in some trees. In both of these cases, an estimation of the pith date was 

necessary. For cores shortened by rot, I used an age/diameter regression 

equation to estimate the number of rings for the inner, rotten portion of the 

core. This equation was obtained from analysis of cores that reached the pith 
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and, therefore, were of known age. For cores that missed the pith, I matched a 

radius template to the curve of the inner rings to obtain a distance to the 

center of the tree, assuming a perfect circle. The innermost annual rings 

available from the actual core were then used to estimate the number of rings 

that would occur in the prior period's portion of the radius, assuming a 

similar growth rate. This method was preferable to one using the average 

widths of the inner rings of the cores that reached pith for estimation, as early 

growth varied from tree to tree in the study area. 

The core height on the tree was recorded in order to estimate years to 

core height to obtain a tree age closest to the establishment date. A regression 

equation predicting age increment as a function of height growth was 

calculated using pairs of cores collected from different heights on the same 

tree. However, height growth in the earliest stages of seedling development 

is likely to be highly variable or at least unknown in this area. Therefore, the 

tree ages, after including an estimation of years to core height, are 

conservative; the earliest date better represents the time of recruitment into 

the stand rather than exact date of establishment. All references to tree ages 

are to ages since recruitment. 

I produced decadal age-class distributions for each plot, each species 

composition type, each species, and each fire type. A two-sample 

Kolmogorov-Smirnov test was used to determine statistical differences in 

location or form between pairs of age distributions. The test statistic Dmax is 

the maximum difference between two relative cumulative distributions. 

To assess the possible influence of extreme temperature events on 

subalpine forest population dynamics, each core was examined for fire- and 
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frost-damaged rings, both of which occur with cambial injury. Fire can heat 

and kill areas of cambium at the base of the tree. As long as the complete 

circumference is not burned, the living cambium often responds by growing 

over the damaged area (Arno and Sneck 1977). Cores taken from the fire-

scarred area where new wood is 'curling' over the damaged wood can reveal 

the year in which damage occurred. 

Extreme cold temperatures either early or late in the growing season 

can produce freeze-damaged cells, or frost rings (Glock 1951; Fritts 1976). The 

damage can occur early in the growing season after cambial tissue has become 

active or at the end of the growing season before the tree has hardened off. 

Extracellular water forms ice crystals that crush and distort immature xylem 

cells (Fritts 1976; LaMarche and Hirschboeck 1984). The position of the 

damaged cells within the annual ring (earlywood or latewood) can determine 

if the freeze occurred at the start or end of the growing season (Glock 1951). 

To examine the spatial distribution of trees, relative individual tree 

locations in each plot were recorded in the field using azimuth direction and 

linear distance between trees. These measurements were converted to x,y-

coordinates to produce maps of each of the 0.1 ha plots. The Clark and Evans 

(1954) nearest neighbor method of spatial analysis with the Donnelly (1978) 

modification for plots without boundary strips was used to check for 

statistically significant clumped or regular patterns in the spatial distribution 

of trees. Dead trees in the plots were included in the test if the period when 

they were living overlapped with that of the live trees on the plot. 

To identify extended time periods in which no recruitment occurred, I 

used a cumulative distribution of individuals recruited in 50-year intervals. 
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The periods without recruitment were then compared to summer 

temperature and winter precipitation series reconstructed from southern 

Sierra Nevada subalpine tree-ring chronologies (Graumlich, submitted) to 

examine the possible effect of climatic departures on tree regeneration. The 

reconstruction series were first normalized and then treated using a low-pass 

digital filter to emphasize the low-frequency variation (Fritts 1976). I 

examined the temperature and precipitation trends during the period of low 

recruitment as well as the prior 50-year period, which may also have had an 

effect on germinating seeds or young seedlings. 

I developed mean ring-width index chronologies for each species in 

each plot in order to compare growth trends between species and' among 

plots, and to identify growth trends that might be associated with fire 

disturbance, climatic events, or population processes. I used a standardization 

technique to reduce the variance due to individual tree growth rates and 

emphasize the growth patterns common to all trees included in the 

chronology. These standardized chronologies were created by fitting either a 

negative exponential curve or straight line to each ring-width series (each 

core) to remove the age-related growth trends (Swetnam et al. 1985). An 

index value is obtained for each year by dividing the actual ring-width value 

by the curve-fit value. The index chronologies for each core were averaged 

over a plot using a bi-weight, robust mean and scaled to a mean of one to 

produce the mean index chronology. Pearson product-moment correlations 

were performed on all pairs of mean index chronologies to test for differences 

in growth trends between plots. 



2 2  

CHAPTER 3 - RESULTS 

3.1 AGE STRUCTURE 

The age structure of a stand can reveal the outcome of the population 

dynamics of the tree species involved. Patterns of tree recruitment that vary 

over space and time can be compared to disturbance and other conditions that 

also vary spatially and temporally. In this way, the possible role of specific 

events or conditions on population processes may be inferred. 

All age distributions are presented on a year-of-recruitment scale rather 

than an age scale for consistency in comparing age structure to other events in 

time. Thus, the term 'age distribution' actually refers to the distribution of 

recruitment events through time. Age distribution patterns are defined in 

terms of relative size and duration of recruitment pulses. A pulse is a group 

of recruited trees separated in time from another group by more than one 10-

year interval. The number of 10-year intervals over which the group of trees 

is recruited is the pulse duration. Pulse size refers to the total number of trees 

in a pulse, regardless of pulse duration. 

I combined data from all plots, making the assumption that I sampled a 

reasonable subset of the subalpine forest in the area, by sampling at least two 

of each plot type from the mosaic of single and mixed-species areas. The age 

distribution for trees of both species combined is multi-modal, with modes of 

recruitment centering approximately around the years 1420, 1730, and 1960 

(Figure 2). However, foxtail and lodgepole pine differ in their recruitment 

patterns. Pulses in recruitment are pronounced, both in size and duration, 

for lodgepole pine (Figure 2). Foxtail pine has a more regular pattern of 
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recruitment with pulses of smaller magnitude and shorter duration (Figure 

2). Extended periods of little or no recruitment occur for both species. A 

Kolmogorov-Smirnov (K-S) test indicates a significant difference in the age 

distribution of the two species (Dmax=0-373/ pcO.OOl). 

Comparing age and diameter distributions can reveal the relative 

successional status of the tree species involved. A strong linear relationship 

between age and diameter exists for trees on my study plots. For both species 

combined, a linear regression model results in 78.8% of the variance in age 

explained by diameter at breast height (p<0.001). When separated by species, 

age is predicted by diameter equally well for foxtail pine and lodgepole pine 

(R2=79.7% and 79.2% respectively, pcO.OOl). 

The difference between the two species' age distributions may be 

explained by examining the age structure of individual plots. Each histogram 

in Figures 3-5 represents an individual plot's age structure. The large 

recruitment pulses in the distribution of all plots combined (Figure 2) are 

almost entirely due to the pulses of recruitment of the two single-species 

lodgepole pine plots (Figure 3). The mixed-species plots and the plots 

composed only of foxtail pine do not exhibit pulses of such magnitude but 

instead show varying degrees of sporadic or regular recruitment (Figures 4 

and 5). Of 45 K-S tests of possible plot pairs, 34 pairs of plots have significantly 

different age distributions (Dmax>0.462, p<0.05). This result indicates that 

variation in age structure often occurs on a relatively small (0.1 ha) spatial 

scale. 
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3.2 FACTORS INFLUENCING SPATIAL PATTERNS OF RECRUITMENT 

3.2.1 SPECIES COMPOSITION 

Age distributions were combined over plots of similar species 

composition to determine if age structure varies depending on plot species 

composition (Figure 6). The single-species foxtail pine plots show somewhat 

low, steady rates of recruitment with a few small pulses in the last two 

centuries (Figure 6a). Whether all trees in the most recent pulse will be 

permanently recruited on the plots is unknown. Because current age 

structure includes only survivors, some of the individuals in the younger age 

classes may be more susceptible to factors causing tree mortality, such as 

competitive pressure, insect infestation, or disease. The lodgepole pine 

growing on single-species plots have a slow, sporadic recruitment pattern 

from 1200 to the late 1600s, then a large recruitment pulse around 1700, 

followed by a smaller pulse in the mid to late 1900s (Figure 6a). Again, the 

latter pulse does not necessarily represent trees that have been permanently 

recruited into the stand. The combined age distribution of the mixed-species 

plots shows more clearly defined, extended periods of recruitment than in the 

single-species foxtail pine plots but smaller pulse sizes compared to the single-

species lodgepole pine plots (Figure 6c). K-S tests between pairs of the three 

species composition types result in statistically significant differences in 

recruitment among all three pairs of distributions (Dmax>0-356, p<0.001). 

The variation in recruitment pattern according to plot species 

composition becomes more apparent when plotted by species (Figure 7). The 

foxtail pine growing on single-species plots have a more steady recruitment 
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pattern (Figure 7a) than the foxtail pine growing with lodgepole pine on the 

mixed plots (Figure 7b). The lodgepole pine growing with foxtail pine on the 

mixed plots (Figure 7d) do not have the large pulses in recruitment that the 

single-species lodgepole pine plots exhibit (Figure 7c). Therefore, the 

differences in individual plot age distributions may be associated with factors 

affecting the species composition of the plots. 

3.2.2 FIRE 

To determine if fire disturbance is associated with differences in plot 

age structure, I examined age distributions combined by plots with and 

without recent evidence of fire. The age distribution of all trees in plots with 

recent evidence of fire has a recruitment pattern with pulses of greater 

magnitude (Figure 8a) than that shown by all trees in plots without recent fire 

disturbance (Figure 8b). A K-S test indicates a significant difference in these 

two distributions (Dmax=0-382, p<0.001). Therefore, fire disturbance may 

contribute to the pulsed pattern of recruitment in any given individual plot. 

However, when species are separated, the distributions for foxtail and 

lodgepole pine in fire-disturbed plots have pulses in recruitment of different 

magnitudes (Figure 9). K-S test results indicate a statistically significant 

difference in the two species age distributions on fire-disturbed plots 

(Dmax=0.332, p<0.001). 

For foxtail pine, plots with evidence of recent fire disturbance (Figure 

9b) appear to have a somewhat more sporadic recruitment pattern than those 

without fire (Figure 9c). A significant K-S test result indicates a difference in 

the two distributions (Dmax=0.301, p=0.01). As single-species lodgepole pine 
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plots with recent fire evidence exhibit the most noticeable recruitment pulses 

(Figure 9a), species composition may interact with fire disturbance in 

producing the pulses in regeneration. To test this idea, plots of single-species 

lodgepole pine without recent evidence of fire need to be examined. I was 

unable to locate this type of plot within the study elevation range in the 

upper Rock Creek area. 

All of the relative patterns of recruitment mentioned above can be 

expressed as a bivariate description of recruitment pulses (pulse size and 

duration defined earlier), averaged over time (Figure 10). Thus, comparisons 

among species composition types and between plots with and without 

evidence of fire can be made. Lodgepole pine plots have pulses of greater 

magnitude than mixed-species plots or foxtail pine plots while recruitment 

on foxtail pine plots generally occurs in small pulse sizes of short duration 

(Figure 10a). Foxtail pine growing on single-species plots show this pattern to 

a greater extent than foxtail pine growing on mixed-species plots (Figure 10b). 

In contrast, lodgepole pine growing on single-species plots generally has 

larger and longer pulses of recruitment than lodgepole pine growing on 

mixed-species plots (Figure 10c). Plots with fire evidence tend to have pulses 

of greater magnitude but similar recruitment pulse duration compared to 

plots without fire evidence for both species combined. However, this pattern 

does not hold for foxtail pine alone (Figure lOd). 

3.2.3 SPATIAL DISTRIBUTION OF TREES 

If fire disturbance, or some other spatial factor, has an effect on 

subalpine tree regeneration, then the horizontal distribution of trees may 
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reflect this spatial pattern on the plots. The maps show the orientation of 

each plot and the location, relative diameter, and year of recruitment of each 

individual tree within each plot, along with the corresponding age 

distribution (Figures 11-20). The single-species lodgepole pine plots have the 

greatest number of trees (mean=42.5) but the trees have smaller diameters 

(mean=30.3 cm; Figures 11 and 12). All but one (FB2) of the single-species 

foxtail plots tend to have fewer (mean=14.3) and larger (mean=56.7 cm) trees 

(Figures 13-16). The mixed species plots have intermediate numbers 

(mean=21.5) and sized (mean=47.4 cm) trees (Figures 17-20). 

Results of a Clark and Evans analysis of spatial pattern (Table 2) reveal 

that the only plot in which individuals were significantly clumped is plot 

LB2, a single-species lodgepole pine plot. This plot is the only plot in the 

study that has a number of young trees clustered in a small area (Figure 12). 

The other single-species lodgepole pine plot (Figure 11), and all of the single-

species foxtail plots (Figures 13-16) and mixed-species plots (Figures 17-20) 

exhibit spatial patterns not significantly different from random (Table 2). 

3.2.4 TREE MORTALITY 

The effects of fire might also influence population processes other than 

regeneration, such as tree mortality. The percent of standing dead trees in 

each plot ranges from 5.6 to 25.0 (Table 3). The dead trees in plot LB1, the 

relatively even-aged, single-species lodgepole pine plot, all have relatively 

small diameters (less than 23 cm) (Figure 11). Plot FN2, the single-species 

foxtail pine plot with the fewest, largest trees, has only one standing dead tree 

and also has had little regeneration within the last 500 years (Figure 16). 
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Although plot FNl has four standing dead trees, three of which create a large, 

open area near the center of the plot, no regeneration occurred in the open 

area (Figure 15). Four standing dead trees occur in plot FBI near old, live 

trees with no regeneration occurring nearby (Figure 13). Plot FB2, a single-

species foxtail pine plot with evidence of fire, has the highest number of 

standing dead trees. This plot is also the only single-species foxtail pine plot 

with a pulse of recent regeneration (Figure 14). 

Approximate dates of tree mortality were recorded on five plots where 

cores from standing dead trees were obtained in good condition (Table 3). 

Three trees died in the mid 1500s on plot LB2 and one had a mortality date of 

1681. One standing dead tree in plot FB2 died around 1603 and another 

around 1714. Plot FN2 has two trees with mortality dates in the late 1700s. 

The only standing dead tree on plot MB2 had a mortality date of 1717. Three 

different mortality dates occur on plot MN2; 1645,1897, and a more recent 

1966 (Table 3). 

3.2.5 OTHER PHYSICAL AND BIOTIC SITE CHARACTERISTICS 

Differences in age structure may also be due to differences in site 

characteristics that affect population processes or the interaction of the two 

species. The total tree basal area for each plot ranges from 35.59 m2/ha to 

81.48 m2/ha (Table 4). These totals are much higher than those reported by 

Vankat and Major (1978) for lodgepole and foxtail pine in the subalpine zone, 

but comparable to those reported for lodgepole pine in the central Sierra 

Nevada (Parker 1986). The mean basal area of the single-species foxtail plots 

is higher (61.3 m2/ha) than the more similar single-species lodgepole pine 
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(50.6 m2/ha) and mixed-species (47.2 m2/ha) plot means (Table 4). However, 

an ANOVA indicates that the difference in basal area for plots of varying 

species composition is not significant (F=1.231, df=9, p=0.348). No statistically 

significant difference in plot basal area occurs between plots with and without 

evidence of fire (t=0.16, df=8, p=0.8786). On the mixed-species plots, foxtail 

pine basal area is always significantly greater than lodgepole pine basal area 

(Table 4; t=2.55, df=6, p=0.044). 

The elevation, slope, aspect, and estimation of percent rock and 

herbaceous vegetation cover for each plot were measured (Table 5). 

Elevations fall within a narrow range of 3200-3300 m, most plot slopes are less 

than 10%, and aspects range from southeast to northwest (128° to 320°). 

Percent rock and vegetation cover on the forest floor may be an 

indicator of differences in site water availability. Estimates of percent rock 

cover range from 15 to 40 and percent vegetation cover from less than 1 to 10 

(Table 5). Mean percent rock cover is lower and mean percent vegetation 

cover is higher on single-species lodgepole pine plots (17.5% rock, 5.25% veg) 

than on foxtail pine (28.7% rock, 1.62% veg) or mixed plots (30.7% rock, 2.87% 

veg). No apparent relationship exists between either of these two factors and 

plot basal area. Plots with recent fire evidence have a slightly lower percent 

rock cover (25.5%) but a higher percentage of vegetation cover (3.5%) than 

plots without fire (30.0% rock, 1.87% veg). Statistical tests to examine 

differences between various plot types were not used due to the crude nature 

of the percent cover estimates. 
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3.3 FACTORS INFLUENCING TEMPORAL PATTERNS OF RECRUITMENT 

3.3.1 FIRE 

I determined if recruitment patterns corresponded to dated fire events 

in order to examine the effects of fire throughout the history of the plots. 

Trees within or just outside 6 of the 10 plots had fire scars that could be 

accurately dated (Table 6). The scars were dated to either a fire in the late 

growing season of one year or the early growing season of the following year; 

therefore the dates represent fire occurrences accurately dated to +/-1 year. 

The most interesting result of the fire scar dating is that 4 of the 6 plots had 

fires that occurred in 1729 (Table 6). All four of the plots (LB1, LB2, MB1, and 

FBI) are located within approximately 0.8 km in the Rock Creek drainage area 

and 2 of the 4 plots (MB1 and FBI) are adjacent to each other. A large area was 

burned on plot LB1, but on the other three plots, only a few living trees were 

scarred by a fire in 1729. The mortality dates obtained from standing dead 

trees indicate that none were killed by the 1729 fire (Table 3). Another fire 

occurred in 1737, within a decade of the 1729 fire, on a fifth plot (FB2) located 

approximately 3.5 km southwest of the area of the 1729 fire. Three other fires 

were recorded; one in 1578 on plot LB2, one in 1826 on plot MB2, and one in 

1892 on plot LB1. Additional fire scars occurred on or near three plots but I 

was unable to obtain cores from these scars due to resinous scarring in 

response to the injury. 
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3.3.2 CLIMATIC VARIATION 

Long-term deviations from normal climatic conditions, extended 

periods with a higher than average frequency of anomalous climatic events, 

as well as very short-term extreme events may all play a role in processes that 

affect population dynamics in the subalpine forest. In this high-elevation 

environment, extreme climatic events may act as disturbances affecting 

growth and regeneration of trees. Increment cores that I examined from the 

two species near the West Tyndall area approximately 15 km northwest of 

Rock Creek indicated that lodgepole pine is damaged more often by extreme 

cold growing season temperatures, evidenced by more numerous annual 

rings with freeze-damaged cells, or frost rings, as compared to foxtail pine (M. 

Keifer, unpublished data). This evidence suggested that foxtail and lodgepole 

pine may have different physiological resistances to frost damage or that 

growth phenology differs, such that lodgepole pine cambium is still active, 

and is therefore more susceptible, when extreme cold occurs . Severe frost 

damage can affect recruitment of young trees (Larcher 1983); therefore the 

differential frost susceptibility may also play some role in differences in age 

structure. 

Frost damage tallies from trees cored in this study indicate that 

lodgepole and foxtail pine trees with at least one frost ring occurred at a 

similar average frequency of approximately 40%. The frequency of lodgepole 

pine trees with frost damaged annual rings varied by plot from 11-62% (Table 

7). For foxtail pine, the frequency of trees with at least one frost ring ranged 

from 0-82%. The average frequency of frost rings per total number of rings is 

significantly higher for lodgepole pine (.23%) than for foxtail pine (.13%) 
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(t=2.30, df=404, p<0.05). Frost rings occurred most frequently during the years 

1601, 1862, and 1864, but other frost events include those in 1702,1755, and 

1810. In addition, the frost-damaged cells were always situated in the 

latewood portion of the annual ring, indicating late season frost events. 

To determine possible climatic controls of subalpine tree regeneration, 

I wanted to identify periods of unusual recruitment patterns for comparison 

with trends in climate. Excluding the large pulses of recruitment associated 

with fire disturbance, the most obvious patterns consisted of extended periods 

where recruitment was absent from all plots in the study area. Examining the 

climatic conditions during these time periods may reveal some climatic 

factors limiting foxtail and lodgepole pine regeneration. 

If regeneration was constant over time, then the cumulative 

distribution of recruitment would be a linear function. Cumulative 

distribution plots of foxtail pine and lodgepole pine recruited in 50-year 

intervals identified two periods when the slope of the line was very low or 

zero, and therefore little or no recruitment occurred for either species (Figure 

21). The period from 1550-1600 had a slope of zero for both species and the 

1300-1350 period was zero for foxtail pine (Figure 21a) and low for lodgepole 

pine (Figure 21b). The 20th century was excluded due to uncertainty in the 

permanent success of the most recently recruited individuals. 

3.3.3 GROWTH TRENDS 

Patterns in radial growth indicate conditions or events that are either 

favorable or unfavorable for tree growth (Fritts 1976). These conditions may 

also have an effect on population processes such as regeneration or mortality. 
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Tree cores from both species on all of the plots had a number of years with 

narrow rings in common, and therefore crossdated well. Crossdating was also 

often aided by the occurrence of frost rings in particular years which matched 

from core to core. Pearson product-moment correlation coefficients among 

plot mean ring-width index chronologies ranged from 0.12-0.72 and were all 

highly statistically significant (p<0.001). The mean correlation coefficient was 

0.43. 

The general patterns in the ring-width index chronologies for all trees 

combined by species are similar for foxtail and lodgepole pine, but the 

magnitude of the patterns vary (Figure 22). The most noticeable trends 

include a short period of lower than normal growth just after 1450, an 

extended period of low growth in the late 1500s, an increase in growth in the 

1700s, and decreasing growth after about 1800 (Figure 22). In addition, the 

longer foxtail pine chronology shows very low growth between 1325 and 1375 

(Figure 22a). 

Radial growth on the single-species lodgepole pine plots is 

characterized by a period of low growth between 1550 and 1600 (Figure 23b), a 

decrease in growth around 1730, and low growth in the 19th century (Figure 

23). The extended period of low growth which lasts until the late 1800s on 

plot LB2 is notable. Included in that period is a sharp drop in 1862 from 

which recovery to average growth levels is slow. 

Lodgepole pine index chronologies from mixed species plots have 

some similar patterns (Figure 24). All three plots that extend back to the 1500s 

have low growth in the late 1400s, and in the late 1500s, with an increase after 

the early 1600s (Figure 24a, b, and d). All four plots show varying degrees of 
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reduced growth around 1730. Growth decreases steadily after 1800 on plots 

MB1, MB2 (especially), and MN1 (Figure 24a-c). 

The mean index chronologies from the single-species foxtail pine plots 

extend further back in time (Figure 25). Characteristic growth patterns 

include low growth in the early and mid 1300s (Figure 25b-d), decreased 

growth in the late 1400s, a sharp, low spike in the late 1500s, low growth 

around 1730, and a decrease after 1800 for all four plots. Plot FB2 is noticeably 

different in that a sharp growth decrease in the 1730s is followed by a large 

growth release that continues until about 1800 (Figure 25b). 

Foxtail pine growing on mixed plots have index chronologies with low 

growth in the late 1400s, the late 1500s extending into the 1600s, and after 1800 

(Figure 26a-d). The 1730s reduced growth period is present, but not as 

noticeably in the foxtail pine chronologies on these plots. Plot MN1 is a good 

example of a growth chronology with an almost step change in radial growth, 

this one occurring in 1580 (Figure 26c). The annual ring in the year 1580 is 

extremely narrow in nearly all trees on all plots, although growth prior to and 

following 1580 varies enormously. 
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CHAPTER 4 - DISCUSSION 

4.1 AGE STRUCTURE 

Most studies of forest age structure have focused on relatively 

productive forests; consequently, forest structure theory is based primarily on 

closed-canopy forests (Henry and Swan 1974; Bormann and Likens 1979; Peet 

1981; Lorimer 1984; Runkle 1985). In these forests, development over time in 

successional stands following a stand-replacing disturbance involves stand 

initiation, stem exclusion, understory reinitiation, and old-growth stages 

(Oliver and Larson 1990). If a forest reaches the old-growth stage without 

subsequent major disturbance, the stand regenerates autogenically, without 

the influence of external forces (Runkel 1981). The gap-phase regeneration 

process then relies on overstory tree mortality to release trees suppressed in 

the understory. Many small, shade-tolerant, understory trees, combined with 

fewer and fewer successful individuals as tree size increases, often yields the 

reverse-J shaped diameter-class distribution (Meyer 1952; Leak 1965). This 

distribution is characteristic of a climax stand in equilibrium models, or late-

successional or old-growth stands in non-equilibrium models. 

However, the age distribution of a stand often differs from the size 

distribution, as the small trees suppressed in the understory can vary greatly 

in age (Veblen 1986). If the suppressed cohort of trees all established just after 

the original disturbance, the entire cohort may be the same age. If the small 

trees established in the understory at various times after the original 

disturbance, the same size cohort may actually be multi-aged. 
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The combined age distribution of all trees in my study plots is multi

modal. When separated by species, neither the foxtail nor lodgepole pine 

have an age distribution characteristic of a closed-canopy, old-growth stand 

(ie. J-shaped distribution). Foxtail pine has an age distribution characteristic 

of steady recruitment with no large pulses. The lodgepole pine age 

distribution is a multi-modal, or multiple-cohort, distribution, indicating a 

greater influence of some disturbance on lodgepole pine than foxtail pine 

during the development of the stands. 

Foxtail pine and lodgepole pine in relatively undisturbed areas may 

not have age distributions characteristic of traditional old-growth forests due 

to the effect of the environment on population processes. In contrast to 

higher density, closed-canopy forests, the subalpine forest in the southern 

Sierra Nevada is an open, low-density, low-productivity forest. The soils are 

nutrient-poor, the climatic conditions are harsh, and the trees grow slowly 

and attain a great age. Even if stands reached the old-growth stage, a reverse-J 

shaped size or age distribution is not expected. Young trees are not competing 

for light in the open-canopy forest, and therefore do not form suppressed, 

shade-tolerant cohorts in the understory. In addition, as both species are long 

lived, many new individuals are not necessary because mature trees are most 

likely replaced infrequently. 

On poor sites, where regeneration mechanisms promote slow growth, 

where older plants are killed by extreme cold or browsing, or where growing 

space is filled slowly by only a few individuals initiating each year, a broad 

range of ages is expected (Oliver and Larson 1990). In addition, infrequent 

disturbance relative to tree lifespans would yield a broad range of ages in the 
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study area. In my plots, both species age distributions span a broad range, 

approximately 1100 years for foxtail pine and 900 years for lodgepole pine. 

Although the age and diameter distributions are not J-shaped, the 

distributions may still be considered late-successional or old-growth. The 

broad range of age classes indicates old-growth status with intermittent 

establishment in a dry, open-canopy forest. 

Age distributions vary by species, but the age distributions separated by 

individual plots often differ as well. This result indicates that patterns of 

recruitment vary over a small spatial scale (0.1 ha). One plot, LB2, has an age 

distribution similar to that of a closed-canopy, J-shaped distribution. The 

cluster of small, relatively young trees is not situated in the understory, but is 

located in a large area unoccupied by mature trees (Figure 12). The age 

distribution for this plot was significantly different from all other plots. A 

large pulse in recruitment occurred on the other single-species lodgepole pine 

plot (LB1) during the period following a large fire. This plot had a 

significantly different age distribution from those of all but one plot. 

4.2 FACTORS INFLUENCING SPATIAL PATTERNS OF RECRUITMENT 

4.2.1 SPECIES COMPOSITION 

The two species have distinct age distributions when trees from all 

plots are combined, but patterns of recruitment also differ when plots are 

combined by species composition. Single-species foxtail pine plots have 

steady recruitment patterns, single-species lodgepole pine plots have more 
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pulsed recruitment, and mixed-species plots have a somewhat intermediate 

pattern of recruitment (Figure 10a). 

This result indicates that some factor(s) affecting species composition 

may be responsible for differences in age structure. A number a possible 

factors include differential species germination requirements, response to 

climate, response to disturbance, and susceptibility to conditions affecting 

mortality. However, the age distributions of single-species foxtail pine plots 

were not all similar, nor were those of the mixed-species plots. 

That some plots of similar species composition had significantly 

different age distributions may indicate that a sample size greater than four 

plots for each type is needed due to variation between plots. The time- and 

labor-intensive sampling precluded obtaining more plots for this study. 

However, the differences between plots indicate that localized patterns of 

recruitment are important in the study area. 

4.2.2 FIRE 

Age distributions of trees growing on plots with and without recent 

evidence of fire are significantly different. However, when the trees are 

separated by species, a difference in recruitment pattern is very apparent. The 

age distributions of lodgepole pine growing on single-species plots have a 

much more pulsed pattern. That both of these plots also have recent 

evidence of fire makes it difficult to separate the effects of fire disturbance 

from other processes that might be associated directly with the species 

composition type. The lack of single-species lodgepole pine stands without 

fire evidence may demonstrate the interaction effect of fire disturbance and 
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species composition on the age distribution resulting from population 

processes. 

Interaction of fire and species composition 

If single-species lodgepole pine stands burn more readily than mixed-

species or single-species foxtail pine stands, and if lodgepole pine can rapidly 

reproduce following a fire, then a pattern of pulsed recruitment in the single-

species lodgepole pine plots that burned would not be surprising. Differences 

in the two species morphological, life history, and stand characteristics may 

reflect how trees growing in stands of each species composition type might be 

differentially adapted to fire. 

Characteristics that might reveal species adaptations in fire 

environments include germination requirements, bark thickness, stand habit, 

timing of reproductive maturity, and seed storage (Wright and Bailey 1982). 

Although little is known about fire in lodgepole pine forests in the Sierra 

Nevada, the Rocky Mountain subspecies of lodgepole pine is well known for 

its successful serai role in areas where large, high-intensity, stand-replacing 

fires occur (Clements 1910; Habeck and Mutch 1973; Whipple and Dix 1979). 

The characteristics of the Rocky Mountain lodgepole pine are used to discuss 

the possible fire-adapted traits of lodgepole pine in the Sierra Nevada. 

Fire enhances the germination and establishment of lodgepole pine in 

the Rocky Mountains by exposing mineral soil, increasing available nutrients, 

increasing light by eliminating shade, and by reducing competition (Brown 

1973). Conditions after fire also increase the daily temperature range, which 

appears to enhance lodgepole pine germination. Specifically for low-intensity 
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fires, duff moisture content is critical for seedbed preparation. If the duff is 

less than about 10% water, then the mineral soil will be exposed upon 

burning. If duff moisture content is greater than 20%, no substantial amount 

of mineral soil is exposed (Brown 1973). If these requirements for 

germination also occur in the Sierran populations of lodgepole pine, then 

high-intensity and possibly some low-intensity fires might favor lodgepole 

pine establishment in the subalpine zone. Limited studies of lodgepole pine 

located in and around meadows in the southern Sierra Nevada indicate that 

seedling establishment seems to be inhibited by dense organic material and 

saturated soil (Leonard et al. 1969). No studies of non-meadow lodgepole 

pine or foxtail pine germination requirements have been reported. 

The most important morphological trait for fire survival is thick bark 

to insulate the living cambium from extreme heat. Within a species, bark 

thickness tends to increase over a gradient of increasing frequency of surface 

fire (Hare 1965). Bark thickness may also vary by age in species growing in fire 

habitats. For example, juveniles of lodgepole pine have thin bark which 

becomes thicker as the tree matures (Cooper 1961). Lodgepole pine in the 

Rocky Mountains has a moderate resistance to mortality from surface fires, 

and in mixed stands, the success of lodgepole pine depends on its fire 

resistance relative to the other species present, as well as the seed potential of 

the other species (Brown 1973). Thick bark is only adaptive in environments 

where fires are of the low-intensity, surface type. In the Sierra Nevada 

subalpine zone, the thick bark of foxtail pine makes it more resistant to low-

intensity surface fires than lodgepole pine. Alternatively, foxtail pine may 



4 1  

have thick bark as an adaptation to the extremely cold, high elevation 

environment, or a combination of both of extreme heat and cold. 

Species that are resistant to fire often reach sexual maturity late and 

have long life spans (Wright and Bailey 1982); such is the case for foxtail pine 

(Mastroguiseppe 1972; Ryerson 1983). Species adapted to fire regimes with 

frequent, intense crown fires are able to reproduce quickly and reliably and are 

not long-lived. Lodgepole pine in the Sierra Nevada may reach sexual 

maturity early but they are also long-lived. Early reproduction in the Sierran 

subspecies may be a carry-over adaptation from the Rocky Mountain fire 

regime that still confers some benefit to the trees, such as a competitive 

advantage over later-reproducing foxtail pine. 

Stand habit is another characteristic that may indicate adaptation to 

fire. Both species self-prune, or lose their lower branches, a habit which 

eliminates a fuel ladder, discouraging surface fires from spreading to the 

crown. However, I observed accumulations of large amounts of needles and 

cones in circles under many of the lodgepole pine trees, but not under most 

foxtail pine canopies. This fuel accumulation habit reveals again that 

lodgepole pine may be more adapted to burn than foxtail pine. 

Neither foxtail pine nor lodgepole pine in the subalpine zone are 

reported to have serotinous cones. However, periodic, high-intensity fires in 

single-species lodgepole pine stands might favor this trait. Cone serotiny, a 

form of seed storage, is the most singularly fire-adapted trait found in tree 

species. Serotinous cones remain sealed with resin after maturity, until a 

high melting temperature is reached which breaks the resin bonds that seal 

the cone scales (Lotan 1976). Young trees of some species often have open 
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cones and serotiny may not be expressed until a tree is 30-50 years old (Perry 

and Lotan 1979; Lotan 1976). In the Rocky Mountains, lodgepole pine has 

serotinous cones in the presence of repeated high-intensity fires, but in the 

Sierra, resin bonds in closed cones would not be broken in less frequent, low-

intensity fires, and therefore open cones are advantageous (Brown 1973). A 

fitness cost may be incurred by serotiny where fires are intense enough to 

combust the cones or, as is the case in the Sierra, where fires are less frequent 

and reproduction is reduced by lack of cone opening. Field surveys in the 

Rocky Mountains of Colorado revealed that no lodgepole pine stands 

sampled had more than 90% serotinous trees, half had >50% serotiny, and 

32% had <10% serotinous trees (Perry and Lotan 1979). Thus, some seeds are 

available in the absence of fire. The high frequency of cones that open at 

maturity in Rocky Mountain populations and the lack of serotiny in the 

Sierra Nevada suggest that fire regimes that vary in time (or time and space) 

may control selection for serotiny. 

Other evidence supports this temporal selective control of serotiny. 

Givnish (1981) showed that the incidence of serotiny reflects the local fire 

history rather than gene flow effects and that a high correlation exists between 

the frequency of serotiny and the index of fire frequency in pitch pine in the 

New Jersey Pine Barrens. In lodgepole pine, a negative correlation between 

bark thickness and the degree of cone serotiny exists (Gill 1981). These studies 

suggest that low-intensity or frequent fires are associated with tree survival 

following fire and open cones, while high-intensity or infrequent fires are 

associated with fire-caused tree mortality and closed cones (Gill 1981). I 

observed that most of the cones on lodgepole pine on the study plots were 
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non-serotinous, as most were opened by the end of my field season. 

However, I was not able to observe if any cones in or near the plots may have 

remained closed because the fieldwork did not extend late into the growing 

season. Although serotinous cones have not been reported in the Sierra 

Nevada, areas such as those in and around plot LB1 would be a promising 

location to search for evidence of serotiny. 

If lodgepole pine has residual fire adaptations similar to the Rocky 

Mountain subspecies, then we might expect it to be favored over foxtail pine 

in areas where fire occurs. In fact, an area where a fire larger than a few trees 

in size occurred is now occupied by a single-species, nearly single-cohort, 

stand of lodgepole pine (plot LB1; Figure 11). Although, some lodgepole pine 

survived the fire on the plot, and therefore a record of their presence exists, 

whether the plot was previously occupied solely by lodgepole pine is 

unknown. The single-species lodgepole pine plot may then have resulted 

from either an immediate, on-site seed source that survived the fire, or 

dispersal from adjacent areas and greater ability to establish or compete on the 

burned site. Thus, lodgepole pine may be able to benefit from high-intensity 

fires that occur infrequently. Other smaller-scale fires in the subalpine zone 

may be of sufficiently low intensity that death of mature lodgepole pine is 

rare but benefits such as increased germination and establishment are 

incurred. Foxtail pine may be adapted to resist the low-intensity fires that 

occur frequently, relative to high-intensity fires. They may not be able to 

tolerate large, higher-intensity fires, but also may not be able to re-establish or 

invade a site as quickly as lodgepole pine after such a fire. 
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Rourke (1988) modelled the probability of wildfire as a function of 

slope, aspect, and elevation over the area where foxtail and lodgepole pine are 

distributed. Basal area cover (BAC), a measure of abundance, of foxtail pine 

was significantly negatively correlated with the probability of lightning-

caused fire, whereas lodgepole pine BAC was significantly positively 

correlated with the probability of wildfire (Rourke 1988). These results 

correspond to the fire adaptive characteristics of the two species, indicating 

that the distribution of the two species may be related to fire occurrence. 

4.2.3 SPATIAL DISTRIBUTION OF TREES 

The spatial distribution of trees is random for all but one plot (LB2). 

This random distribution suggests that competition for a horizontally 

distributed resource, such as light or water, may not be important on these 

plots at this time. None of the plots with randomly spaced trees have a 

number of recently established young trees grouped together. However, 

neither are trees evenly spaced; a large tree may be located in close proximity 

to another older, well-established tree. In a closed-canopy forest where much 

of the competition occurs for light resources, a regular distribution pattern of 

trees whose canopies compete both vertically and horizontally for light might 

be expected. In the open-forest type, competition for moisture, which is not 

necessarily distributed evenly on a horizontal scale, may be more important. 

One plot had a statistically significant clumped spatial distribution of 

trees. Plot LB2 is the only plot that has a large group of regenerating 

lodgepole pine (Figure 12). No datable fire on the plot corresponds to the 

timing of recruitment of the clump of young lodgepole pine. However, a fire 
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which was not recorded in any fire-scarred trees may have opened the area 

and released resources and/or stimulated regeneration. Alternatively, non-

fire related mortality of a group of mature trees may have created conditions 

favorable for regeneration in the open area. 

4.2.4 TREE MORTALITY 

The mortality dates for the standing dead trees are based on crossdating 

with live trees and represent the last yearly increment of growth present on 

the core. The dead trees may have been standing for some time, and 

although the environment is dry, wood may have been eroded since the time 

of death. Therefore, the dates may be underestimates of the true date of 

mortality. Mortality in some plots may be associated with dated fire events. 

However, increased recruitment did not occur directly following any of the 

tree mortality dates. Various factors may play roles in the tree mortality 

processes on each plot. 

Because of their small size and lack of evidence of physical damage, 

the dead trees in plot LB1 (Figure 11) may have been unsuccessful in 

competing with the surrounding trees. Alternatively, disease or harsh 

climatic conditions may have contributed to the death of the three trees that 

were suppressed in plot LB1. 

The three trees that died in the 1500's in plot LB2 may have been killed 

by the fire that occurred in 1578. However, one of the standing dead trees is 

almost 20 m from the other two and all three trees are located at least 20 

meters from the tree with the 1578 fire date. That only one tree was scarred 

in 1578 indicates that either the fire was on a very small scale or that other 
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trees scarred may have healed over in the 400 years since the fire. Also, if the 

trees were killed by the 1578 fire, then 33-49 annual increments of outer wood 

had to have burned or eroded from the standing dead trees. Alternatively, 

the late 1500's, a period when virtually no recruitment occurred on any plot, 

may have been climatically stressful for the trees, predisposing them to death. 

None of the standing dead trees with mortality dates in the four plots 

with the 1729 fire appear to have been killed by this fire (Table 3). However, 

fire may have caused or contributed to the death of prostrate trees or to those 

standing dead trees that I was unable to date. The mortality of two trees in the 

early 1700s may have been caused by a fire that occurred in 1737 in plot FB2. 

One of the trees, with a mortality date of 1726, is situated between two fire 

scars on two separate trees, one of which dated to 1737 (Figure 14). The eleven 

year discrepancy between death and fire dates may be due to burned and/or 

eroded wood. Another tree, which has a mortality date of 1714, is located 

adjacent to two other standing dead trees. The clump of dead trees amidst a 

number of live trees, none of which were recruited prior to the 1737 fire, 

suggests that an area of intense burning may have occurred in this part of the 

plot (Figure 14). The relatively recent regeneration in areas surrounding the 

dead trees does not occur directly following the mortality dates or the fire date 

that I obtained for the standing dead trees on the plot. Perhaps the death of a 

number of mature trees has reduced competition for resources, such as 

moisture, or made nutrients more available so that young trees were able to 

establish more readily. 

Three standing dead trees are located in a large open area in plot FN1 

(Figure 15). That no regeneration has occurred in what would seem a 
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resource-rich area suggests that factors affecting germination and/or 

establishment may be more limiting than competition for space on this, and 

possibly other, plots. One such factor may be the availability of suitable 

substrate. Perhaps burned organic material and the nutrients released create a 

favorable environment for establishment at some time following the fire. 

Many of the standing dead trees are not as large as some of the large 

live trees, indicating that the trees did not die of senescence but succumbed to 

competition, disease, or perhaps fire. Another noticeable pattern is that the 

standing dead trees are often located near each other or close to another live 

tree, suggesting mortality caused by intense fire that may have burned several 

trees in proximity or competition-related mortality, respectively. I was unable 

to obtain sound cores from all standing dead trees in all plots due to the 

condition of the dead wood that made coring difficult. However, the fact that 

the trees may remain standing for such an extended period of time (>400 

years) after biological death is striking, compared to more moist, closed-

canopy forests. 

4.2.5 OTHER PHYSICAL AND BIOTIC CHARACTERISTICS 

Significant differences in plot total basal area do not exist. The lack of a 

difference in the total basal area for each plot may indicate that the plots do 

not differ in substrate ability to support plant biomass (ie. nutrients and 

available water). Also, none of the plots have been severely disturbed 

recently enough to greatly alter the amount of living vegetation. 

On the mixed-species plots, foxtail pine basal area is always significantly 

greater than lodgepole pine basal area. Lodgepole pine may be more affected 
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by fire disturbance than foxtail pine, resulting in a lower lodgepole pine basal 

area. Alternatively, foxtail pine may be a better competitor in this high-

elevation environment with a harsh climate and nutrient-poor soils. 

Although the mean basal area of the single-species foxtail pine plots 

tends to be higher than the single-species lodgepole pine and mixed-species 

plot means, no significant difference exists between plots of varying species 

composition. However, the t-test may not be powerful enough to detect 

actual differences due to small sample sizes. Differences may exist because the 

mixed-species plots include lodgepole pine and may be more disturbed; 

therefore the mixed-species plots may not have reached maximum 

productivity relative to the single-species foxtail pine plots. In fact, the three 

highest plot basal areas are all single-species foxtail pine plots. 

No statistically significant difference in plot basal area occurs between 

plots with and without evidence of fire. This result may be attributable to the 

highly variable amount of disturbance on the plots with fire evidence. For 

example, a large part of plot LB1 burned, while on most other plots, only one 

to a few trees were affected. Also, plot FB2, the single-species foxtail pine plot 

with the most evidence of fire disturbance and new regeneration, has a much 

lower basal area compared to the other single-species foxtail pine plots. 

Relationships between site characteristics such as slope, aspect, percent 

rock cover, or percent vegetation cover and plot species composition could 

not be distinguished. While as much as a 180° difference between plot aspect 

exists, the effect of aspect on total solar radiation, site dryness, and therefore 

tree growth processes may not differ greatly among plots. The low slope 

angles (<12%) of all the plots effectively expose the trees on the plots to 
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similar amounts of total solar radiation, regardless of aspect, especially during 

the growing season (Kaufmann and Weathered 1982). If the effect of 

obstructions on total solar radiation receipt, which was not considered, is not 

greatly different from plot to plot, then trees on the plots may have similar 

evaporative demands. The crudeness of the rock and vegetation cover 

estimates preclude drawing inferences about possible relationships with 

species composition and fire disturbance. 

4.3 FACTORS INFLUENCING TEMPORAL PATTERNS OF RECRUITMENT 

4.3.1 HRE 

Fire dates from fire-scarred trees indicate that a fire occurred in 4 of 10 

plots in 1729. Two possibilities exist for the spatial pattern of the fires 

recorded in the 1729 fire scars. One ignition may have occurred and a low 

intensity fire spread through the subalpine forest in the Rock Creek area, 

burning some patches more intensely than others. Alternatively, climate, 

fuel conditions, and ignition sources in 1729 may have been such that several 

separate fires were ignited, some burning more intensely than others. Only 

when fire danger is extreme, and therefore when dry fuel is abundant, do fires 

develop from lightning ignitions in the subalpine zone (Giffen et al. 1970). 

The probability of lightning striking and igniting a number of separate fires 

within such a small area in one year seems low; therefore, this fire is likely a 

single event that spread, rather than 4 separate ignitions in the same year. 

In addition, Giffen et al. (1970) found two major charcoal layers in soil 

pits in the Rock Creek meadow located in the same drainage approximately 
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6 km west of my study area. They estimated that the earlier of the two fires 

occurred between 1670 and 1700. Their estimation techniques, and therefore 

the accuracy of their fire dates, are unknown. However, due to the close 

proximity of the soil pit and my study area, and the potential for a fire to burn 

upslope in a drainage, the charcoal layer in the lower Rock Creek meadow 

may be evidence of the same 1729 fire which occurred on four of my study 

plots. 

Assuming that the above scenario is correct, the spatial pattern of the 

1729 fire contradicts previously documented observations that fires in the 

subalpine zone only occur on the scale of one to several trees (Rundel et al. 

1988). Rourke (1988) also states that most fires are on the order of 1 to a few 

trees in size and that the crowns of these trees often burn and kill the 

individual tree. Giffen et al. (1970) claim that low-intensity fires almost never 

spread, except in meadows, due to low vegetative undergrowth in the 

subalpine forest. However, of 23 fire-scarred foxtail pine trees sampled in the 

Kern watershed, single-tree sized burns occurred in 14 of the fire events, but 2, 

3, and 4 trees were burned in two fire events each (A. Caprio, unpublished 

data). 

A fire scar occurring in the same year on several live trees over a site 

indicates that low-intensity fire spread may occur. In 1729, three of my plots 

had fires that were of an intensity low enough to leave basal scars on the 

trees. In the case of the 1729 fire, conditions may have been such that a 

somewhat higher intensity fire, which may have originated near a meadow 

in lower Rock Creek, combined with extreme fire conditions, may have 

allowed the unusual event of low-intensity fire spread into some areas of the 
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subalpine forest. The fire recorded on plot SSF in 1737, ignited less than 10 

years later, may attest to conditions favoring fire, such as abundant, dry fuel, 

during this time period. 

Although some trees on plot LB1 pre-date the 1729 fire, none were 

recruited before 1640 (Figure 3a). Thus, the trees that survived the fire were 

relatively young (<100 years) and small at the time the fire occurred. Small 

trees that have thin bark and foliage close to the ground are normally more 

susceptible to fire than mature trees. In order for the fire to spread, either 

continuous fuel or patches of abundant fuel may have been necessary. If 

small trees were located in relatively open areas, away from mature trees with 

accumulated fuels, the fire may not have been able to spread to them. Most of 

the trees that pre-date the 1729 fire are situated in small groups (Figure 11), 

corroborating this explanation. 

Another study suggests a similar fire spread pattern. After a prescribed 

meadow burn in 1962, damage to trees was less severe in the meadow while 

trees were killed in patches and stringers in the surrounding forest (Giffen et 

al. 1970). Although fire in a prescribed burn may behave differently than in a 

natural fire, the patterns of movement may be similar depending on 

conditions at the time of the fires. The 1729 fire may have moved up the 

drainage from the lower Rock Creek meadow area in this manner, burning in 

patches of varying intensity. To test for this spatial burn pattern, the area 

between the lower Rock Creek meadow and my study plots need to be 

examined for scars caused by the 1729 fire. Almost all of the dead, downed 

trees throughout the study area had charcoal on the underside, indicating 

they had burned after falling. These large logs may provide the fuel for the 
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spread of low-intensity fires in the subalpine zone. Results from this study 

suggest that although the events may be infrequent, fires occurring on spatial 

scales larger than previously reported can occur. 

4.3.2 CLIMATIC VARIATION 

As climate is a regional process, the age structure of trees on all plots 

combined was used to compare with climatic trends to reduce the effects of 

local plot variation. The cumulative distribution plots indicated that 

recruitment of both foxtail and lodgepole pine in all plots was zero or near 

zero for the periods 1300-1350 and 1550-1600 (Figure 21). An additional 

shorter period from 1870-1900 is also nearly devoid of subalpine tree 

recruitment (Figure 2). The difference between the cumulative distributions 

for foxtail pine and lodgepole pine point to the differences in recruitment 

pattern discussed in a previous section. Foxtail pine has relatively slow 

steady recruitment (slope near one) interspersed with increases in 

recruitment (increased slope) or periods of recruitment absence (zero slope) 

(Figure 21a). In contrast, lodgepole pine occasionally experiences large 

recruitment increases, as seen in the steep slope from 1700-1750 (Figure 21b). 

Frost events 

Extreme, short-term climatic events such as growing season frost may 

have affected growth and regeneration of subalpine trees during the periods 

of absent recruitment, as well as during other time periods. The frequency of 

frost damage in lodgepole pine annual rings is significantly greater than that 

for foxtail pine on the study plots. These results support the original 



5 3  

observation that lodgepole pine is more sensitive to growing season frost 

damage. Greater susceptibility to damage caused by extremely cold 

temperatures may be due to thinner lodgepole pine bark, relative to the more 

protective, thick bark of foxtail pine. 

Most of the differences between frost ring occurrence are due to frost 

damage in the lodgepole pine on plot LB1. This plot had the largest number 

of frost rings (39) as well as the highest frequency (1.86 rings/tree). Two 

factors differentiate this plot from the others. Plot LB1 had a major fire 

disturbance and, as a result, the plot is composed largely of trees in a single, 

relatively young cohort. The greater evidence of frost damage to trees on plot 

LB1, supports the idea that smaller, younger trees are indeed more susceptible 

to frost damage. In fact, six trees on plot LB1 had frost rings in 1755, just 26 

years after the fire, while only one tree out of all the other plots combined had 

frost damage in that same year. Alternatively, the location of LB1 may 

expose it more frequently to cold air moving down the drainage, and 

therefore increase susceptibility to frost events. However, because LB1 is 

situated at only a slightly lower elevation, and is not in an obvious 

depression relative to other plots, this explanation does not seem likely. 

Two major growing season frost events recorded in the late 1800s (1862 

and 1884) coincide with the period in the late 1800s when little subalpine tree 

recruitment occurred. The most frequently recorded frost ring occurred in 

1601. This frost event immediately follows another period of absent 

recruitment in the late 1500s. Young trees, especially lodgepole pine, may 

have been severely damaged, weakened, and possibly killed by the extreme 
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cold. Therefore, growing season frost may occasionally affect population 

dynamics in the subalpine zone. 

Frost damage usually occurs during short-duration events, but these 

events may be associated with unusually cool growing seasons that delay, and 

therefore prolong, physiological activity, and that increase meristematic 

vulnerability. Conditions associated with major volcanic eruptions that 

produce sufficient dust veils can create such a cooling effect, and therefore 

may indirectly cause frost damage (LaMarche and Hirschboeck 1984). Two 

frost rings that were consistently recorded in trees in this study correspond to 

those recorded in bristlecone pine from a number of localities in the western 

United States. The 1884 frost ring is associated with the eruption of Krakatoa 

in 1883, but no major volcanic eruption is as yet associated with the 1601 frost 

event (LaMarche and Hirschboeck 1984). 

Temperature and precipitation reconstruction 

In addition to short-term extreme events, extended periods of 

anomalous climate may also have an effect on population processes in the 

subalpine forest. Graumlich (submitted) reconstructed summer temperature 

and winter precipitation for the last 1000 years using subalpine zone tree-ring 

chronologies from sites located near the area of this study. Smoothed 

temperature and precipitation series were examined for the 50 years 

corresponding to and the 50 years prior to the periods of absent recruitment 

(Figure 27). 

The lack of foxtail and lodgepole pine recruitment from 1300-1350 

coincides with a 20-year period of much lower than normal winter 
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precipitation centered around 1295 (Figure 27a). In addition, during the same 

time period, summer temperatures were higher than normal, a combination 

characteristic of extreme drought. If climate conditions were severe enough, 

young seedlings and saplings which would have been recruited into the 

stands between 1300-1350 may have been killed by drought stress. Another 

more moderately dry period followed in the 1330s coinciding with a cooler 

than normal period (Figure 27a). 

An obvious common pattern in temperature and precipitation 

between the two periods of absent recruitment is not apparent. An extended 

period of cooler than normal summer temperatures occurs from 1515-1525, 

with the most extreme departure around 1520 (Figure 27b). Precipitation 

during the 1500-1600 period falls below normal for an extended period from 

1565-1600, but the departure is not extreme (Figure 27b). 

In examining the climate reconstruction for the entire period from 

1000 AD to present, periods of extreme departure from normal climatic 

conditions become obvious (Figure 28). The late thirteenth century drought 

conditions indeed appear to be one of the most severe as recorded in 

subalpine tree-ring data. Interestingly, the most extreme positive departure 

in precipitation occurs in the early 1700s, just prior to the period when 2 fires 

were recorded in my study area (Figure 28). This period of higher than 

average precipitation corroborates the idea that unusual conditions of 

abundant fuel may have preceded the 1729 fire and allowed for the spread of 

low-intensity fire across a relatively large area in the subalpine zone. 
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Drought frequency reconstruction 

A very narrow annual ring in 1580, which can be seen in the growth 

chronologies (Figure 22), occurs during one of the periods lacking tree 

regeneration. This extremely low radial growth year is also ubiquitous in 

giant sequoia tree-ring records extending back into the 16th century in the 

Sierra Nevada (Douglass 1919; Hughes and Brown, in press). Of the entire 

giant sequoia tree-ring record extending to 101 BC, the ring in 1580 is the 

narrowest, indicating such an extreme climatic event as to have a dramatic 

effect on the normally complacent radial growth of the sequoias. Hughes and 

Brown (in press) use a correspondence of low radial growth in giant sequoia 

trees with 20th century extreme drought in the San Joaquin drainage to infer 

extreme drought years before the period of observational climate records. The 

magnitude and regionally widespread occurrence of the narrow ring in 1580 

may then imply that one of the most extreme single-year drought events in 

proxy-record history occurred in 1580. Whether a drought of such severity 

could solely, or in combination with other factors, be responsible for 

eliminating a nearly 50-year cohort of young subalpine trees is unknown but 

possible. 

Giant sequoia growth patterns indicate that the frequency of extreme 

droughts varies through time. Consistency among chronologies from three 

sites shows that the period from 1468-1580 had one of the highest frequencies, 

11 droughts in 113 years (Hughes and Brown, in press). Based on two sequoia 

sites, the period from 1260-1360 had a frequency of ten extreme drought years. 

The 1200s and 1700s also had fairly high drought frequencies; 1729, the year of 

the fire recorded on four of my study plots, was included in the list of the 
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narrowest decile of sequoia annual rings (Hughes and Brown, in press). 

However, the period from 1870-1900, when recruitment was absent in my 

study plots, coincides with the period from 1850-1950 that has one of the 

lowest extreme drought frequencies. The 1870-1900 period of absent 

regeneration does not correspond to any unusual trends in reconstructed 

temperature and precipitation (Figure 28) and also occurs during the period of 

the lowest drought frequency reconstructed from giant sequoia sites. 

Therefore, this period lacking regeneration is likely caused by some other 

non-climatic factor. 

Climatic effects on regeneration 

The search for a common climatic phenomenon that would result in a 

lack of regeneration for a 50-year period may be simplistic. Tree regeneration 

involves a number of factors, most of which are as yet unknown in the 

subalpine forests of the southern Sierra Nevada. Seed cone production is one 

unknown variable. Cones of both species were highly abundant during my 

field season; therefore, a regeneration limitation due to lack of seed does not 

seem likely. However, if the 1990 summer had anomalously high cone 

production and years of low cone production occur more frequently, then 

seed abundance could be a factor limiting regeneration. Long-term cone 

production data is necessary to determine the role of seed availability and tree 

establishment. 

Seed germination is likely to be a highly variable factor. Laboratory 

germination rates of foxtail pine seed collected in the Sierra Nevada ranged 

from 17-55% (Mastroguiseppe and Mastroguiseppe 1980). Field conditions are 



5 8  

likely to be more harsh and certainly less predictable; therefore low rates of 

germination could severely restrict regeneration. The coarse-textured, well-

drained soil combined with an often very dry summer with short-duration 

growing season temperatures seems a highly moisture-limited, prohibitive 

environment for seed germination. How so many trees successfully 

germinate, establish, and grow seems a more appropriate question for the 

subalpine forest. A high-snowfall winter with snow remaining long enough 

may make moisture available during the growing season. Or perhaps chance 

precipitation combined with seed dispersal on scant mineral soil allows seed 

germination. 

If seeds germinate, many factors then play a role in seedling success. 

Again, the dry environment would seem to make moisture availability a 

problem for young seedlings with shallow, less-developed roots. That a 

single, severe drought year or an extended moderate drought could severely 

stress or kill young trees is not impossible to comprehend in such an 

environment. Likewise, a single growing season frost event may severely 

affect the young, thinned-barked seedlings. The frost damage may not only 

differentially affect younger trees based on their physiology but also their 

growth phenology. Young trees often begin growing earlier in the season due 

to shorter time lags in the movement of growth hormones throughout a 

small tree. In addition to abnormally cold growing season temperatures, 

Leonard et al. (1969) suggest that freeze-thaw action may reduce the success of 

seedlings over the winter. 

Attempting to determine climatic conditions that favor or inhibit 

regeneration using reconstructed climatic variables and current stand age 
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structure is difficult. Some level of inaccuracy in climate reconstructions, lack 

of complete information about mortality processes, and possible errors in 

tree-age data contribute to the uncertainty of conclusions derived. Studies 

designed to determine conditions favorable for germination and seedling 

establishment in the subalpine zone are necessary to understand the 

regeneration processes and the effects of climate and disturbance on these 

processes. 

4.3.3 GROWTH TRENDS 

Despite similarities in certain annual ring patterns between trees on 

different plots and significant correlation coefficients, correlations between 

mean index chronologies were not as high as might be expected for 

chronologies in such proximity. These correlations reflect the fact that the 

plots were not selected for the purpose of climate reconstruction. The plots 

are not located on the most climatically limiting sites such as steep, dry slopes 

or southern exposures that would maximize response to climate and would 

result in more highly correlated radial growth patterns between plots. Rather, 

all plots have a relatively low slope and vary in aspect. In addition, trees were 

not selected for maximum age so a variety of tree ages are included in the 

growth chronologies. The mean index chronologies therefore reflect not only 

the effects of climate on radial growth, but differences in plot dynamics, as 

well as differential species responses. 

While both single-species lodgepole pine plots, LB1 and LB2, exhibit 

decreased growth in the 1730s, the subsequent growth response pattern is very 

different. Plot LB1 shows a sustained increase in growth until about 1775, 
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which is most likely a growth release of young trees regenerating after the 

stand-opening fire in 1729 (Figure 23a). The sharp decrease in growth 

beginning in 1729, low growth, and then slight, but not full, recovery on plot 

LB2 may be more indicative of injury and survival of mature trees (Figure 

23b). The 1730 decade contained some of the smallest annual rings, not only 

on plots with evidence of fire, but on all plots. Rings in the years 1733,1735, 

and 1738 were especially narrow and often one or more were absent. A severe 

and/or extended drought may be the cause of the decrease in radial growth. 

Growth trends may reflect conditions that also affect tree regeneration. 

The pulse of recruitment in plot LB1 is largely due to the 1729 fire. In plot 

LB2, both the long period of absent recruitment prior to, and the pulse of 

recruitment in the 20th century, correspond to an extended period of below 

normal growth followed by above average growth after the late 1800s (Figures 

3b and 23b). 

One of the more noticeable growth patterns in the mixed-species 

lodgepole pine chronologies is the decrease in growth after 1800 (Figure 24). 

One tree on plot MB2 was scarred in 1826 (Table 6), indicating that a fire 

occurred during the low growth period (Figure 24b). If the decrease in growth 

is due again to drought, the fire may have been a result of the extremely dry 

conditions. Obvious patterns in correspondence of lodgepole or foxtail pine 

recruitment with radial growth trends on the mixed-species plots are not 

apparent. 

An interesting pattern arises in one of the single-species foxtail pine 

plot chronologies. A dramatic increase in growth occurs in the mid 1700s in 

the FB2 index chronology (Figure 25b). The timing of this growth increase 
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follows, not only the hypothesized 1730s drought, but specifically the fire 

which occurred in 1737 on plot FB2. Although I was unable to document an 

increase in regeneration directly following the fire, the surviving trees may 

have been able to take advantage of either reduced root competition if some 

mature trees were killed, or a release of nutrients, or both. The trees not only 

recover to normal radial growth values, but a nearly one hundred year period 

of above average growth follows, while the other plots experience only slight 

increases in growth during this period (Figure 25). 

Compared to the other single-species foxtail pine plots, FB2 has the 

greatest number of trees recruited since the 1700s (Figure 4b). Perhaps a 

sustained increase in nutrients, a major reduction in competition for 

moisture, or other conditions following the fire may have allowed a number 

of trees to establish. 

Although my discussion has focused on similarities and differences 

among plots, these also exist between species on the same plot. For example, 

foxtail pine on plot MB2 does not experience the sharp growth decrease 

evident in the lodgepole pine index chronology after 1800 (Figures 24b and 

26b). Also, the steep growth increase after 1600 in the lodgepole pine index 

chronology does not occur in the foxtail pine chronology on plot MN2 

(Figures 24d and 26d). These differences may represent the species' 

differential growth response to climate or disturbance. 

Some of the low frequency trends in the reconstructed climate series 

may be reflected in the mean growth patterns of the two species in my study 

plots. The foxtail pine show an extended period of low growth from 1250 into 

the late 1300s (Figure 22a). However, the lowest growth occurs from about 



6 2  

1325 to 1375 rather than during what may have been a severe drought just 

before 1300 (Figure 27a). The extended period of below average precipitation 

in the late 1500s (Figure 27b) may be reflected in the well-below average 

growth of both foxtail and, especially, lodgepole pine (Figure 22). Although 

lodgepole pine radial growth is lower than average in the 1800s (Figure 22b), 

the reconstructed temperature and precipitation series do not show any 

severe or extended deviations from normal during that time (Figure 28). 

Differences between reconstructed climate trends and growth patterns are not 

unexpected, as various stand processes are likely affecting tree growth in my 

study plots. 

Many subtle similarities and differences in growth patterns among 

plots cannot be distinguished. However, obvious variations in growth 

response timing and magnitude exist among index chronologies from 

different plots. This result emphasizes the importance of local processes on 

tree growth that might also affect the population dynamics of foxtail and 

lodgepole pine in the subalpine forest. 

4.3.4 OTHER DISTURBANCE 

Variation in other disturbance factors may also affect recruitment of 

the two pines in the area. A study of historical change in the subalpine zone 

of the Sierra Nevada indicates that no lodgepole pine reproduction occurred 

from 1865-1900 in some forest and meadow stands in the Kern River drainage 

(Vankat and Major 1978). This time period coincides with a period of sheep 

grazing that may have inhibited seedling establishment by herbivore damage 

on young conifers and/or trampling (Vankat and Major 1978). 
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In addition to grazing, recurrent fires set by sheepherders may have 

resulted in little tree regeneration in the Rock Creek area (Vankat and Major 

1978). Sudworth (1900, cited in Giffen et al. 1970) specifically noted heavy use 

of the Rock Creek area by sheepherders until 1900. He cites intense grazing 

damage, including denudation of some meadows, and a bridge built across 

Rock Creek, again implying heavy use. The effect of sheep can be pronounced 

in these fragile areas. The process of grazing and trampling destroys sod and 

denudes meadows, increasing erosion and subsequent lowering of the water 

table can occur, and meadow vegetation cannot re-establish naturally (Giffen 

et al. 1970). An extreme example of the result of these processes is the 

Siberian Outpost area, which is nearly completely devoid of vegetation. 

Little or no recruitment of lodgepole or foxtail pine occurred between 

1870 and 1900 on any of the 10 plots I studied (Figure 2). Whether grazing 

affected forested areas as much as the meadows and if the upper Rock Creek 

area was under the same intense grazing pressure is unknown. Severe 

drought frequency was low and climate reconstruction does not indicate any 

long term anomalies during this time period (Figure 28). Therefore, grazing 

and/or growing season frost events may explain the lack of regeneration in 

the late 1800s, but the effects of the two factors cannot be separated. 
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CHAPTER 5 - CONCLUSIONS 

Age structure of lodgepole and foxtail pine in the southern Sierra 

Nevada subalpine forest varies over space and time. Spatial differences in 

recruitment patterns occur on small scales (0.1 ha), indicating that local 

processes may be important in subalpine forest population dynamics. 

Variation that occurs on larger scales may be due to factors associated with 

species composition. Lodgepole pine growing in single-species plots have 

pulsed patterns of recruitment, a more steady recruitment pattern was found 

in single-species foxtail pine plots, and mixed-species plots had an 

intermediate pattern of recruitment. 

The age structure of lodgepole pine growing on single-species plots was 

more affected by fire disturbance than the other species composition types. 

Trees that regenerated after a fire in 1729 created an area of nearly single-

cohort lodgepole pine. Fires in 1729 were also recorded in fire-scarred trees in 

three other plots within 0.8 km, which suggests a single fire event that spread 

rather than four separate ignitions. This fire may have started in the lower 

Rock Creek meadow area and spread up the Rock Creek drainage burning in 

patches of varying intensity. Spread of such low-intensity fire in the open-

forest of the subalpine zone may indicate conditions such as above average 

precipitation (as evidenced in the climate reconstruction) favoring the 

presence of abundant fuel prior to the dry period when fire occurs. Although 

the events may occur infrequently, fires of this extent have not been 

previously documented in the subalpine forest. 
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As single-species lodgepole pine stands without fire evidence were not 

found in the study area, a positive feedback interaction of fire and lodgepole 

pine type may exist. Lodgepole pine in the Sierra Nevada may be more 

adapted to burn and to subsequent site re-establishment than foxtail pine. 

Alternatively, lodgepole pine may occupy sites with greater moisture 

availability, and these areas are then more likely to burn. However, 

lodgepole pine is also able to persist in mixed-species plots without fire, 

although foxtail pine dominated in basal area in these mixed-species plots. 

Although fire disturbance does not directly affect foxtail pine age 

structure, fire may play an indirect role in the population dynamics of foxtail 

pine. The single-species foxtail pine plot with the greatest amount of fire 

evidence also had the largest number of recently recruited trees. Mature tree 

mortality was likely associated with a fire in 1737 and increased regeneration 

occurred sporadically over the 250 years since the fire in areas that may have 

been opened by the fire. Mortality from fire may decrease competition for 

water or fire may make normally limited nutrients available for new tree 

establishment, as well as for increased growth of surviving mature trees. 

This type of growth release occurred in the plot mean ring-width index 

chronology for over 50 years following the fire in 1737. 

Fire disturbance is probably not responsible for permitting the 

coexistence of foxtail and lodgepole pine in the subalpine forest. However, 

fires of varying intensity may be responsible for maintaining a patch mosaic 

of different species composition types. Fire disturbance may also be an 

important mechanism for nutrient cycling in the dry subalpine environment 

where decay of limited organic material occurs slowly. Even small-scale, low-
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intensity fires may make nutrients more available for both tree growth and 

regeneration. 

Other local processes may influence population dynamics on a small 

spatial scale. Spatial distribution of subalpine trees is random for most plots, 

indicating a lack of competition for horizontally distributed resources. Light 

is not limiting in the open-forest type. However, moisture, which may not be 

horizontally evenly distributed, in this dry environment may be an 

important factor limiting subalpine tree growth and regeneration. 

In addition to spatial variation, the age structure of foxtail and 

lodgepole pine also revealed temporal differences in patterns of recruitment. 

Recruitment of both foxtail and lodgepole pine was markedly absent from all 

plots during the periods 1300-1350, 1550-1600, and 1870-1900. Several factors 

may be responsible for limiting regeneration during these time periods. 

Climate reconstruction series show a 20-year period of abnormally low 

winter precipitation coincident with high summer temperatures just before 

1300. Also, 1260-1360 was a period with a high frequency of extreme droughts 

as inferred from giant sequoia tree-ring chronologies. Both an extended 

period of conditions favoring drought and a larger number of extreme 

drought events may have severely limited moisture available to establishing 

subalpine trees. In what is normally a dry environment, these anomalous 

conditions may have exacerbated the water limitation problem and may have 

eliminated a large number of young seedlings and saplings. 

The period from 1500-1600 is characterized by a decade of abnormally 

cool summers as well as a 40-year period of below-normal, but not extreme, 

winter precipitation, as reconstructed from tree rings. Again, this period also 
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coincides with one of the periods of the highest extreme drought frequencies 

based on records from giant sequoia trees. Included in this period is the event 

in 1580, which is thought to be the most extreme drought in the 2000-year 

giant sequoia record. In addition, the most frequent, and probably the most 

severe, frost event was recorded as a frost ring in the year 1601. One, or a 

combination of several, of the above climatic factors may have killed trees 

that would have reached recruitment age between 1550 and 1600. 

Reconstructed temperature and precipitation series during the period 

from 1870-1900 do not show obvious anomalies. Also, this time period 

coincides with the lowest drought frequency period in the giant sequoia 

record. However, two of the major growing season frost events occurred just 

prior to, or during this period. In addition, historical accounts reveal that 

heavy sheep grazing occurred in the area in the late 19th century. The 

susceptibility of seedlings to frost damage, and/or herbivory and associated 

effects of grazing, may have contributed to the absence of subalpine tree 

regeneration. 

A complex combination of climate, fire, and other disturbances, 

probably interact in controlling lodgepole and foxtail pine population 

dynamics in the study area. The information provided by this research helps 

to improve the understanding of processes that may control the structure of 

the subalpine forest community in the southern Sierra Nevada. Only by 

gaining a clear understanding of the interactive relationships of fire 

disturbance, climate, and forest dynamics can we anticipate the changes likely 

to occur in this climatically-sensitive, upper-treeline forest ecosystem in the 

face of future climate change. 
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Figure 4. Recruitment distributions of foxtail pine growing on single-species plots, 
(a) FBI and (b) FB2. Four trees in each of plots FBI and FB2 recruited before 
1000 AD are excluded. 
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Figure 5 (cont). Recruitment distributions of both species growing on mixed-
species plots (c) MNl and (d) MN2. 
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Figure 18. Map of plot MB2 and corresponding recruitment distribution. Open circles represent lodgepole pine, 
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Figure 27. Low-pass filtered winter precipitation (solid line) and summer 
temperature (dashed line) series for the periods (a) 1250 to 1300 and (b) 1500 to 
1600 as reconstructed from southern Sierra Nevada subalpine tree-ring data. 
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Figure 28. Low-pass filtered winter precipitation (solid line) and summer temperature (dashed line) series for the 
period 1000 AD to present as reconstructed from southern Sierra Nevada subalpine tree-ring data. 
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Table 1. Plot types sampled and corresponding plot identification code. Refer to Figure 1 
for plot locations. 

SPECIES COMPOSITION RECENT FIRE EVIDENCE PLOT CODE 

lodgepole pine (L) yes (B) LB1, LB2 

no (N) * 

foxtail pine (F) yes (B) FBI, FB2 

no (N) FN1, FN2 

mixed foxtail pine and yes (B) MB1, MB2 

lodgepole pine (M) no (N) MN1.MN2 

*single-species lodgepole pine plots without fire evidence were not found in the study area. 
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Table 2. Spatial pattern analysis results using Clark and Evans (1954) nearest neighbor test 
with Donnelly (1978) modification. ra= mean nearest neighbor distance (m); n=number of 
trees; re=expected distance (m) to nearest neighbor corrected for absence of boundary strip; 
R=index of aggregation (ra/re) where l=random, 0=clumped, 2.15=regular; p-value is the 
probability of randomly obtaining a value equal to or more extreme than R. 

PLOT ra n re R P 

LB1 2.20 47 2.48 0.887 0.1770 

LB2 1.92 46 2.50 0.766 0.0054* 

FBI 4.07 18 4.20 0.968 0.8180 

FB2 2.99 33 3.00 0.996 0.9680 

FN1 4.45 18 4.20 1.060 0.6600 

FN2 3.24 20 3.96 0.818 0.1646 

MB1 3.52 24 3.57 0.984 0.8966 

MB2 5.38 17 4.34 1.239 0.0910 

MN1 3.65 29 3.22 1.134 0.2112 

MN2 4.33 23 3.66 1.183 0.1310 



Table 3. Number and percent standing dead and approximate mortality dates from cored 
standing dead trees on each plot. 

PLOT # STANDING DEAD % STANDING DEAD MORTALITY DATES 

LB1 4 8.5 — 

LB2 4 8.7 1529, 1547, 1555, 1681 

FBI 4 25.0 — 

FB2 8 24.2 1603, 1714, 1726, 1874 

FN1 4 22.2 1600,1752 

FN2 1 5.6 --

MB1 5 18.5 - -

MB2 1 5.6 1717 

MN1 2 6.9 ~ 

MN2 3 13.0 1645, 1897, 1966, 
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Table 4. Basal area (BA) (m^/ha) of all study plots. Numbers in italics for each mixed plot 
are added to get total BA. 

TOTAL FOXTAIL LODGEPOLE MEAN 
PLOT # TREES BA BA BA TOTAL B A 

LB1 43 52.29 - 52.29 lodgepole 

LB2 42 48.88 ; 48.88 50.6 

FBI 12 63.32 63.32 

FB2 25 40.61 40.61 

FN1 14 59.80 59.80 - foxtail 

FN2 17 81.48 81.48 ; 61.3 

MB1 22 54.15 32.37 21.79 

MB2 17 58.30 32.39 25.92 

MN1 27 35.59 21.40 14.19 mixed 

MN2 20 47.41 30.32 17.09 47.2 
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Table 5. Site data for all study plots. Elevation is given in meters. 

PLOT ELEV % SLOPE ASPECT % ROCK COVER % VEG COVER 

LB1 3330 2 320° 15 <1 

LB2 3340 5 300° 20 10 

FBI 3350 5 300° 40 1 

FB2 3330 12 220° 20 <1 

FN1 3390 2 

O OO <N 

35 3 

FN2 3320 5 256° 20 2 

MB1 3345 10 290° 38 3 

MB2 3355 2 175° 20 6 

MN1 3390 4 145° 35 2 

MN2 3320 6 160° 30 <1 
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Table 6. Fire dates from fire-scarred trees. Number in parentheses indicate the number of 
trees scarred in that year. 

PLOT YEAR OF FIRE 

LB1 1729 (3), 1892 (1) 

LB2 1578 (1), 1729 (4) 

FBI 1729 (1) 

FB2 1737 (2) 

MB1 1729 (2) 

MB2 1826 (2) 
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Table 7. Frost ring occurrence by plot Frost ring frequency is the mean number of frost 
rings per 100 years. 

PLOT 
% TREES WITH 
FROST RINGS 

FROST RING 
FREQUENCY 

LB1 51.2 0.31 

LB 2 19.4 0.19 

FBI 16.7 0.00? 

FB2 42.1 0.24 

FN1 75.0 0.17 

FN2 82.4 0.11 

MB1 40.9 0.20 

MB2 70.6 0.20 

MN1 35.7 0.14 

MN1 5.3 0.01 

all lodgepole pine 40.2 0.23 

all foxtail pine 40.5 0.13 
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