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ABSTRACT


   Dendrochronology focuses on the relationship between a tree’s growth and its environment and thus investigates interdisciplinary questions related to archaeology, climate, ecology, and global climate change.  In this study, I examine the growth of two forms of bristlecone pine (Pinus longaeva): strip-bark and whole-bark trees from two subalpine adjacent sites: Patriarch Grove and Sheep Mountain in the White Mountains of California. Classical tree-ring width analysis is utilized to test a hypothesis related to a proposed effect of the strip-bark formation on trees’ utilization of atmospheric carbon dioxide. This effect has grown to be controversial because of the dual effect of temperature and carbon dioxide on trees’ growth. The proposed effect is hypothesized to have accelerated growth since 1850 that produced wider rings, and the relation of the latter topic to anthropogenic activities and climate change. An interdisciplinary approach is taken by answering a question that relates temperature inferences and precipitation reconstructions from the chronologies developed in the study and other chronologies to Native Americans' subsistence-settlement patterns, and alpine villages in the White Mountains. Strip-bark trees do exhibit an enhanced growth that varies between sites. Strip-bark trees grow faster than whole-bark trees; however, accelerated growth is also evident in whole-bark trees but to a lesser degree. No evidence can be provided on the cause of the accelerated growth from the methods used. In the archaeological study, 88% of the calibrated radiocarbon dates from the alpine villages of the White Mountains cluster around above average precipitation, while no straightforward relationship can be established with temperature variations. These results confirm that water is the essence of life in the desert. 

CHAPTER ONE


INTRODUCTION


   Tree-ring analysis has been widely used in other disciplines to solve questions related to archaeology, climatology, plant physiology, and ecology. (Dean et al. 1985; Fritts 1969; Hughes 2002). This interdisciplinary application relies on a major principle of dendrochronology: absolutely dated tree rings contain the record of the response of trees to aspects of their surrounding environments. One important subdiscipline is dendroarchaeology, which uses tree rings from archaeological wood dated against previously developed master chronologies in order to establish a relationship between trees’ cutting dates and periods of construction and use of structures. However, such an application is confined to the presence of archaeological wood and an established tree-ring chronology from the surrounding area. In this research, I provide a new approach to the applications of dendroarchaeology in the Great Basin of the Western United States. This interdisciplinary approach involves the synthesis of four major disciplines, dendrochronology, ecology, climate, and anthropology to better interpret the tree growth-climate relationship and connect it with prehistoric subsistence-settlement patterns in the White Mountains of California. 


   Tree-Ring Growth:


   Tree growth at the upper forest border is related to environmental (external) and physiological (internal) factors. Environmental factors include temperature, light intensity, soil properties, and precipitation. Internal factors are growth regulators and physiological processes like CO2 assimilation, nutrient absorption, and water conductivity (Larcher 1995; Rocha et al. 2006; Taiz and Zeiger 1998; Tranquillini 1979; Wilson 1984) (Figure 1). 











Figure 1. A simplified box-model of the relationship between a tree and its environment. The use of CO2 and photosynthetically active radiant energy through photosynthesis provides support for maintaining the shoot and root system. Water and nutrient uptake happens through the root system as water provides the medium through which photosynthesis takes place. 


   Photosynthesis represents the link between the surrounding environment and tree growth. This process of converting light energy into chemical compounds is governed mainly by two factors, CO2 concentration and light intensity (Kozlowski and Pallardy 1996). The exchange of CO2 between the atmosphere and the plant cell takes place by diffusion and mass flow. This process is described by Fick’s Law of Diffusion:


dm/dt= -D.A.dC/dx …….(1)

   The diffusion rate (quantity displaced, dm, in the time interval, dt) depends on the constant D (D is the solutions resistance for a matter diffusing through it and depends on the solution’s physical characteristics). The greater the substrate concentration gradient dC/dx, in the direction of diffusion, x, the greater the exchange rate A. Fick’s Law can be simplified in terms of plant exchange as: 


J= ΔC/ Σr …….(2)

where J is the diffusion flux, ΔC is the CO2 concentration gradient between the ambient air and the reaction site in the cell, and Σr are the factors that resist the diffusion process, such as stomata conductance and hydraulic conductivity (Larcher 1995; Taiz and Zeiger 1998).     


   The enhanced growth of plants under artificially elevated CO2 concentration is generally referred to as the CO2-fertilization effect (Hunsaker et al. 2000; Schulze 2001). Theoretically and under elevated CO2 content, C3 plants’ yield production will increase only under drought conditions (Larcher 1995; Long et al. 2006; Schimel 2006). Moreover, C3 plants need 1000 µll-1 CO2 in order to reach CO2 saturation. The level of compensation (saturation) in C3 plants depends on the intensity of irradiation (higher values in weak light), on temperature (higher compensation points with increasing temperature), on nutrient content of soil moisture, and on duration of growth season (Larcher 1995; Rocha et al. 2006; Taiz and Zeiger 1998). Tree-ring width variability is related to photosynthesis rate and carbon assimilation (Fritts 1976). 

   LaMarche et al. (1984) observed an increase in tree-ring widths after 1885 in high elevation bristlecone pines (Pinus longaeva and Pinus aristata, Bailey 1972) in California, Nevada, and Colorado, and Graybill and Idso (1993) examined average tree-ring width in samples of P. longaeva from Patriarch Grove (3300m) in the White Mountains of California (Figure 2) to test the difference in growth trends over the last 400 years between “strip-bark” and “whole-bark” trees. Strip-bark is an observed phenomenon in some species in which the bark has died back from most of the tree's circumference, leaving a strip of living cambium and bark that usually extends along the protected leeward side of the trunk (Beasley and Klemmedson 1980; Kelly et al. 1992; LaMarche 1969; Larson et al. 1993; Matthes et al. 2002;  Schauer et al. 2001; Schulman 1954; Wright and Mooney 1965). Graybill and Idso concluded that strip-bark trees grew at a faster rate over the last 150 years than whole-bark trees. They hypothesized that the observed growth trend is the result of differential allocation of carbon to cambial activity and focused on correlating thirteen examples of each form of bark trees with regional temperature and precipitation to isolate the cause of the upward trend. They reported a higher significant correlation, although not specified, between whole-bark and regional temperature than between strip-bark and regional temperature. The literature is divided on whether the cause of the upward trend is restricted to strip-bark trees due to the differential allocation of carbon to cambial active area (bark) (Graumlich 1991; Graybill and Idso 1993) or as a response to elevated  CO2 (LaMarche et al. 1984) or temperature and thus Global Warming (Stockton 1986).  It is important to note here that, at the global scale, atmospheric CO2 concentrations have nearly doubled since the beginning of the Industrial Revolution, increasing from 220 ppm in 1885 to 380 ppm in 2000 (IPCC 2001).  On the regional scale, the western United States had experienced an increase in temperature (IPCC 2001) as well, and therefore two important variables in tree’s growth have changed.  


   Therefore, in this study, I propose to test the following hypotheses and subsequently answer a question related to the applications of dendrochronology to archaeology. The hypotheses are: 

H1: strip-bark trees and whole-bark trees have experienced enhanced growth within the past 400 years


H2: The growth rate of strip-bark trees is different from whole-bark trees for the same period of time


H3: Tree-ring widths of each group have a greater variability (i.e., higher standard deviation) in the last 30 years 


H4: Strip-bark trees might be responding to a different climate parameter than whole-bark trees, and, therefore, a temperature signal might be detected in the whole-bark tree-ring widths. 


   The question to be answered is: In light of the data presented in the tested hypothesis, i.e., temperature reconstruction from tree-ring widths, could a paleoclimatic model based on tree-ring analysis of bristlecone pine be used to explain archaeological subsistence- settlement patterns in the White Mountains of California.  




Figure 2. Location of the White Mountains of California in relation to San Francisco and Los Angeles. 


LITERATURE REVIEW


   General Introduction 


   The CO2 fertilization hypothesis proposes that plants will grow faster under elevated atmospheric CO2 concentrations; that accelerated growth might take many forms like increase in underground root mass, increase in foliage, and increase in cambial activity and thus tree-ring width (e.g., Constable et al. 1999; Hunsaker et al.  2000; Idso 1999; Kimball et al. 1999; Laitinen et al. 2000; Larcher 1995; Medlyn et al. 2001; Norby et al. 2001; Saxe et al.  2001; Schulze 2000). Because atmospheric CO2 concentration nearly doubled since 1885 due to fossil fuel gas emissions (IPCC 2001), plant biomass should have increased during that period. Based on this relationship, LaMarche et al. (1984) explained the observed increase in tree-ring widths of bristlecone pine from Nevada, Colorado, and California as an increase in biomass due to elevated CO2  (Figure 3 illustrates the increase in CO2 concentrations since 1960 as derived from instrumental measurements) .
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Figure 3. Atmospheric CO2 concentrations (ppmv) derived from in situ air samples collected at Mauna Loa Observatory, Hawaii. Source: C.D. Keeling T.P. Whorf and the Carbon Dioxide Research Group Scripps Institution of Oceanography (SIO), University of California, LaJolla, California, USA 920 93-0444, data collected until May 2005. 






   LaMarche and colleagues were the first to address the CO2 fertilization phenomenon in a dendrochronological context.  They argue that the wider tree-rings are related to decreased atmospheric pressure and thus the density of air with increasing elevation.     Under such conditions, the partial pressure of CO2 per unit volume of air also drops (LaMarche et al.1984: 1019), thus making CO2 the limiting factor for growth instead of temperature the prominent growth limiting factor at upper tree-line (Fritts 1969; 1976). LaMarche et al. based their hypothesis on Gale’s (1972, 1986) calculations of the decrease in partial pressure of atmospheric gas with increased elevation.  


   In a response to LaMarche et al’s 1984, Gale (1972, 1986) overemphasized the effect of low leaf temperature, and how it might have contributed to the observed increase in tree-ring widths. Leaf temperature is a major regulator of the photosynthetic pathway, and a few degrees difference as little as 1-2°C can enhance or inhibit enzymes involved in the photosynthetic pathway and thus increase nutrient uptake (Larcher 1995). A good inference from LaMarche et al.’s (1984) research is that most of the trees that were used in his study exhibited the dieback effect for one reason or another. Dieback involves cambial cell loss from one side of the tree without a full distribution of the tree’s physiological activities; thus, a tree maintains growing on one side while the other is dead (Schulman 1954). Graybill and Idso (1993) shed some light on the effect of strip-bark formation on a tree’s growth by comparing relatively small samples of strip-bark and whole-bark trees with temperature and tree-ring density from other tree populations. They aimed to determine possible differences in response between the two groups of trees to climate. Since their research involved dendroclimatic reconstruction rather than growth response to the strip bark condition, the small sample size was not detrimental to their study. 


   On regional and global scales, the increase in tree-ring widths after 1885 is obvious in other subalpine pine stands in the Great Basin (Graybill and Idso 1993; Feng 1999; LaMarche et al. 1984; Salzer 2000). The phenomenon is also evident in northern European subalpine biomes - e.g. southern Finland, Norway, and Russia’s Kola Peninsula-during variable periods of the 20th century especially into the 1970s and 1980s (Arovarra et al.1984). Explanations for this increase in tree-ring widths vary, with some researchers attributing it to climatic change and pollutants (Spieker et al. 1996) and others to increased CO2 (Hari and Arovarra 1988). 


   The literature also provides examples of tree-ring series that show no positive trend in ring widths after 1885. However, there are fewer of these studies than those that show increased growth. The geographically closest example of the lack of trend is provided by Graumlich’s (1991) analysis of five tree-ring series from foxtail pine (Pinus balfouriana), a species similar to BCP (Bailey1970), lodgepole pine (P. murrayana), and western juniper (Juniperus occidentalis), which showed that increased growth is not evident among subalpine conifers in the Sierra Nevada (Graumlich 1991:1). Although the White Mountains are in the lee of the Sierra Nevada, there is little difference between the two mountain ranges in elevation, prevailing winds, or temperature. Graumlich concludes that prior winter precipitation and current growth season temperature correlate with tree growth and that a nonlinear relationship between precipitation and temperature and tree-ring widths might be occurring. Other subalpine trees in Chile and high latitude trees in northern Finland show a decrease rather than an increase in growth since 1885 (Innes et al. 2000; Nojd and Reams 1995; Timonen 2002). In these studies, the authors attribute the decrease in growth trend to increased nitrogen and pollutant deposition (Nojd and Reams 1995), or to unknown factors (Innes et al. 2000; Timonen 2002). 


   Effects of Climate


   Climate and other environmental factors govern tree-ring growth (Fritts 1972, 1976; LaMarche 1975). Fritts 1976 provides a comprehensive illustration on the effect of climate on tree’s growth. Climatic factors include temperature, precipitation, soil moisture, and prevailing winds (Fritts 1976), while other factors include soil moisture, fire history, nutrient availability, and parent-rock material (Fritts 1976; LaMarche 1975; Taiz and Zeiger 1996). The degree to which these parameters affect tree growth varies mainly with microsite characteristics, elevation, and whether an area is mesic, arid, or semiarid. Trees respond to annual climatic variation by changing radial growth rates, while decadal responses are expressed in phenotypic alterations (e.g., krummholz vs. normal growth) and tree-ring widths (Fritts 1976). In general, summer temperatures have been the most limiting factor on higher elevation tree growth (Briffa et al. 1992; Graumlich 1991; Hughes and Graumlich 1996; LaMarche 1974) as long as enough soil moisture is available (Graumlich and Lloyd 1997; Lloyd 1997).  Lower forest border bristlecone and foxtail pine trees respond mainly to variation in previous summer and fall and current late spring precipitation (Hughes and Funkhouser 1998; Hughes and Graumlich 1996; LaMarche 1974).  

   Effects of Carbon Dioxide  


   In general, plants respond to elevated atmospheric carbon dioxide by various mechanisms: acclimatizing by reducing stomatal number and leaf area (Van de Water 1994), coordination of leaf stomata and mesophyll (Wong et al.1979), functional changes in plant biomass without allocation of carbon to different parts of the plant (Vitousek et al.1997; Tang et al. 1999; Taiz and Zeiger 1998), increased water use efficiency (Feng 1999; Graybill and Idso 1993), and enhancing rubisco enzyme activity and thus of carboxylation/respiration (Larcher 1995; Taiz and Zeiger 1998). Feng (1999) estimated water-use efficiency in stands from the western United States, including some of the same stands addressed by Graybill and Idso (1993) and this study. Feng (1999) concludes that all the stands have increased water-use efficiency in response to elevated CO2. Tang et al. (1999) addressed the difference between whole-bark and strip-bark δ13C, including five trees from the same set that Graybill and Idso sampled, and concluded that whole-bark trees might be allocating more carbon to roots to maintain foliage. Strip-bark trees might be following the same procedure but to a lesser extent. Leavitt and Long (1992) measured elevation differences in δ13C values from the same stands. However, their sampling strategy included only whole-bark trees for the sake of isotopic signal homogeneity. More recently, Bunn et al. (2003) and Bunn et al. (2005) used spatial analysis techniques and addressed the differences and similarities of growth distribution of foxtail pine trees that exhibited strip-bark and whole-bark formations from the Eastern Sierra Nevada. They related the growth to abiotic factors like elevation, slope, and nutrient availability. In Bunn et al. (2003), an evident difference between strip-bark and whole-bark trees’ growth was addressed, however, and, based on biotic factors like the rate of gas exchange and carbon dioxide assimilation in relation to the 2005 study methods, they were unable to detect a difference between the two groups of trees and concluded that the methods might have an effect on the results. 

   Effects of Nutrients and Pollutants


   Trees show variable responses to air pollution according to their elevation and their distance from the source of pollution (Feng 1999). Pollution might affect internal carbon (Ci) concentration relative to atmospheric carbon ratio (Ca) and δ13C in plants by inhibiting photosynthesis and adjusting stomatal conductance (Feng 1999; Larcher 1995) or by increasing Ci/Ca ratio depending in the concentration of air pollutants (Feng 1999; Graybill 1987, 1990). The post-1850 increase in tree growth is evident in trees distant from any source of pollutants like NOx (Graumlich 1993; Graybill and Idso 1993; Hughes and Diaz 1994; Idso 1999; Innes et al. 2000; LaMarche et al. 1984; Schulze 2000; Speiker et al. 1996).


   The effects of air pollutants emphasize the importance of measuring and comparing 

 δ13C and δ15N in both leaves and wood and of examining their variability in relation to atmospheric deposition. The effects of pollution also point out the importance of measuring soil nutrient content and nutrient availability for the plant. Pollutants will be deposited from the atmosphere to the soil and thus affect soil nutrients and mineral content. Foxtail pines in the Sierra Nevada, for example, are subject to pollution carried by the wind from areas of central and southern California that have experienced high population growth and elevated automobile emissions (Heaton 1990; Bytnerwicz and Fenn 1999). Changes in the nitrogen content of leaves and wood have not been related to changes in δ15N in bristlecone or foxtail pine. 


   Nitrogen stable isotopes have been used intensively in ecosystem studies (Aber et al.  1989, 1998; Binkley and Reid 1985; Hogberg and Johanisson 1993; Johanisson and Hogberg 1994; Nadelhoffer and Fry 1994; Nommik et al.1994; Schulze 2000; Vitousek et al. 1989). Of particular importance is the impact of high nitrogen deposition due to intensified industrial and agricultural activities and their possible effects on forest ecosystems. The use of δ15N to study the response of plant ecosystems could reflect the increase or decrease in plant uptake due to increased fertilization effects induced by elevated nitrogen from industrial and agricultural activities. The western United States is experiencing different nitrogen saturation levels due to differences in soil chemical components, which make the soil susceptible to nitrogen saturation more rapidly than expected (Bytnerowicz and Fenn 1996). Short-term impacts are addressed by measuring the effect of large amounts of acid rain deposition and fertilization on soil characteristics and nitrogen availability for plant uptake (Aber et al.1989, 1998; Hattenschwiler et al.1996), while long-term effects are measured by the impact of sustained applications on an ecosystem. The longest effect measured is 20 years (Hogberg 1991). However, the use of nitrogen stable isotopes, or δ15N/δ14N ratio, coupled with carbon isotope measurements in tree-rings, is less commonly addressed in the literature (Hattenschwiler et al. 1996; Poulson et al. 1995). Poulson et al. (1995) is the first study that addresses the use of the δ15N in whole wood from tree-rings for the reconstruction of atmospheric nitrogen deposition in North America, in particular the east coast. Poulson et al. measured δ15N of tree rings for two eastern hemlocks (Tsuga canadensis, subdivision Gymnosperma the same subdivision as bristlecone and foxtail pine (Hoadley 1998)) near Hanover, New Hampshire. The δ15N-values of tree rings ranges from –0.1 to +6.8‰. Time series plots of both trees showed a sequential decrease in δ15N from the 1960s to 1992 (the year of tree’s death) with a sharp peak in the death year. Possible explanations include a decrease in nitrogen availability or isotope fractionation accompanying translocation (Poulson et al. 1995). Hattenschwiler et al. (1996) address the effect of elevated CO2 coupled by the addition of wet nitrogen at three different concentrations of 280, 420 and 560 cm3 CO2 m-3; and 0, 30 and 90kg N ha-1 year-1 respectively for three consecutive years. Results demonstrated variable responses by different parameters to both the intake of atmospheric CO2 and N deposition. Radial stem growth was not affected by CO2 concentration but increased with increasing rates of N deposition. Wood density increased by CO2 concentration, but decreased by N deposition. Wood starch concentration increased, and wood nitrogen concentration decreased with increasing CO2 concentrations (Hattenschwiler et al. 1996:1369). 


   In summary, the literature specifies the importance of addressing many factors in order to separate the effect of CO2 from climate and identify the primary contributors to tree growth at the upper tree-line (Briffa and Osborn 1999; Jasienski et al.1998; Junlong et al. 2002). These factors are abiotic such as bark condition (strip-bark vs. whole-bark), elevation, substrate, slope, and prevailing winds; and biotic such as increase in water use efficiency and increase in nutrient uptake adjustment in the Ci/Ca ratio. Effects of some abiotic factors (e.g., elevation) have been tested by statistical analysis, e.g., standardization of tree-ring widths (Fritts 1969, 1976; Jacoby and D`Arrigo 1989; LaMarche 1974), while the increase in water use efficiency and the adjustment in the Ci/Ca were addressed by carbon stable isotope analysis (Feng 1999; Leavitt and Long 1991). Stable isotope analyses have proved efficacious in representing tree response to elevated CO2 concentrations under controlled and uncontrolled conditions; however, high cost limits their use, especially when a large number of samples is included. The use of resin capsules to measure nutrient availability to plants is also feasible (Sheppard et al. 2001); however, its cost also remains a constraint when large numbers of trees are sampled.  Therefore, it is impossible to address all of these factors in one small research project.  


   Archaeology, Tree-Ring Analysis, and Climate Variability


   Archaeologists are recognizing that prehistoric human populations have been a significant variable in the operation of past Californian ecosystem processes and, conversely, they have acknowledged that a changing environment constantly varied the constraints and opportunities for prehistoric cultural adaptation.  Because of this, the analysis of archaeological sites and their geographical distribution must take the effective environment into consideration. The study of the interaction between human behavior and demography, as interpreted from the archaeological record, and components of the environment is the interdisciplinary approach of landscape archaeology that focuses on creating a picture of human activity on a regional scale by imparting environmental and temporal dynamics to the otherwise static spatial distribution of archaeological sites (Anchuetz et al. 2001; Dean et al.1985; Frederick 2001). Anchuetz et al. (2001) and Frederick (2001), in particular, point out the importance of three factors for carrying out a landscape approach in archaeology including: a high resolution climate proxy record, precise dates of archaeological sites, and well documented land use patterns. In this article, climate reconstructions based on bristlecone pine (Pinus longaeva) tree-ring chronologies are used to help understand part of the prehistoric human subsistence-settlement patterns practiced by residents of the Owens Valley region of California between (A.D.1000 - A.D.1850). 


   Archaeological investigations in the White Mountains above the Owens Valley have revealed a pattern of human occupation that was unusual for the Great Basin (Bettinger 1991).  People had constructed substantial dwellings in the often harsh conditions of the subalpine and alpine zone of the arid mountains throughout much of the summer. A comparison of the temporal distribution of radiocarbon ages for the high elevation settlements and the temporal variability of reconstructed precipitation and temperature identified a correspondence between them. The problem is to explain that correspondence with a proposed model of the human ecosystem and to estimate the climatic limits to high elevation human occupation and the resource base on which people depended. 


   The explanation of the correspondence between a human ecosystem and how climate might have limited that ecosystem, is limited by the availability of climate data. Tree-ring chronologies can provide a proxy for reconstructing climate and settlement histories, such as is widely used in the American Southwest. There, the availability of wood that was used by Native Americans and recovered from archaeological sites has allowed widespread use of tree-ring based paleoclimatic records. Here, I illustrate a different use of the long lived bristlecone pine (BCP) tree-ring chronology to understand the limitations of climate on high elevation human occupation. Although, archaeological wood is not as abundant in the White Mountains, implementing the model was possible because of the annual resolution of the tree-ring chronologies used in this study (Ababneh 2006) and others (Hughes and Graumlich 1996, Hughes and Funkhouser 1998; LaMarche 1974; Van West 1995), supplemented by previously existing 14C dates (Bettinger 1978; 1991). Very few studies in this area link climate to archaeological changes and landscape use because of the difficulty in linking the two parameters together and the interference of many other factors (Baumhoff and Heizer 1965; Jones et al. 1999; Morato et al. 1978).  Baumhoff and Heizer (1965) showed that Great Basin societies are more sensitive to changes in water balance index than a single climatic parameter like temperature or precipitation. However, restrictions apply when attempting to calculate water balance index because of the lack of instrumental data on humidity that extend beyond the past 100 years. Therefore, I assume that precipitation is a direct indication of the water balance index. 


   Other parameters that contribute to the complexity of predicting the relationship between cultures and the environment are the 1) the rate and intensity of change in the many measurable dimensions of the environment, 2) localities of change, and 3) the way people perceive and react to environmental change. Morato et al. (1978) summarize the climatic events and the synchronized changes in archaeological sequences from the Sierra Nevada while concluding that certain cultural changes are triggered by environmental changes, even at a small scale; and they were the first to address the relations between climate and cultural changes in the study region. Jones et al. (1999) provide the most comprehensive study of the possible relation between drought periods and demographic changes in the region. Nonetheless, there is a need for studies that address the effects of climate on cultural changes regardless of whether it has a direct cause and effect relationship. Such kind of studies can not materialize unless enough archaeological dates and climatic information are available. 


   In conclusion, the issue of whether strip-bark or whole-bark trees respond differently to rising CO2 levels remains in doubt due to the need to consider other factors that govern tree growth and the need for greater sample depths than that used by Graybill and Idso (1993) and Tang et al. (1999). More work is needed that employs a wider array of potentially important dichotomous variables like strip-bark vs. whole-bark, high vs. low elevation, one substrate vs. another, carbon exchange, etc. In this research, I address the effect of one variable, the absence or presence of strip-bark, on tree-ring growth; test the potential for a significant temperature related response between both groups of trees (strip-bark and whole-bark trees); and, using an interdisciplinary approach, establish the relationship between climate variability, as predicted from the developed tree-ring chronology, and seasonal movements of prehistoric Native Americans in the White Mountains.  

   Overview of the Research


   This research presents new 1000-year long chronologies from the bristlecone pine in the White Mountains based on a highly replicated sample of trees from two forms of growth, strip-bark and whole-bark, from two adjacent sites, Patriarch Grove and Sheep Mountain. This study is the first to combine highly replicated samples from the two forms of growth into two separate chronologies that will be made available online in the International Tree-Ring Library Bank after December 2006. The chronology extends from A.D. 1071 – 2003. The bristlecone pine chronologies from the White Mountains, CA are remarkably important in the field of dendroclimatology for their length and proven reliability in precipitation reconstruction (Hughes and Funkhouser 1998) and other climate related investigations (Hughes 2002; Hughes and Funkhouser 2003). 

   I use the newly constructed chronologies (strip-bark and whole-bark) to test the hypothesis of a relationship between seasonal movements of Native Americans in the White Mountains and climate. Therefore, the focus of research is an interdisciplinary approach that brings dendroclimatology, ecology, and archaeology together to test several hypotheses that relate to tree ecophysiology, dendroclimatology, and cultural ecology. Establishing separate tree-ring chronologies for strip-bark trees and whole-bark trees was necessary to address the question of whether the enhanced growth is restricted to strip-bark/whole-bark formation or both of them. Hypothesis testing for a significant correlation between temperature and tree-ring widths from the newly established chronologies (Ababneh 2006, this dissertation) was unavoidable in order to use the chronologies to address the question related to subsistence-settlement patterns in the White Mountains. A clear relationship between the collected samples' tree-ring widths and both temperature and precipitation needs to be established or eliminated in order to correlate 14 C calibrated dates with periods of wet/cool, wet/hot, dry/cool, and dry/hot as established from the tree-ring record.  Data sources are: the newly constructed tree-ring chronologies (Ababneh 2006, this dissertation), the precipitation reconstruction was developed and published by Hughes and Graumlich (1996) and Hughes and Funkhouser (1998), and is on file at the World Data Center for Paleoclimatology (http://www.ncdc.noaa.gov./paleo/drought/drght_graumlich.htmplhtml). The archaeological data and 14C dates are from the work of Robert Bettinger and have been published in articles in the field of archaeology from 1978-1991. Chapter 2 in this dissertation provides an organizational overview and summaries of the included studies. 


CHAPTER TWO

  Present Study

   The methods, results, and conclusions of this study are presented in the papers that follow. The following is a summary of the most important findings in those papers. 


   Organization

   Three studies are presented here. Each is written as a separate article and was presented at a national meeting during the period of the research from 2002-2006 Pacific Climate conference 2004 and 2006 (PACLIM) American Association of Geographers 2003 and 2004 (AAG). The articles are prepared to be submitted for publication and subject to the peer review process. The first two manuscripts draw on the same data sets, i.e., the whole-bark and strip-bark chronologies from Patriarch Grove and Sheep Mountain areas. Hence there is some repetition from the first article to the second, especially in sections that address site description and standard dendrochronological methods. 

   Dendrochronological Findings

   The first article “Analysis of Radial Growth Patterns of Strip-Bark and Whole-Bark Bristlecone Pine Trees in the White Mountains of California” is formatted for submission to the peer reviewed journal Tree-Ring Research. This article is the first part of the study and pertains to classical tree-ring analysis. The study presents two thousand-year bristlecone pine tree-ring chronologies from two sites: Patriarch Grove and Sheep Mountain. Each chronology was developed using tree-ring widths following standard dendrochronological methods (Stokes and Smiley 1968; Fritts 1976). Analysis of radial growth patterns (tree-ring widths) of Pinus longaeva (bristlecone pine) was applied to answer two questions: 1. are growth patterns of strip-bark and whole-bark trees different from each other in the past 400-years (1600-2001)? 2. Do the past 30 years exhibit a different pattern of growth in comparison to the previous periods? Box-and-whisker diagrams were used to illustrate the growth pattern within the past 300 years. The chronologies were tested using t-tests on slope values from regressions of tree-ring widths and years. Obvious differences in growth rates are clear between strip-bark and whole-bark trees from both sites. The Sheep strip-bark collection illustrates a higher increase in tree-ring widths especially after 1900 in comparison with the strip-bark collection from Patriarch Grove. The past 30 years shows an unprecedented growth rate when compared to the preceding periods. No cause can be ascribed to these growth-rate changes on the basis of the analyses presented here. This study follows on the work of Fritts (1969), LaMarche et al. (1984), and Graybill and Idso (1993). 

   Tree-ring and Climate Related Growth Findings

   The second study is “The Effects of Seasonal Temperature and Precipitation on Tree-Ring Widths of Upper Elevation Strip-Bark and Whole-Bark Trees in the White Mountains, California.” This communication is prepared as a report on the primary focus of the dissertation’s flow and research plan. The transition from the first study to this one stems from the need for a temperature reconstruction from the bristlecone pine to be able to statistically correlate periods of wet /cool and dry/warm with calibrated 14C dates from the archaeological record. Therefore, the study presents the bridge between the study of differing growth rates between strip-bark and whole-bark trees (Appendix I) and the application study (Appendix III).  The study primarily follows the previous attempts of LaMarche (1974), Graybill and Idso (1993), Graybill and Funkhouser (1999), and Hughes and Funkhouser (2003) to establish a statistically significant relationship between temperature and upper forest border trees’ radial growth. This study tested the hypothesis that whole-bark trees’ growth might be responding to a different climate parameter (temperature or precipitation) than that of strip-bark trees. Therefore, a temperature reconstruction might be established based on analysis of whole-bark tree-ring widths from upper forest border at two adjacent sites in the White Mountains of California: Sheep Mountain and Patriarch Grove. Such reconstructions could be used for interdisciplinary applications of dendrochronology, e.g., archaeology. Unfortunately, it was not possible to unequivocally identify a clear climate signal with a linear relationship to radial growth, and so no reconstruction was developed. However, whole-bark tree-ring widths from the Sheep site yielded the strongest correlation with current year summer precipitation and temperature (α = 005, p < 0.005), and therefore they may be used to make inferences about summer temperature on decadal and longer time-scales as proposed by LaMarche (1974). 


   Paleoclimate Model and Archaeology Findings  


   The third study “Bristlecone Pine Paleoclimatic Model for Archaeological Patterns in the White Mountain of California,” utilizes the results from the previous three studies and integrates findings by Bettinger (1991), Steward (1938), and Morato et al. (1978). The study is the most integrative part of the dissertation. This article will be submitted to Quaternary International in the proceedings of the Pacific Climate (PACLIM) Meetings of March 2006 that focused on the effect of droughts on past cultures, which is the essence of the last study. The study may be summarized as follows: Archaeologists are recognizing that prehistoric human populations have been a significant variable in the operation of past California ecosystem processes and, as a result, they have acknowledged that a changing environment constantly varied the constraints and opportunities for prehistoric cultural adaptation. Climatic factors like temperature and precipitation play a major role in tree growth and the resulting tree-ring widths. Temperature governs tree-ring growth patterns at upper elevation subalpine trees in the presence of sufficient amount of soil moisture. The link between paleoclimate and archaeology is an evolving interdisciplinary field of study that aims to facilitate a better understanding of archaeological patterns and settlements through climatic variability and how it altered human settlements. In this research, I use a paleoclimatic model that is based on temperature inferences and precipitation reconstructions from tree-ring widths of bristlecone pine in the White Mountains of California to help explain aboriginal subsistence-settlement in alpine villages of the White Mountains. Temperature inferences and precipitation reconstructions are compared visually and statistically with calibrated archaeological 14C dates. Results suggest the importance of water availability in the frequency and intensity of settlements, as 88% of the 14C dates fall within wet periods. Two dates, A.D. 1662 and A.D. 1530, fall within drought periods, while the rest cluster around individual precipitation maxima. I provide an explanation of the observed subsistence-settlement patterns and relate those patterns with climate variability in the area within the past 1000 years.  The model presents a new approach to the applications of the long bristlecone pine chronology in understanding archaeological settlements in the Eastern Sierra Nevada.
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APPENDIX I

Analysis of Radial Growth Patterns of Strip-Bark and Whole-Bark Bristlecone Pine Trees in the White Mountains of California

Linah Ababneh, Geosciences Department and Laboratory of Tree Ring Research. The University of Arizona, Tucson, AZ 85721

To be submitted to Tree-Ring Research

ABSTRACT


Analysis of radial growth patterns (tree-ring widths) of Pinus longaeva (bristlecone pine) is applied to answer two questions: 1. are growth patterns of strip-bark and whole-bark trees different from each other in the past 400-years (1600-2001)? 2. Do the past 30 years exhibit a different pattern of growth in comparison to the previous periods? Thousand-year bristlecone pine tree-ring chronologies from two sites in the White Mountains of California, Patriarch Grove and Sheep Mountain, were developed using raw tree-ring widths. The chronologies were tested using t-tests on slope values from regressions of tree-ring widths and years. Box and whisker diagrams illustrate the growth pattern within the past 300 years. A difference in growth rate is clear between strip-bark and whole-bark trees from both sites. The Sheep strip-bark collection illustrates a higher increase in tree-ring widths, especially after 1900, in comparison with the strip-bark collection from Patriarch Grove.  The past 30 years show an unprecedented growth rate when compared to preceding periods.  No cause of the increase in tree-ring width can be assigned based on the analysis presented here. 


   Keywords: Bristlecone pine (Pinus longaeva), tree-ring width analysis (dendrochronology), slope analysis, White Mountains of California, Strip-bark

INTRODUCTION

   Dendrochronological studies that address environmental variability for long periods of time have been conducted using long lived bristlecone pine (Pinus longaeva (Great Basin) and P. aristata (Rocky Mountains) (Fritts 1969; Graumlich 1991 a & 1991 b; Graumlich and Lloyd 1996; Graybill 1987; Graybill and Funkhouser 1999; Graybill and Idso 1993; Hughes 2005; Hughes and Funkhouser, 1998, 2003; Hughes and Graumlich 1996; LaMarche 1974,1975; LaMarche and Stockton 1974; Lloyd 1996; Salzer 2000; Salzer and Hughes 2006). The two species are genetically related and were considered the same until 1972 when Bailey assigned P. longaeva a different species designation based on differences in morphological characters of its needles (Bailey, 1972). Two distinguishing features of both species are unusual longevity and the ability to survive severe environmental conditions such as frequent frost, drought, and depleted soils. Environmental stress causes the common feature of cambium disruption which resembles wounds, and leads to the formation of strip-bark and split stems (the latter is considered a modified strip-bark injury) (Larson 1994). In general, trees recover from the damage and maintain annual growth on one side while the injured side dies. This phenomenon is discussed in the literature under bark-strip, cambial dieback, or strip-bark and is identified in other lower and upper elevation species (Bailey 1972; Beasley and Klemmedson 1980; Kelly et al. 1992; LaMarche 1969; Larson 1994; Larson et al. 1993; Matthes et al. 2002; Schulman 1954; Wright and Mooney 1965). Strip-bark trees are those that have lost part of their bark; whole-bark trees are those that retain bark around the complete circumference (Figure 1). Strip-bark and whole-bark trees are commonly treated as a single group of trees when used to study climate variability, although most of the tree-ring chronologies would be based on strip-bark trees because of the need for longer records (e.g., Hughes and Funkhouser 2003) for ecological interpretations and the study of global climate changes (e.g., Graumlich 1991; Graybill and Idso 1993; Graybill and Funkhouser 1999; LaMarche et al. 1984).  Characterization of the strip-bark effect on tree-ring growth patterns allows the assessment of the effect on radial growth (LaMarche et al. 1984; Peterson 1991). The effect of strip-bark on the radial growth of trees became controversial as a contributing factor in the post-1860 increase in tree -ring widths (Graumlich 1991; Graybill and Funkhouser 1999; Graybill and Idso 1993) observed in some stands of BCP. The basic argument is that strip-bark BCP are less limited by carbon dioxide and therefore started adjusting carbon assimilation and water use efficiency and produced wider tree-rings. LaMarche et al. (1984) were among the first to point out the increase in tree ring widths after 1860 (termed the fertilization effect). Various factors are considered to explain the increase in tree-ring width. These include physiological parameters, increase in warm-season temperature (i.e., climate), and the effect of increased atmospheric carbon dioxide concentration and nitrogen input (e.g,.Peterjohn and Schlesinger 1990). Atmospheric carbon dioxide concentrations have increased from 220 ppm in 1850 to 380 ppm in 2000 IPCC 2001).  LaMarche et al.’s, thesis is that alpine plants, including BCP, have an increased photosynthetic performance due to increased concentration of carbon dioxide.


   A comprehensive assessment of the cause of the increased tree-ring widths cannot be made without knowing the effects of the absence or presence of strip-bark on trees growth. Putting it differently, many components of a model for the proposed cause or causes of the post-1860 upward trend need to be assessed stepwise to more effectively identify the possible causes. On the other hand, more questions are expected to be generated that might involve further research. Critical study of the effect of strip-bark on tree growth was proposed by Graumlich (1991; Graybill and Funkhouser 1999; Graybill and Idso 1993) (Figure 1). 

 

Figure 1a & b. Upper forest border BCP show two major forms of bark wounding: strip-bark (Figure 1a) and split stems (Figure 1b), where the latter is considered as a modified injury of strip-bark (Larson 1994). Photo by L. Ababneh

   An attempt was made by Graybill and Idso (1993) in which they compared relatively small samples of strip-bark and whole-bark trees with temperature and tree-ring density from other tree populations to determine a possible difference in response between the two groups of trees to climate. Since their research involved dendroclimatic reconstruction rather than growth response to the strip-bark condition, the small sample size was not detrimental to their study. 


   In general, the formation of strip-bark is associated with great age, a harsh environment, and slow growth (LaMarche 1968, 1969; Larson 1994; Matthes et al. 2002; Schauer et al. 2001; Schulman 1954). The complex developmental processes that initiate the formation of bark stripping is not the focus of this study; however, a comprehensive literature review supports the argument that strip-bark and whole-bark trees do not differ from each other in radial growth unless a change in external environmental factors alter the limiting factors to which trees respond and therefore trigger such a difference (Fritts 1969, 1976). No unified explanation has been provided for the cause of strip-bark in bristlecone pine. LaMarche (1968, 1969) proposed that soil erosion around roots leads to damage of the water column and thus death of the xylem that conducts water to the crown and the abrasion of bark by airborne ice crystals. Beasley and Klemmedson (1973) supported LaMarche’s idea of an abrasive effect from the wind. In the study area, especially Patriarch West, abrasion of the bark occurs on the east sides of the trees in the direction of the prevailing wind. This supports Beasley and Klemmedson’s (1973) and LaMarche’s (1969) explanation, which is further substantiated by samples collected from Patriarch West for the first time (Ababneh 2006, this dissertation). Xylem tissue is responsible for water conductance through the shoot system. Bark injury interrupts mitosis (cell division) and exposes xylem cells, which interrupts water conductance to the tree’s crown and results in the death of tissue on the side of the tree where the injury occurred. Bark stripping was found to depend on the loss of hydraulic sectoring after an external factor caused an injury through the bark and thus caused an air bubble to enter the lumen of xylem cells and discontinue the hydraulic flow (Larson, 1991).  Schaure et al. (2001) studied causes of partial cambial mortality of high elevation Pinus aristata and provide an excellent review of the possible causes of cambial mortality in different stands of the Rocky Mountain bristlecone pine that support LaMarche’s (1968, 1969) hypothesis of a high correlation between prevailing winds and strip-bark on a tree’s trunk. Schaure et al. further note the importance of cellular structure for the propagation of cambial dieback that 1) allows an acute cellular destruction without altering the rest of cambial growth around the tree’s circumference, and 2) maintains cellular growth while part of the bark disintegrates and thus is diagnosed as dead. Schauer et al.’s (2001) thesis is that internal cell structure is important in the propagation of bark strip otherwise cell injury would lead to death of the whole tree. However, Pinus longaeva is one of the least studied species in terms of the causes and cell structure of strip-bark, and there is little evidence for how cambial dieback happens in this species. In general, the literature agrees that a combination of factors has to exist in order for trees to develop cambial dieback, including longevity, harsh environments, and cellular structure that sustains bark strip. One aspect of cellular structure that supports the propagation of strip-bark is the diameter of intertracheid pits, which are microscopic areas with thin porous primary walls and no secondary walls (Taiz and Zeiger 1998), which creates a low resistance to the process of water transport from roots to leaves. Two factors control the transport system: one is the negative hydrostatic pressure generated by the leaf transpiration, while the other is the hydraulic conductivity of the intertracheid pits (Kramer and Kozlowski 1960; Taiz and Zeiger 1998). 

   Well established research on the causes of strip-bark has been conducted on Thuja occidentalis, (eastern white cedar) on the Niagara Escarpment in southern Ontario, Canada (Matthies et al. 2002; Larson et al. 1993). Since BCP has not been explored in that aspect I use Thuja occidentalis as a model for the possible explanation for BCP strip-bark and suggest another reason that is caused by the death of the crown, which is associated with the age of the tree and creates a discontinuity of the hydrostatic pressure that drives the water from the root. Neither of these factors implies any difference in incremental growth between strip-bark and whole-bark trees unless another external environmental factor alters the water use efficiency in strip-bark trees and thus causes an increase in carbon assimilation and increased tree-ring widths.     


   This study investigated 1) the influence of the presence or absence of strip-bark on tree-growth trends for the past 400-years by examining raw tree-ring widths of two separate groups: strip-bark and whole-bark bristlecone pines from two neighboring sites: Patriarch Grove and Sheep Mountain in the White Mountains, Inyo National Forest, California. and 2) the effect of increase in numbers of tree samples (N) on detecting changes in growth trends. Hypothesis tested that an increase in tree-ring widths of strip-bark trees should be detected in raw tree-ring widths and statistically treated data. 


   The purpose of this paper is to answer the following questions: 1a) within the past 400-years, are tree-ring widths of strip-bark and whole-bark trees different from each other?


1b) Is the growth rate different for the same period of time?


2) Are tree-ring widths in the last 30-years different from the previous years?


   Site Description and Climate


   The study areas are located at above 3300 m a.s.l. Samples from two locations are included in this study: Patriarch Grove and Sheep Mountain of the White Mountains (37˚31`N; 118˚12`W), Inyo National Forest California (Figure 2).

		

		





Figure 2. White Mountains location relative to California State and the Sierra Nevada. b: Sampling area locations Patriarch Grove and Sheep Mountain area. Vicinity map (a) is compiled from layers in the Inyo National Forest GIS database. B (Inyo National Forest, 1998).  

   The White Mountains are separated from the Sierra Nevada to the west by the north end of the Owens Valley. The subalpine vegetation of the study area is a mosaic of Artemisia tridentata (big sagebrush) and A. arbuscula (low sagebrush) shrub associations and Pinus flexilis (limber pine), and Pinus longaeva (bristlecone pine) forest (DeDecker 1991). Soils are derived from sandstone or dolomite substrates (Barton 2000; Ernst et al. 2003; Fritts 1969; Wright 1963). The modern mountain climate has a seasonal Mediterranean-type variation between a warm-semiarid summer and cold-mesic winter.  Most precipitation comes during the winter, while summer precipitation in the mountains occurs in the form of local convectional storms from southern air masses generated by the Southwestern monsoons (Powell and Klieforth, 1991). The floor of Owens Valley is warm and dry, with a mean annual temperature near the town of Bishop (elevation 1252.728m) of 13.4 °C  and a mean annual precipitation of 134 mm (Figure 3 a & b).  The crest of the White Mountains (elevation 3800.856 m) has a cold mean annual temperature of -2.5 °C and a mean annual precipitation of 495 mm (Western Regional Climate Center 2006). On average, the decline in temperature with an increase in elevation (lapse rate) is close to 6.5 ºC/km (Powell and Klieforth 1991). The lapse rate tends to be less in winter than during the summer (Beasley and Klemmedson 1980; Fritts 1969). February is the coldest month of the year, while July is the hottest, and the growing season lasts from June to late July and middle August (Fritts 1969) (Figure 3a &b). 
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Figure 3 a & b. Monthly precipitation and temperature distributions for Owens Valley (1250.3 m) and the White Mountains (3800.9 m). Note the increase in precipitation in the mountains during the dry summer months as opposed to the valley (http://www.wrcc.dri.edu/). 


METHODS


   Field Sampling Design and Standard Dendrochronological Data Treatment

   The study includes 100 individual BCP trees. Fifty live trees were sampled from each site; 25 trees strip-bark and 25 whole-bark. Of each group, only trees that are 300 years old or more are used to adequately cover the pre- and post-industrial era (see Table 2 for number of samples used in the analysis). Sample selection was objectified and predetermined by plotting points on a 1 cm by 1 cm grid plane on digital orthophoto quadrangles 3.74' of the Inyo National Forest (NAD 27 and 83, 1998). All strip-bark and whole-bark trees were cored in each successive square of the grid, beginning with the first square of the northwest corner of the grid, until the total number of required trees was achieved.  The number of trees per plot varied but averaged from three to five individuals. Trees showing any sort of disturbance like fire or lightning were excluded to limit irrelevant disturbance signals in tree-ring widths and the next tree in the plot was sampled instead. Lightning strikes tend to leave charred remains on the split stem. For each tree, the circumference was measured and GPS point was taken (GARMIN 12XL). Core samples were taken at 1.26 m above ground level, when accessible, using a tape measure and an increment borer. Two radii in opposite directions were taken from each tree for replication purposes (Fritts 1972; Stokes and Smiley 1969). All cores were taken parallel to the slope as much as possible to minimize the effect of reaction wood on ring formation.


   A tree is considered stripped if 1) the percentage of lost bark is 50 percent or more of the entire circumference and 2) the tree display exposed wood from the crown all the way to the roots. Each tree was classified as strip-bark or whole-bark in the field. Aspect and slope of the plots were measured (using clinometer and compass) and compared with a digital elevation model of the area provided by the Inyo National Forest for verification. On average, Sheep has an east aspect with a 20-25º incline and Patriarch Grove has an east to south-east aspect with 5 - 6º incline. Samples were collected from the east facing slope in both sites. Substrate data were determined using geologic maps prepared by Nelson (1962). Patriarch Grove is underlain by the Reed Dolomite Formation (lower Cambrian) while Sheep is underlain by Bonanza King Dolomite (middle and upper Cambrian). Dolomite is a white buff rock (Nelson 1962) that consists of CaMg (CO3)2, with a 2.85 specific gravity and 4.5-5 hardness on the Mohs scale (Gallegos 1994). Dolomite is characterized by better moisture retention compared with sandstone, due to smaller grain size and lower temperature enhanced by its low albedo (Ernst et al. 2003; Schmoker and Halley 1982; Wright and Mooney 1965; Zenger et al.1980).Cores were mounted and fine sanded to facilitate the analysis. Table 1 summarizes site characteristics.


Table 1. Research area sites characteristics, note that Sheep is about 152.4 m higher than Patriarch Grove. 


		

		Substrate

		Latitude, Longitude


(°N, °W)

		Elevation (m)

		Primary Aspects



		Patriarch Grove

		Reed Dolomite

		37° 31’, 118° 11’

		3474.72 

		E



		Sheep

		Bonanza King Dolomite

		37° 31’, 118° 12’

		3627.12

		E





   All tree-ring series were crossdated to the absolute year of formation by standard dendrochronological techniques (Stokes and Smiley 1968). Tree-ring dates were independently checked and verified by another dendrochronologist from the Tree-Ring Laboratory before generating absolute dates (personal communication, Richard L. Warren, 2004).  The annual rings of each radius were measured to the nearest 0.01 mm using a sliding-stage micrometer (Robinson and Evans 1980).  Accuracy of measurements was checked using the Verify 5 (Version 2.0) program, which tests for the accuracy of measurements between cores of the same tree using ANOVA test.  Derived calendar dates were validated by COFECHA software (Version 6.06p) (Holmes 1983).  The measured tree-ring widths were not subjected to any further curve fitting procedures to avoid the introduction of any artificial signal to the growth patterns. Both Verify and COFECHA are available from the Dendrochronology Program Library. Raw tree-ring widths of all cores were arithmetically averaged to produce a single averaged chronology. Dimensionless tree-ring indices were computed by normalization, that is, subtracting each tree-ring width in a single core from the arithmetic mean of all tree-ring widths in that core and dividing it by the standard deviation (Milton 1998). 

Statistical Analysis for Detecting Difference between Strip and Whole-bark Trees


   Graybill and Idso’s (1993) tree-ring chronologies are on file at the Tree-Ring Laboratory at The University of Arizona, Tucson (personal communication, Gary Funkhouser 2002). Graybill and Idso 1993 strip-bark and whole-bark ring widths were used to compare with the strip-bark and whole-bark chronologies developed in this study. The Graybill and Idso (1993) strip-bark collection common interval is from A.D. 1170 to 1983 while the chronology extends from A.D. 315 – 1990. Only six trees extend back to A.D. 315; therefore, the chronology was cut inside A.D. 1170. Basic statistics from both studies (Graybill and Idso 1993 and this study) were tabulated (Table 2) to facilitate comparison based on the standard recommended dendrochronological characteristics: average ring width, correlation of ring widths among trees, relative ring-width variability as measured by mean sensitivity and standard deviation (Fritts 1976). Statistics were obtained from COFECHA and ARSTAN (version 6.04p) outputs (Cook, 1985). ARSTAN is accessed from the Dendrochronology Program Library. All other statistical analysis was carried using STATA 9.2. T-tests on slope values obtained from linear regression were used to identify a significant statistical difference in tree-ring width between strip-bark and whole-bark trees and to compare with Graybill and Idso (1993). This comparison is essential since their study is the only previous one that analytically investigated the statistical characteristics of strip-bark and whole-bark trees ring-width series. The time series plots showed difference in tree-ring widths between the two groups of trees on a 50-year time intervals; however, the t-test on slope values from linear regression on the whole-period of time did not illustrate any difference. Therefore, a t-test was conducted on slope values that were obtained from linear regression of tree-ring widths for each year on 50-year periods. T-tests were also conducted in a step-wise manner starting at 1800 and progressing forward until A.D.1983 the year at which Graybill and Idso (1993) chronologies end, and from A.D.1800-2001, the length of the chronology developed in this study. All chronologies produced are based on raw tree-ring widths either averaged by year or indexed by normalization. Normalized and averaged chronologies were plotted as a time series with 95% confidence intervals for each group of trees. Individual cores raw tree-ring widths were plotted with a mean of zero and robust mean imposed over the individual trees plot for all groups of trees. Box and Whisker diagrams were used to illustrate the difference in growth patterns over a 30-year time interval starting from A.D. 2001 back to A.D.1600. 30-year interval was selected based on the number of years different from the end of Graybill and Idso (1993) chronologies and the chronologies produced by this study. Box and Whisker diagrams are used to illustrate the difference between one intervals of and another, i.e., the spread of the data, which is indicated by the 75% quartiles (Figure 12 a, b, c, & d).  Trees that showed the juvenile effect (i.e,. exponential growth close to pith) were excluded from the sample collection used in box-plot diagrams.  

RESULTS


   Table 2 gives the basic statistical characteristics of the strip and whole-bark ring width chronologies and how they compare to Graybill and Idso’s (1993) chronology.

Table 2. Statistics of strip-bark and whole-bark ring width chronologies developed in this study as compared to Graybill and Idso 1993 (G & I’93). Italic number of trees indicates the number of trees used in the box and whisker diagrams *number of series. **N= not attained, ss of 0.75 attained on year A.D.1759(8). **** Cores only and not whole trees were excluded. The number of trees (cores) used for the box-plots are indicated in italic.  


		

		         Patriarch Grove

		         Sheep Mtn. 

		G&I'93



		

		Whole

		Strip

		Whole

		Strip

		Whole

		Strip



		Years

		1179-2002

		1171-2002

		1251-2002

		1387-2002

		1680-1990

		315-1990



		Number of trees (number of cores)

		18(28) 


14 (22)

		17(30)


15(25)

		22(34) 


20(30)

		16(26) 


24****

		9(17)

		13



		Average tree-ring width

		0.532

		0.507

		0.471

		0.446

		0.572

		0.351



		Mean correlation between series

		0.492

		0.52

		0.546

		0.52

		0.674

		0.697



		Median 

		0.51

		0.487

		0.443

		0.41

		0.55

		0.325



		Mean sensitivity

		0.224

		0.249

		0.243

		0.257

		0.215

		0.301



		Std. Dev

		0.188

		0.199

		0.18

		0.211

		0.2

		0.161



		Skewness

		0.659

		0.597

		1.093

		0.8

		0.49

		0.942



		Kurtosis

		0.385

		0.413

		0.6

		0.997

		0.304

		1.7



		1st order partial autocorrelation

		0.39

		0.7

		0.68

		0.72

		0.66

		0.7



		Signal to noise ratio

		14.591

		9.762

		15.048

		10.55

		3.032

		12.346



		first year where ss>0.85 *

		1583(10)

		1638(17)

		1540(11)

		1633(11)

		N**

		830(6)





   Average tree-ring width, mean correlation, and median are around the same value in the six groups of trees compared in Table 2. Those are the basic statistical parameters and represent the characters of a semiarid upper forest border, that is, narrow rings, and significant correlation of ring widths among trees. Mean sensitivity and standard deviation also did not change among the six groups. Those values measure relative ring-width variability from one year to the next. Skewness is higher in all strip-bark trees in comparison to whole-bark ones between all groups. Signal to noise ratio is higher in whole-bark trees collected in this study, while in Graybill and Idso’s (1993) chronologies, the strip-bark trees have a higher ratio. Signal-to-noise ratio is a measure of the proportion of tree- ring variability that is driven by some common external factor such as climate (Fritts 1976). 

   The first year with a sample strength greater than 0.85 varied between groups and averaged to year A.D. 1600, except Graybill and Idso’s (1993) whole-bark trees’ sample number was too small to perform a sample strength test. A.D. 1600 (past 400 years) was selected as the beginning analysis year for all chronologies developed in this study based on sample strength calculations obtained from ARSTAN output and illustrated in Table 2. ARSTAN calculates the agreement of the sample chronology variance with that of the theoretical population chronology, and lists the optimum number of samples to achieve a desired variance (Wigley, Briffa and Jones, 1984). 


Question 1a, within the past 400-years are growth trends of strip-bark and whole-bark trees different from each other? Question1b, is the growth rate different for the same period of time?


   Differences were observed in growth patterns of strip-bark and whole-bark trees in the past 400 years based on t-test results tabulated at three different levels of significance (Tables 3-6). To answer questions 1a and 1b, the growth patterns of strip-bark and whole-bark trees between the tree-ring samples gathered in this study and in Graybill and Idso 1993 (when applicable, given the limitation on the number of year’s difference between both studies) were tested. Both time-series plots with confidence intervals (Figures 4-7) and t-tests on slope values were used (Tables 3-6). 

Table 3.Statistically significant positive slope values after fitting a straight line for Patriarch whole-bark trees. The series were into four time blocks from 1800-2001. Bold=99%, α=0.01; Italic=95%, α=0.05; Underline=90%, α=0.1. Total is tally of number of trees significant at all levels. Note: 0.000=0.0005. 


		

		Tree ID

		Bark condition

		Bark %

		Intervals p-value



		

		

		

		

		1800-1850

		1851-1900

		1901-1950

		1951-2001



		1

		2114

		whole

		100

		0.000

		0.249

		0.175

		0.483



		2

		2761

		whole

		100

		0.000

		0.805

		0.071

		0.134



		3

		2763

		whole

		100

		0.290

		0.229

		0.000

		0.008



		4

		2764

		whole

		100

		0.056

		0.025

		0.000

		0.013



		5

		2767

		whole

		100

		0.829

		0.000

		0.000

		0.948



		6

		2770

		whole

		100

		0.000

		0.001

		0.035

		0.372



		7

		2272

		whole

		100

		0.000

		0.737

		0.141

		0.000



		8

		2273

		whole

		100

		0.004

		0.328

		0.015

		0.000



		9

		2274

		whole

		100

		0.000

		0.001

		0.024

		0.722



		10

		2275

		whole

		100

		0.000

		0.024

		0.282

		0.000



		11

		2776

		whole

		100

		0.000

		0.499

		0.044

		0.009



		12

		2779

		whole

		100

		0.347

		0.956

		0.912

		0.088



		13

		2783

		whole

		100

		0.003

		0.000

		0.032

		0.173



		14

		2784

		whole

		100

		0.189

		0.321

		0.000

		0.000



		15

		2785

		whole

		100

		0.000

		0.354

		0.133

		0.318



		16

		2791

		whole

		100

		0.000

		0.584

		0.002

		0.043



		17

		3803

		whole

		100

		0.000

		0.001

		0.051

		0.000



		18

		3806

		whole

		100

		0.000

		0.321

		0.000

		0.240



		Total

		18

		whole

		100

		13/18

		7/18

		6/18

		7/18





Table 4. Statistically significant positive slope values after fitting a straight line for Patriarch strip-bark tree. The series were into four time blocks from 1800-2001. Bold=99%, α=0.01; Italic=95%, α=0.05; Underline=90%, α=0.1. Total is tally of number of trees significant at all levels. Note: 0.000=0.0005. * Recollected after Gryabill and Idso 1993**Rotten in the middle.


		Number.

		Tree’s ID

		Bark condition

		Bark %

		Intervals p-values



		

		

		

		

		1800-1850

		1851-1900

		1901-1950

		1951-2001



		1

		2383

		strip

		30*

		0.916

		0.748

		0.023

		0.296



		2

		2396

		strip

		50

		0.085

		0.838

		0.000

		0.718



		3

		2397

		strip

		68.75

		0.004

		0.446

		0.221

		0.178



		4

		2398

		strip

		66.66*

		0.031

		0.254

		0.883

		0.699



		5

		2399

		strip

		63.522

		0.028

		0.588

		0.000

		0.946



		6

		2400

		strip

		69.072

		0.031

		0.001

		0.002

		0.005



		7

		2760

		strip

		84

		0.000

		0.001

		0.633

		0.010



		8

		2761

		strip

		58.167

		0.000

		0.723

		0.169

		0.057



		9

		2766

		strip

		80.95

		0.006

		0.019

		0.052

		0.000



		10

		2771

		strip

		65.24

		0.002

		0.017

		0.212

		0.012



		11

		2777

		strip

		94.96

		0.000

		0.000

		0.000

		0.199



		12

		2780

		strip

		40.206**

		0.064

		0.009

		0.000

		0.000



		13

		2782

		strip

		25.75

		0.149

		0.000

		0.000

		0.015



		14

		2786

		strip

		42.60

		0.006

		0.552

		0.001

		0.003



		15

		2788

		strip

		60.71

		0.301

		0.000

		0.280

		0.198



		16

		2789

		strip

		65.354

		0.030

		0.000

		0.003

		0.000



		17

		3805

		strip

		59.03%

		0.074

		0.219

		0.173

		0.163



		Total 

		17

		strip

		13/17

		7/17

		7/17

		8/17

		6/17





Table 5. Statistically significant positive slope values after fitting a straight line for Sheep whole-bark trees. The series were into four time blocks from 1800-2001. Bold=99%, α=0.01; Italic=95%, α=0.05; Underline=90%, α=0.1. Total is tally of number of trees significant at all levels. Note: 0.000=0.0005.  


		Number.

		Tree’s ID

		Bark condition

		Bark %

		Intervals p-values



		

		

		

		

		1800-1850

		1851-1900

		1901-1950

		1951-2001



		1

		2380

		whole

		100

		0.000

		0.080

		0.944

		0.671



		2

		1603

		whole

		100

		0.215

		0.285

		0.000

		0.006



		3

		1605

		whole

		100

		0.000

		0.066

		0.003

		0.044



		4

		1607

		whole

		100

		0.383

		0.005

		0.000

		0.993



		5

		1608

		whole

		100

		0.255

		0.019

		0.001

		0.324



		6

		1609

		whole

		100

		0.000

		0.005

		0.000

		0.045



		7

		2247

		whole

		100

		0.004

		0.013

		0.000

		0.083



		8

		2248

		whole

		100

		0.000

		0.292

		0.000

		0.201



		9

		2374

		whole

		100

		0.006

		0.002

		0.000

		0.001



		10

		2375

		whole

		100

		0.258

		0.301

		0.000

		0.886



		11

		2377

		whole

		100

		0.026

		0.021

		0.076

		0.156



		12

		2378

		whole

		100

		0.424

		0.043

		0.000

		0.157



		13

		2379

		whole

		100

		0.000

		0.138

		0.000

		0.321



		14

		2381

		whole

		100

		0.000

		0.335

		0.000

		0.203



		15

		2390

		whole

		100

		0.006

		0.896

		0.571

		0.451



		16

		3380

		whole

		100

		0.000

		0.080

		0.944

		0.513



		17

		3792

		whole

		100

		0.199

		0.000

		0.763

		0.085



		18

		3793

		whole

		100

		0.000

		0.032

		0.060

		0.045



		19

		3817

		whole

		100

		0.000

		0.048

		0.003

		0.260



		20

		3818

		whole

		100

		0.000

		0.751

		0.016

		0.846



		21

		3819

		whole

		100

		0.004

		0.506

		0.375

		0.000



		22

		3820

		whole

		100

		0.000

		0.015

		0.003

		0.012



		Total 

		22

		whole

		100

		15/22

		4/22

		14/22

		3/22





Table 6. Statistically significant positive slope values after fitting a straight line for Sheep whole-bark trees. The series were into four time blocks from 1800-2001. Bold=99%, α=0.01; Italic=95%, α=0.05; Underline=90%, α=0.1. Total is tally of number of trees significant at all levels. Note: p-value of 0.000 = 0.0005. Bark tally is the number of trees that are strip and meet the research criteria of 50% and more are strip-bark.


		Number

		Tree ID

		Bark condition

		Bark %

		Intervals p-value



		

		

		

		

		1800-1850

		1851-1900

		1901-1950

		1951-2001



		1

		2238

		strip

		66.67

		0.000

		0.000

		0.479

		0.000



		2

		2239

		strip

		55.56

		0.000

		0.848

		0.002

		0.000



		3

		2240

		strip

		76.32

		0.000

		0.001

		0.000

		0.087



		4

		2249

		strip

		67.97

		0.001

		0.649

		0.001

		0.843



		5

		2373

		strip

		9.8

		0.741

		0.452

		0.405

		0.000



		6

		2380

		strip

		96.18

		0.147

		0.003

		0.687

		0.228



		7

		2382

		strip

		61.538

		0.000

		0.141

		0.010

		0.029



		8

		2383

		strip

		50

		0.858

		0.716

		0.950

		0.002



		9

		2384

		strip

		37.1

		0.116

		0.048

		0.185

		0.101



		10

		2385

		strip

		7.61

		0.505

		0.018

		0.498

		0.008



		11

		2387

		strip

		50

		0.000

		0.023

		0.000

		0.003



		12

		2391

		strip

		30.769

		0.586

		0.058

		0.063

		0.339



		13

		3349

		strip

		30

		0.000

		0.037

		0.120

		0.026



		14

		3360

		strip

		50

		0.001

		0.000

		0.001

		0.791



		15

		3814

		strip

		30

		0.230

		0.016

		0.080

		0.115



		16

		3816

		strip

		61

		0.233

		0.000

		0.033

		0.600



		Total

		16

		strip

		9/16

		8/16

		5/16

		6/16

		6/16





   To make sure that t-test ability is not confining the results, the same test was conducted on 50-year intervals within the period A.D. 1800-1983 (which was used in Graybill and Idso 1993) and centered at 1800 (Tables 7 and 8). The test was also run on 50-year increments taking A.D. 2001 as the reference year (Table 9) to adjust for the time difference between the 1983 end year of Graybill and Idso 1993 and the 2001 end year of this study 


Table 7. Number of trees with statistically significant trend at α = 0.01, 99% CI in G&I’93 collection and this studies’ collection. Time interval tested is 1800-1983 the same interval G&I’93 showed an increase in the strip-bark trees growth. * Graybill and Idso 1993 whole-bark trees collection: cores from the same tree ID that gave different results and are not included in the tally.


		Site

		Number of trees with positive trend (1800-1983)



		Graybill and Idso 1993 (Whole

		5/9*



		Graybill and Idso 1993 (Strip) 

		12/13



		Sheep Mountain (Whole)

		17/22



		Sheep Mountain (Strip)

		14/16



		Patriarch Grove (Whole)

		15/18



		Patriarch Grove (Strip)

		16/17





Table 8. tree numbers with statistically significant slopes on the tabulated time periods from 1800 -1983, taking 1983 as the reference year.* Graybill and Idso 1993 strip might be 12 and not 13: two cores have the same number with a different last digit code. Graybill and Idso 1993 tree is included if both cores reported significant slope value at the tested level.   

		Site

		1800-1983

		1851-1983

		1900-1983

		19511983



		Patriarch Grove (Whole)

		17/18

		15/18

		13/18

		15/18



		Patriarch Grove (Strip)

		16/18

		18/18

		11/18

		9/18



		Sheep Mountain (Whole)

		20/22

		16/22

		13/22

		13/22



		Sheep Mountain (Strip)

		15/16

		11/16

		11/16

		11/16



		Graybill and Idso 1993 (Whole)

		6/9

		7/9

		6/9

		4/9



		Graybill and Idso 1993 (Strip)

		9/13*

		10/13

		7/13

		7/13





Table 9. Tree numbers with statistically significant slopes on the tabulated time periods from 1800 -2001, taking 2001 as the reference year

		Site

		1800-2001

		1851-2001

		1901-2001          

		1951-2001



		Patriarch Grove (Whole)

		17/18

		14/18

		15/18

		9/18



		Patriarch Grove (Strip)

		18/18

		16/18

		10/18

		8/18



		Sheep Mountain  (Whole)

		20/22

		16/22

		12/22

		7/22



		Sheep Mountain  (Strip)

		14/16

		11/16

		13/16

		10/16





   Figures 4 and 5 are plots of averaged tree-ring widths for comparison with plots of normalized (Figures 6 and 7) (z-score of each individual tree) tree-ring widths from Patriarch Grove and Sheep sites in order to show the effects of normalizing on the trend of tree growth. Normalizing seems to increase the difference between the two groups of trees and therefore the use of raw tree-ring widths is more legitimate to avoid the production of a false increase trend in the growth.  0
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Figure 4.  95% confidence intervals of averaged tree-ring widths of whole and strip-bark trees from Patriarch Grove.  Each site was averaged separately. All chronologies are cut to start at A.D. 1600, the year of maximum sample strength between the four chronologies.
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Figure 5. 95% confidence intervals of averaged tree-ring widths of whole and strip-bark trees from Sheep. Each site averaged separate. All chronologies are cut to start at A.D. 1600, the year of maximum sample strength between the four chronologies.
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Figure 6. 95% confidence intervals of normalized tree-ring widths of whole and strip-bark trees from Patriarch. All chronologies are cut to start at A.D. 1600, the year of maximum sample strength between the four chronologies.
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Figure 7. 95% confidence intervals of normalized tree-ring widths of whole and strip-bark trees from Sheep. All chronologies are cut to start at A.D. 1600, the year of maximum sample strength between the four chronologies

   Figures 8-11 illustrate the pattern of growth for each group of trees. Patriarch Grove whole-bark trees lack an upward growth after 1800 in comparison with strip-bark trees. Tree-ring widths in the latter group decrease after 1983 and start to increase in the past six years (A.D.1997-2001). The ring-width increase in Sheep strip-bark starts at A.D. 1900, while whole-bark trees do not show that increase in tree-ring width after A.D.1900. 
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Figure 8. Individual cores plot of whole-bark trees from Patriarch Grove. All individual cores are plotted. Robust mean and a mean of zero lines are imposed over the individual cores to illustrate the average growth pattern for whole-bark tees from Patriarch Grove. 
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Figure 9. Individual cores plot of strip-bark trees from Patriarch. All individual cores are plotted. Robust mean and a mean of zero plots are imposed over the individual cores to illustrate the average growth pattern for strip-bark tees from Patriarch Grove.
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Figure 10. Individual cores plot of whole-bark trees from Sheep. All individual cores are plotted. Robust mean and a mean of zero plots are imposed over the individual cores to illustrate the average growth pattern for whole-bark tees from Sheep. 
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Figure 11. Individual cores plot of strip-bark trees from Sheep. All individual cores are plotted. Robust mean and a mean of zero plots are imposed over the individual cores to illustrate the average growth pattern for strip-bark tees from Sheep. 


Question 2: is the ring width in the last 30-years different from the previous years? 


   The best method to address this question is the simple box and whisker plots calculated for 30-year time intervals starting at A.D. 2001 and progressing backward in time until A.D. 1600. (Figure 12 a, b, c, & d). The box plots illustrate the growth patterns for each individual group of trees with the mean line plotted for each 30-year time interval. A comparison of the entire box plots show that the past 30 years has a higher mean than any of the previous intervals.
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Figure 12 (a,b,c,d). Box and Whisker diagrams showing tree-ring growth for all four groups of trees for both sites over a 30-year increments start from A.D. 2001 and ending at A.D. 1600 (the year with common signal) covering 13 time intervals. 


   In summary, there are two important points.  First, of the six groups of trees illustrated in Table 2, the strip-bark chronologies of Graybill and Idso 1993 differ the most in their tree-ring widths and therefore the whole growth pattern. Second, strip-bark tree-ring widths and therefore growth pattern are different from whole-bark trees. The magnitude of the difference between the two groups varies between the two sites. The Sheep site has the most pronounced increase in tree-ring widths in its strip-bark trees.  

DISCUSSION

   A premise in this study is, if strip-bark trees and whole-bark trees have a similar increase in tree-ring width after 1850, then tree-ring chronologies should not show any deviation from each other at any certain time interval. Analysis, however, shows that strip-bark tree chronologies with both averaged and normalized (z-score) tree-ring widths show a steeper increase in tree-ring width compared with whole-bark trees. Even with the overlap between the 95% confidence intervals of strip-bark and whole-bark trees, the two chronologies significantly differed from each other in certain time intervals (e.g. 1700-1800) (Figures 4-7). This result emphasizes the importance of plotting all of the individual core samples with robust means and a mean of zero (Figures 8-11). The increase in sample size over that of Graybill and Idso permitted a more robust evaluation of differences in growth rates between strip-bark and whole-bark trees. For example, a plot of five randomly selected whole-bark trees s from of Patriarch Grove is illustrated in Figure 13. Samples were selected using research randomizer v3.0 that uses a JavaScript random number generator to produces a set of random number based on the number of observations tested (Randomizer Organization 2006).              
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Figure 13. Randomly selected five whole-bark trees from Patriarch Grove to illustrate the effect of sample size. 


   As shown in Figure 13 (5 samples ), whole-bark trees from Patriarch Grove seem to have a mixed form of growth, i.e. three trees have an increase in tree-ring width, while two do not show such an increase. In comparison, Figure 8 (18 samples) illustrates that none of the whole-bark trees have an increase in tree-ring widths over the period shown. This shows how inadequate sampling might lead to different conclusions.  


   T-test results on the regression coefficients demonstrate thatthe two groups of trees differ at different intervals but not over the whole lengths of the chronologies. The fact that the t-test on slope values obtained from linear regression on the whole period does not show a difference between the two groups of trees suggests the limitation of the use of linear regression to illustrate the characteristics of a time-series. Nevertheless, the t-test was useful in illustrating how the different groups of trees have positive trends at different periods depending on the initial year of analysis. As a precautionary measure for tabulating how many trees actually have positive trends, a conservative level of p-value (p=0.01) must be used if a slope is to be considered significant. Tables 3-9 tabulate all positive and negative slope values for trees. The number of core samples from each group can be doubled since cores taken from either side of each tree, especially strip-bark trees, are highly variable. In the Patriarch site, 13 out of 18 sampled whole-bark trees have positive trends in the time interval from 1800-1850. The number of sampled trees with a positive trend subsequently decreases with time and that number of trees remains the same through the rest of the 50-year time intervals from 1851-2001. Strip-bark trees from Patriarch maintain the same number of trees with a positive slope throughout all of the intervals tested from 1800-2001. Trees from the Sheep site have similar results. The number of whole-bark trees with positive trends is 15 for the time interval from 1800- 2001, while all of the strip-bark trees maintain a positive trend for the tested time intervals from 1800-2001. This uniformity in growth behavior in strip-bark and whole-bark trees from two different sites supports the hypothesis that there is a difference between the growth forms of the two groups of trees. The same results are obtained when the t-test was applied to the Graybill and Idso 1993 samples. These results agree with those previous reported by LaMarche et al. (1984), Graybill and Idso (1993), and Bunn et al. (2003). 


   It is evident that strip-bark trees from the Sheep site have the most pronounced difference from all of the groups tested. Patriarch strip-bark trees are also different from whole-bark trees, although the growth tends to level off for the past 20 years (Figure 12a). The basic statistical characteristics of both strip-bark and whole-bark chronologies also agree with the previous study conducted by Fritts (1969) in which he examined the statistical characteristics of four strip and four whole-bark trees from Patriarch Grove. Further, the growth pattern of strip-bark trees from this site shows a steady increase after the industrial revolution of A.D.1850, which is similar to previously published results (Graybill 1987; Graybill and Idso 1993; Tang et al. 1999). However, environmental conditions specific to each site may have contributed to both the above differences and to the magnitude of ring-width increase in the Sheep site trees. For example, the Sheep site has the steepest slope angle with the highest run-off and therefore less available soil moisture than Patriarch. Limited soil moisture can result in drought stress and result in narrow ring widths, but such a cause and effect relation is inferred since the statistical analysis shows only empirical relationships among trees.

   The topographic difference between the Patriarch and Sheep sites could be the reason why Tang et al. (1999) did not detect a difference in water use efficiency between strip-bark and whole-bark trees (Tang et a.l 1999). This question, however, cannot be firmly answered until stable carbon isotopes from the Sheep site and Patriarch Grove are collected and analyzed. Although controversial, many studies suggest that there is an increase in the allocation of carbon to the roots of young trees under elevated atmospheric carbon dioxide (Gorissen et al. 1995). These results are problematic since they are from short term (20 years at the most) experiments and therefore not adequate to use as a model for BCP that have been adjusting to changes in atmospheric carbon dioxide and temperature since A.D.1850. However, it is possible that biomass partitioning is different in whole-bark than in strip-bark trees, and the latter is using part of the allocated carbon for cambial growth (Graybill and Idso 1993). 


   Another possible reason for the differences is that the increase in growing season temperature increases the period of time available for assimilating carbon in strip-bark trees and therefore increases tree-ring width. On the other hand, whole-bark trees may be responding to the increase in growth season temperature by increasing the whole plant biomass above and below the ground and therefore less effect can be seen in tree-ring widths (LaMarche and Stockton 1974). Although the above reasons are biologically feasible, the data from this study cannot provide an explanation of why an upward trend is more pronounced in strip-bark trees. 


CONCLUSIONS


   A uniquely large sample of high-elevation Great Basin bristlecone pine tree-ring width records has permitted the objective detection and detailed description of different radial growth rates in trees of strip-bark and whole- bark growth forms at two neighboring sites over recent centuries. The major difference is found in recent growth trends of whole-bark and strip-bark trees from Sheep Mountain and Patriarch Grove. This research supports the hypothesis that enhanced growth is evident in subalpine conifers in the Great Basin, and has been occurring since the middle to late 1800s, especially in strip-bark bristlecone pine from the Sheep site (α = 0.05, p <0.0005, CI 95%) . However, these results suggest that environmental conditions specific to each site may have contributed to the differences and to the magnitude of ring-width increase in the Sheep site trees. For example, limited soil moisture, which may exist for the Sheep site, can result in drought stress and narrow ring widths, but such a cause and effect relation is inferred since the statistical analysis shows only empirical relationships among trees. Although this data set shows the importance of microsite variability when analyzing tree-ring growth, it is not suitable for determining the cause of the increase in growth observed after 1850. For example, the effect of increased growing season temperature on tree-ring width cannot be accounted for through current measurements. Future studies will need to be conducted that account for the effects of temperature and increased atmospheric carbon dioxide.
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ABSTRACT


Formatted for Tree-Ring Research

   Assessing climatic and environmental factors that govern tree growth (Fritts 1972, 1976; LaMarche 1975) is essential for understanding which factors limit the growth of trees. This assessment is the key in the application of tree-ring analysis to answer puzzling questions in such sciences as archaeology, forest dynamics, and hydrology. Such assessment allows dendroclimatic reconstruction of both temperature and precipitation to be used in building paleoclimatic models for applications to other sciences like archaeology. Nine hundred one-year strip-bark and whole-bark chronologies of bristlecone pine from the White Mountains of California are assessed for a different climate related responses between the two forms of growth to test the feasibility of using the chronologies for inferences about summer temperature (LaMarche 1974). Methods involved regression analysis, response function analysis, principal component analysis, cross-spectral analysis, and filtering techniques to test the relationship between tree’s growth and instrumental temperature and precipitation, and temperature reconstruction from western North America. All tree-ring chronologies correlate significantly (α = 0.05, p<0.001) with reconstructed temperature until about 1860 when both series deviate insignificantly from each other. The results suggest that tree-ring widths from both bark forms can be used as summer temperature inferences before 1860, and strip-bark trees are responding to a different growth factor that might be climate related. 


   Keywords: Dendroclimatology, bristlecone pine (Pinus longaeva), White Mountains of California; regression analysis, low pass filter. 

INTRODUCTION


     The use of tree-ring analysis to answer puzzling questions in such sciences as archaeology, forest dynamics and hydrology has been proved reliable since the creation of the science of dendrochronology in the 1910s (Fritts 1976; LaMarche 1974, 1975; Taiz and Zeiger 1996). However, the application of the methods is still determined by the availability of strong and consistent correlations between tree-ring widths (especially in the subalpine chronologies) and the climate parameters of temperature and precipitation. Assessing climatic and environmental factors that govern tree growth (Fritts 1972, 1976; LaMarche 1975) is essential for understanding which factors limit the growth of trees. Such assessment allows dendroclimatic reconstruction of both temperature and precipitation in order to build paleoclimatic models for applications to other sciences like archaeology. 


   The degree to which these parameters affect tree growth varies mainly by elevation and the climatic characteristics of the area – whether it is mesic, arid, or semiarid. On an annual basis, trees respond to climatic variation by changes in radial growth rates, while decadal responses may be indicated in phenotypic alterations (krummholz vs. normal growth). In general, growing season temperatures have been the principal factor limiting trees growth at higher elevations (Fritts 1969; Graumlich 1991; Hughes and Graumlich 1996; LaMarche 1974), given sufficient water supply (Lloyd 1997; Lloyd and Graumlich 1997). Lower forest border trees respond mainly to variations in previous summer/fall and current late spring precipitation (Hughes and Graumlich 1996; Hughes and Funkhouser 1998; Hughes and Funkhouser 2003; LaMarche 1974). 


   On a related note, scientists have suggested alternative limiting factors that have been controlling tree-ring width in the Great Basin, especially with the bristlecone pine species used in this study. LaMarche et al. (1984) proposed that a carbon dioxide signal might be overwhelming the climate signal in the tree-ring widths from the White Mountains of California since 1850, which marks the onset of the industrial revolution in western North America Graybill and Idso (1993) modified that proposal by relating the carbon dioxide signal to a form of bristlecone pine growth called strip-bark formation (i.e., bark lost from one side of the stem while the tree maintains annual growth on the rest of its circumference).  Graybill and Idso (1993) and Graybill and Funkhouser (1999) reported a significant but low correlation between tree-ring widths extracted from the upper forest border and temperature in the White Mountains. However, these conclusions were based on either strip-bark chronologies (Graybill and Funkhouser 1999) or a small sample number (nine trees) of whole-bark trees (Graybill and Idso 1993). Related studies by Bunn et al. (2003; 2005) also tests the difference in growth patterns between strip-bark and whole-bark trees using three different methods: spatial analysis, nonparametric ordination, and cluster analysis. The first study (Bunn et al. 2003) reports a difference in growth patterns between the two groups of trees and relates that difference to soil moisture in certain micrtopographic exposures. The second study (Bunn et al. 2005) compares strip-bark trees from one of the sites included in this study (Sheep Mountain, Graybill and Idso 1993 chronology) with other sites in the eastern Sierra Nevada and reports a high correlation with temperature, however, that correlation is not restricted to the bristlecone pine collection used from Sheep Mountain. One point that is worth mentioning, that authors propose the possibility of the effect of ordination on the variance associated with the strip-bark tree’s growth. 


   In this paper I hypothesize that the strip-bark trees might be responding to a different climate parameter than whole-bark trees, and therefore a significant temperature signal might still be detected in whole-bark trees. The argument to support this hypothesis stems from an earlier study (Ababneh 2006, this dissertation) of raw tree-ring widths from a uniquely large sample of upper forest border Great Basin bristlecone pines from two adjacent sites in the White Mountains, in which strip-bark trees show enhanced growth beginning in the middle to the late 19th century. Although the purpose of the study was not to factor the cause of the enhanced growth, correlation of raw tree-ring widths with instrumental regional temperature and precipitation data, and the average values of two grid points from summer temperature reconstruction (Briffa et al. 1992) was unavoidable in order to use the bristlecone pine chronology for more than making inferences about growing season temperature (LaMarche 1974). The two grid points are the most adjacent to the study sites and were also used by Graybill and Idso (1993). The present study reports on the temperature and precipitation related characteristics of bristlecone pine raw tree-ring widths from two adjacent sites in the White Mountains (Patriarch Grove and the Sheep Mountain site) using dendroclimatological methods of regression, response function, and principle component analysis. The main aims are to test the stated hypothesis (i.e., strip-bark trees might be responding to a different climate parameter than whole-bark trees, and therefore a significant temperature signal might still be detected in whole-bark trees) and to further assess the ability of the chronology to relate a reconstructed paleoclimatic model to archaeology settlements in the White Mountains (Abbaneh 2006, Appendix III of this dissertation).  The latter is a future study and an example on the applications of dendrochronology to other sciences. 


   Site Description and General Climate Patterns 


   The study areas are located above 3300 m s.l. in the White Mountains, Inyo National Forest, California (37˚31`N; 118˚12`W) (Figure 1a &b). Samples from two locations are included in this study: Patriarch Grove and Sheep Mountain. The White Mountains are separated from the Sierra Nevada by the north end of the Owens Valley. The subalpine vegetation of the study area is a mosaic of Artemisia tridentata (big sagebrush) and A. arbuscula (low sagebrush) shrub associations and Pinus flexilis (limber pine), and Pinus longaeva (bristlecone pine) forest (DeDecker 1991). Soils are derived from sandstone or dolomite substrates (Barton 2000; Ernst et al. 2003; Fritts 1969; Wright 1963). The modern mountain climate has a seasonal Mediterranean-type variation between a warm-semiarid summer and cold-mesic winter.  Most precipitation comes during the winter, while summer precipitation in the mountains occurs in the form of local convectional storms from southern air masses generated by the Southwestern monsoons (Powell and Klieforth 1991). The floor of Owens Valley is warm and dry, with a mean annual temperature near the town of Bishop (elevation 1252.728m) of 13.4 °C and a mean annual precipitation of 134 mm (Figure 2).  The crest of the White Mountains (elevation 3800.856 m) has a cold mean annual temperature of -2.5 °C and a mean annual precipitation of 495 mm (Western Regional Climate Center 2006). On average, the decline in temperature with an increase in elevation (lapse rate) is close to 6.5 ºC/km (Powell and Klieforth 1991). The lapse rate tends to be less in winter than during the summer (Beasley and Klemmedson 1980; Fritts 1969). February is the coldest month of the year, while July is the hottest and the growing season lasts from June to late July and middle August (Fritts 1969).


		

		





Figure 1 a & b. a: White Mountains location relative to California and the Sierra Nevada. b: Sampling area locations Patriarch Grove and Sheep Mountain area. Vicinity map (a) is compiled from layers in the Inyo National Forest GIS database. B (Inyo National Forest, 1998).
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Figure 2. Monthly precipitation and temperature distributions for Owens Valley (1250.3 m) and the White Mountains (3800.9 m). Note the increase in precipitation in the mountains during the dry summer months as opposed to the valley (http://www.wrcc.dri.edu/).

METHODS


   Field Sampling Design and Standard Dendrochronological Data Treatment

   The study includes 100 individual BCP trees. Fifty live trees were sampled from each site; 25 trees strip-bark and 25 whole-bark. Of each group, only trees that are 300 years old or more are used to adequately cover the pre- and post-industrial era . Sample selection was randomized and predetermined by plotting points on a 1 cm by 1 cm grid plane on digital orthophoto quadrangles 3.74' of the Inyo National Forest (NAD 27 and 83, 1998). All strip-bark and whole-bark trees were cored in each successive square of the grid, beginning with the first square of the northwest corner of the grid, until the total number of required trees was achieved.  The number of trees per plot varied but averaged from three to five individuals. Trees showing any sort of disturbance like fire or lightning were excluded to limit irrelevant disturbance signals in tree-ring widths, and the next tree in the plot was sampled instead. Lightning strikes tend to leave charred remains on the split stem. For each tree, the circumference was measured and GPS point was taken (GARMIN 12XL). Core samples were taken at 1.26 m above ground level when accessible using a tape measure and an increment borer. Two radii in opposite directions were taken from each tree for replication purposes (Fritts 1972; Stokes and Smiley 1969). All cores were taken parallel to the slope as much as possible to minimize the effect of reaction wood on ring formation.


   A tree is considered stripped if 1) the percentage of lost bark is 50 percent or more of the entire circumference and 2) the tree display’s an exposed wood from the crown all the way to the roots. Each tree was classified as strip-bark or whole in the field. Aspect and slope of the plots were measured (using clinometer and compass) and compared with a digital elevation model of the area provided by the Inyo National Forest for verification. On average, Sheep has an east aspect with a 20-25º incline and Patriarch Grove has an east to southeast aspect with 5 - 6º incline. Samples were collected from the east facing slope in both sites. Substrate data were determined using geologic maps prepared by Nelson (1962). Patriarch Grove is underlain by the Reed Dolomite Formation (lower Cambrian) while Sheep is underlain by Bonanza King Dolomite (middle and upper Cambrian). Dolomite is a white buff rock (Nelson 1962) that consists of CaMg (CO3)2, with a 2.85 specific gravity and 4.5-5 hardness on the Mohs scale (Gallegos 1994). Dolomite is characterized by better moisture retention compared with sandstone due to smaller grain size and lower temperature enhanced by its low albedo (Ernst et al. 2003; Wright and Mooney 1965).Cores were mounted and fine sanded to facilitate the analysis. Table 1 summarizes site characteristics.

Table 1. Research area sites characteristics,. Note that Sheep is about 152.4 m higher than Patriarch Grove. 

		

		Substrate

		Latitude, Longitude


(°N, °W)

		Elevation (m)

		Primary Aspects



		Patriarch Grove

		Reed Dolomite

		37° 31’, 118° 11’

		3474.72 

		E



		Sheep

		Bonanza King Dolomite

		37° 31’, 118° 12’

		3627.12

		E





   All tree-ring series were crossdated to the absolute year of formation by standard dendrochronological techniques (Stokes and Smiley 1968). Tree-ring dates were independently checked and verified by another dendrochronologist from the tree-ring laboratory before generating absolute dates (Richard L. Warren, personal communication, 2004). The annual rings of each radius were measured to the nearest 0.01 mm using a sliding-stage micrometer (Robinson and Evans 1980). Accuracy of measurements was checked using Verify 5 (Version 2.0) program (Grissino-Mayer 1997), which tests for the accuracy of measurements between cores of the same tree using ANOVA test.  Calendar dates were validated by COFECHA software (Version 6.06p) (Holmes 1983).  The measured tree-ring widths were not subjected to any further curve fitting procedures to avoid the introduction of any artificial signal to the growth patterns. Both of Verify 5 and COFECHA are available from the Dendrochronology Program Library. Raw tree-ring widths of all cores were arithmetically averaged to produce a single averaged chronology. Dimensionless tree-ring indices were computed by normalization that is subtracting each tree-ring width in a single core from the arithmetic mean of all tree-ring widths in that core and dividing it by the standard deviation (Milton 1998). 

   Climate Data

   Several instrumental data were used to test the sensitivity of the tree-ring chronologies to temperature, precipitation, and Palmer Drought Severity Index (PDSI). In addition, tree-ring chronologies were correlated to regional temperature reconstructions (Briffa et al. 1992). The decision on which instrumental data to use was based on the following criteria: closeness to the sites; elevation of the stations; and former published research (see Graybill and Funkhouser 1999; Hughes and Funkhouser 2003; and LaMarche 1974). Briffa et al.1992 was selected as the most up-to-date reconstruction that is available as grid points, that does not include BCP samples, and was used by Graybill and Idso 1993. Based on the mentioned criteria two adjacent sites were selected (White Mountain 1 and 2), Bishop, Independence (in Owens Valley), Mina, NV, California Division 5 (San Joaquin Drainage) and California Division 7 (Southeast Desert Basin) (Graybill and Funkhouser 1999; Hughes and Funkhouser 2003).  Two monthly instrumental climate stations those are available from sites adjacent to the research area. Crooked Creek (White Mountain 1; NOAA 0409632; 3730N/118 11W; 3039.7 m above s.l.) includes data from 1955 to 1977, and Mount Barcroft (White Mountain 2; NOAA 049633; 37 35 N/118 14 W; 3800.9 m above s.l.) has data from 1955 to 1980. The two tree-ring sampling sites are located between those two stations; therefore, composite monthly precipitation and temperature records were developed by averaging the values from both stations. 


   The nearest instrumental data from the adjacent valleys were also used, and those are Bishop Airport (NOAA 040822), Independence in the Owens Valley (NOAA 044232), and Mina, NV (NOAA 265168) east of the White Mountains. California Division 5 (San Joaquin Drainage), California Division 7 (Southeast Desert Basin) temperature and precipitation values, and PDSI data were also used to explore relationships between tree-ring chronologies and climate. Bishop, Independence, and Mina climate and precipitation data were inspected with the appropriate statistical tests for homogeneity (Fritts 1976). Correlations of tree-ring series with climate Division 5 were calculated for post 1930 period because earlier values are estimates (Fritts 1976). The Independence station has many consecutive missing values from 1894 -1910 and, therefore, only the years 1911 – 2001 were used for the analysis.  All data were used in monthly format. Seasons used are common climatological seasons (Fritts 1976): winter is December, January and February; spring is March to May; summer is June to August; and fall is September to November. Prior year’s summer and fall were also used in the regression to test the effect of previous year’s temperature and precipitation on current year’s growth (Fritts 1976). Seasons were calculated by simple arithmetic average for each year in the included months.  Tree-ring and meteorological data from this study were visually and statistically compared with grid points 16 and 19 (35N, 120W and 40N, 120W) of reconstructed summer temperature (April to September) for Western North America (Briffa et al. 1992). These data are on file at the World Data Center for Paleoclimatology, and NOAA Paleoclimatology Program, Data Contribution Series #2002-067 and were accessed on line on June, 2006. Although other temperature reconstructions are available (e.g., Fritts 1991 and Mann et al. 2002), comparison was avoided because they incorporate trees from the stands used in this study in their reconstructions. The Briffa et al. (1992) temperature reconstruction is from A.D.1600-1983 and is in the form of grid point anomaly time series. The series was produced by principal component analysis to relate variability in 53 high-elevation maximum latewood density chronologies to a number of temperature principal component series. Luckily, the reconstructions are of good quality over the area between 35° and 55°N thus covering the altitude of the research area but are subject to large uncertainty north of 55°N, particularly prior to A.D.1750. For more details on the reconstructions, visit Briffa et al. (1992). 


   Cross-spectral analysis of both tree-ring chronologies and Briffa et al.’s 1992 series showed a strong coherence between each chronology and the temperature reconstruction at a frequency of 0.125 (i.e. 8-years and more). Therefore, both of the tree-ring chronologies and Briffa’s two grids points were filtered using an 8-point low pass filter (Fritts 1976). The grid points (grid points 16 and 19) were simply averaged together, converted to z-scores, and filtered. The Briffa et al. (1992) temperature reconstruction is on file at the National Oceanic and Atmospheric Organization (NOAA) and can be accessed on line at http://www.noaa.gov. Tree-ring chronologies were converted to z-scores and filtered (for more details on the low pass filter weights see Fritts 1976:270, Table 6.III). 


RESULTS

   Visual comparison between the tree-ring chronologies established in this study and the reconstructed summer temperature series (Briffa et al. 1992) reveals an interesting pattern in tree-ring widths (Figure 3, Table 2). The tree-ring width chronologies correlate significantly (α = 0.05, p <0.001) with summer temperature until about 1860 (Figure 3, Table 2). Sheep and Patriarch strip-bark trees follows the temperature reconstruction curve until 1850, when strip-bark chronologies show an enhanced growth and correlates  negatively with the temperature reconstruction (Table 2). Whole-bark chronologies from both sites deviate (i.e., the curves do not match) from the temperature reconstructions at around 1900. Interestingly, the Patriarch whole-bark chronology shows the accelerated growth trend (Ababneh 2006, Appendix I of this dissertation) while the Sheep site chronology maintains the same growth rate.

Table 2. Pearson correlation of filtered tree-ring widths 8 year and reconstructed summer temperature (8-year) based on tree-ring density (Briffa et al. 1992). Bold are significant values at α =0.05 and p<0.005, CI 95%, unless marked by* (α =0.1).   


		

		Briffa et al. 1992



		

		1635-1845

		1846-1983



		   Patriarch whole

		0.44 

		-0.23



		Patriarch strip

		0.27

		-0.85



		      Sheep whole

		  0.29*

		-0.17



		      Sheep strip

		       0.21

		-0.04
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 Figure 3.Sheep and Patriarch strip and whole bark tree-ring width chronologies compared with Briffa et al. 1992 summer reconstruction based on tree-ring density. All chronologies are filtered after converting to z-scores to match the scale. Tree-ring data and Briffa et al. (1992) data are filtered using an 8-year low-pass filter (Fritts 1976).  Confidence Intervals are based on the Briffa et al. (1992) series. 


   Correlations with Local Climate Data

   Unfortunately, the whole-bark and strip-bark chronologies from both sites do not correlate well with climate data from the surrounding valleys (α = 0.05, p>0.001). The only significant correlation, although not high, is with the White Mountain temperature and precipitation data. Even additional attempts using averaged tree-ring widths and response function and principal component analysis were unsuccessful. A significance level of 0.05 (95% confidence intervals) for the F-test values was used in all tests reported within. All tests were produced using STATA 9.2. The strongest climate signal, which varied in season between whole-bark and strip-bark trees, is related to the White Mountain instrumental precipitation data and PDSI reconstruction from California Climate Division 7. Whole-bark trees from the Sheep Mountain site correlate significantly and positively with spring maximum temperature (α = 0.05, p<0.001), positively with spring precipitation (α = 0.05, p<0.001), and positively with spring PDSI (α = 0.05, p<0.001). The strip-bark chronology from the same site correlates significantly with spring precipitation and temperature maximum of the same year (α = 0.05, p<0.001). Both whole- and strip-bark chronologies from Patriarch Grove correlate significantly with same year’s spring precipitation (α = 0.05, p<0.001). 


   Tables 3 and 4 summarize the Pearson correlations of whole-bark and strip-bark tree ring widths from Patriarch Grove and Sheep Mountain with White Mountain California seasonal climate data (1955-1980). Seasonal climate data are mean monthly temperature, maximum monthly temperature, White Mountains precipitation, and the PDSI reconstruction for Climate Division 7 of California. 

Table 3.  Pearson correlations of the Sheep site strip-bark and whole-bark chronologies with White Mountain, California, Seasonal Climate data (1955-1983). Tmean = temperature monthly mean, Tmax = temperature monthly maximum, P= precipitation, and PDSI is Palmer Drought Severity Index. Bold are significant values (α = 0.05, p<0.001). 


		Season

		Whole-bark trees

		Strip-bark trees



		

		Tmean

		Tmax

		P

		PDSI

		Tmean

		Tmax

		P

		PDSI



		Prior summer

		0.0657

		-0.0348

		-.0376

		0.177

		0.0069

		0.0193

		0.009

		0.0132



		Prior Fall

		0.1848

		0.002

		0.0468

		0.1214

		0.065

		0.0153

		0.065

		0.0236



		Winter

		0.1385

		0.0024

		0.1340

		0.1181

		0.004

		0.0364

		0.0057

		0.0017



		Spring

		0.1028

		0.1448

		0.2629

		0.1427

		0.1173

		0.0654

		0.2069

		0.0004



		Summer

		0.0286

		0.1062

		0.0378

		0.1627

		0.0068

		0.0258

		0.0144

		0.000





Table 4. Pearson correlations of Patriarch Grove strip-bark and whole-bark chronologies with White Mountain, California, Seasonal Climate data (1955-1983). Tmean = temperature monthly mean, Tmax = temperature monthly maximum, P= precipitation, and PDSI is Palmer Drought Severity Index. Bold are significant values (α = 0.05, p<0.001). 


		Season

		Whole-bark trees

		Strip-bark trees



		

		Tmean

		Tmax

		P

		PDSI

		Tmean

		Tmax

		P

		PDSI



		Prior summer

		0.0091

		-0.0432

		-.0340

		0.067

		-0.041

		-0.0418

		0.0043

		0.002



		Prior Fall

		0.0989

		-0.0427

		-0.039

		0.1508

		0.1063

		0.004

		0.0415

		0.044



		Winter

		0.0702

		0.0064

		0.0176

		0.0329

		0.0821

		0.009

		0.0487

		0.015



		Spring

		0.0910

		0.0892

		0.1362

		0.0404

		0.0966

		0.0570

		0.1645

		0.038



		Summer

		0.0036

		0.082

		0.0191

		0.0392

		0.0095

		0.0609

		0.0163

		0.0475





   In general, growth response to local temperature and precipitation is most evident in Sheep Mountain whole-bark trees. The rest of the groups (i.e., Patriarch Grove whole- and strip-bark, and Sheep Mountain strip-bark) have a significant response to spring precipitation. Sheep Mountain strip-bark trees have a positive and significant response to spring precipitation and mean temperature of the current year, while Patriarch Grove whole-bark and strip-bark trees have a significant response to spring precipitation of the current year. Whole-bark trees on the Patriarch Grove site al also show a significant response to PDSI records from California Climate Division 7 of the prior fall but not to the same season precipitation record. 


   Another observation that pertains to low frequency variability, which is reported for the first time in this study, is a decrease in the growth of Patriarch Grove whole-bark trees after 1980. The major point from these results is that although there is no statistically significant correlation between the developed chronologies and local and regional instrumental climate data, the high and significant correlation between the chronologies and the temperature summer reconstruction support the hypothesis that whole-bark and strip-bark chronologies might be responding to different climate parameters. However, there are site specific differences between groups of trees. For example, the Sheep whole-bark chronology does not exhibit the accelerated growth characteristic of the other groups. Further, the date at which the tree-ring chronologies lose the significant correlation with the summer temperature reconstruction varies from one group of trees to the other. Therefore, the chronologies developed within (Sheep Mountain in specific) might be used to draw inferences about growing season temperature at least until A.D. 1860. 


DISCUSSION

   Because the results of this study do not provide enough evidence to support the hypothesis that whole-bark tree growth is controlled by temperature, a temperature reconstruction cannot be established based on the chronologies and analyses developed in this study. However, inferences can be made about summer temperature given the high correlations between the filtered tree-ring chronologies and Briffa et al. (1992).

   Bias and Confounding

   Limitations to temperature driven whole-bark tree growth response may be 1) the limited amount of instrumental climate data from the vicinity of the study area, e.g., the White Mountains; 2) the insufficiency of using monthly climate data (Graybill and Idso 1993); or 3) that tree-growth is driven by other limiting factors like nutrient availability (Graybill and Idso 1993; Körner 2003; LaMarche et al. 1984). Furthermore, although there are several meteorological stations in the adjacent valleys, orographic effects might cause the lack of significant correlations between tree growth and temperature. Most of the meteorological stations are at least 1830 m below the research sites, and the White Mountains are in the rain shadow of the Sierra Nevada. Another suggestion is that the White Mountains are affected by climate patterns produced by specific storm tracks and air mass origins that differ from those of the consolidated climate data in divisional records (Powell and Klieforth 1991). Other limitations on the level of correlations might be that trees respond to a cumulative number of cooling hours or the number of consecutive days with optimum temperature for initiation and division of cells (Larson 1994). A final point of consideration is that tree growth might be constrained by other limiting factors (Fritts 1976), especially after 1860 (Graybill and Idso 1993; LaMarche et al. 1984), or simply that those upper forest border trees respond to a climatic factor like temperature; however, a different type of response is reported in those upper forest border trees and the scientific community is challenged to detect that response (Bunn et al. 2005, Mann et al. 2000). Therefore, a combination of factors seems to be limiting tree growth. Until these limitations are taken into consideration when modeling tree growth, and until further measurements are obtained that involve a longer instrumental climate record from the same elevation of the research sites, the positive or negative effects of temperature cannot be substantiated. 

   Comparison with Other Studies

   The results reported in this paper are partially in accordance with other studies that support the hypothesis of a moisture related signal in bristlecone pine. Wright and Mooney (1965) concluded that bristlecone pine responds to a precipitation gradient rather than to cool alpine temperatures. Similar results were reported from a three year ecophysiological study of bristlecone pine by Fritts (1969). Such findings are not unexpected since the White Mountains are xeric with annual precipitation not exceeding 41.5 cm. Graybill and Idso (1993) and Graybill and Funkhouser (1999) compared tree-ring widths from the western United States, including one of the sites investigated in this study (Patriarch Grove), and found similar results: a low correlation with temperature that prevents use for temperature reconstruction, a negative correlation with the previous year’s temperature, and a highly significant tree growth response to spring precipitation. Bunn et al. (2003) and Tang et al. (1999) implicated soil moisture sensitivity especially in the strip-bark trees. However, a new and growing body of literature supports the other part of the results provided within; that is, upper forest border trees respond differently to climate variability including the observed global temperature increase (IPCC 2001; Mann et al. 1999; Mann et al. 2000), and a growing season temperature signal can be detected on decadal time scales (Hughes and Funkhouser 2003).  


   In addition, the results of comparing whole and strip-bark trees at two different but adjacent sites agree with LaMarche 1974 that bristlecone pine can be used to make inferences about summer temperature. However, until clearer evidence is provided on the cause of the anomalous increase in growth since the middle of the 19th century, this finding is restricted to the period before 1850.  Site characteristics seem to have a role in the significant correlation between reconstructed temperature and tree-ring width, however, until more sites are studied the degree of the effect of site characteristics can not be can not be ruled out completely.   


CONCLUSION


   The purpose of this brief paper is to ascertain if any of the chronologies developed from whole-bark and strip-bark trees (Ababneh 2006, this study) can be used as is for temperature reconstruction. The research results support the hypothesis that whole-bark trees respond to different climate parameters than strip-bark trees; however, those results are based on correlation with reconstructed temperature (Briffa et al. 1992) and not correlations with instrumental data. The accelerated growth after 1850 illustrated in the two research sites of Sheep Mountain and Patriarch Grove might be related to many factors including temperature. However, since whole-bark trees on Sheep Mountain correlate significantly with local summer temperature and precipitation data and all sites correlate significantly (α = 0.05, p <0.001), LaMarche et al.’s (1974) thesis on the ability to use upper forest border tree-ring widths to infer aspects of  summer temperature is considered valid. The fact that correlation values decline after 1850 does not alter this assumption when used for further applications of dendrochronology in understanding archaeological subsistence-settlement patterns in the White Mountains area because A.D. 1860 marks the beginning of the colonial period and thus the alteration of Native American uses of the landscape. 
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Abstract


Archaeologists recognize that prehistoric human populations were a significant variable in the operation of past California ecosystem processes and, as a result, that a changing environment created constraints and opportunities for prehistoric cultural adaptation. Climatic factors like temperature and precipitation play a major role in tree growth and their resulting tree-ring widths. Temperature governs tree ring growth patterns at upper elevation subalpine trees in the presence of sufficient amount of soil moisture. The tie between paleoclimate and archaeology is an evolving interdisciplinary field of study that aims to facilitate a better understanding of archaeological patterns and settlement through climatic variability and how it altered human settlements. In this research, I use a paleoclimatic model that is based on temperature inferences and a precipitation reconstruction from tree-ring widths of bristlecone pine in the White Mountains of California to explain aboriginal subsistence-settlement patterns in alpine villages of the White Mountains. Temperature inferences and the precipitation reconstruction are compared visually and statistically with archaeological 14C dates. Results illuminate the role of water availability in the frequency and intensity of settlement, as 88% of the 14C dates fall within wet periods (α = 0.05, p = 0.005). Two dates, AD 1662 and AD 1530 fall within drought periods, while the rest cluster around above average precipitation periods. I provide an explanation of the observed subsistence-settlement data and relate those patterns to resource availability in the area within the past 1000 years.  The model presents a new application of long bristlecone pine chronologies to understand archaeological settlements in the White Mountains. The coincidence of 14C dates around above average precipitation periods confirms that long term available resources are contingent on the availability of moisture, the key to life in the desert environment. 

1. Introduction and Statement of the Problem


   Archaeologists are recognizing that prehistoric human populations have been a significant variable in the operation of past California ecosystem processes and, as a result, they have acknowledged that a changing environment constantly varied the constraints and opportunities for prehistoric cultural adaptation.  Because of this, the analysis of archaeological sites and their geographical distribution must take the effective environment into consideration. The study of the interaction between human behavior and demography, as interpreted from the archaeological record and components of the environment is the interdisciplinary approach of landscape archaeology that focuses on creating a picture of human activity on a regional scale by imparting environmental and temporal dynamics to the otherwise static spatial distribution of archaeological sites (Anchuetz et al., 2001; Dean et al., 1985; Frederick, 2001). Anchuetz et al., (2001) and Frederick (2001), in particular, point out the importance of three factors for carrying out a landscape approach in archaeology: a high resolution climate proxy record, precise dates of archaeological sites, and well documented land use patterns. In this article, climate reconstructions based on bristlecone pine (Pinus longaeva) tree-ring chronologies are used to help understand part of the prehistoric subsistence-settlement behavior of the residents of the Owens Valley region of California between AD1000 – 1860. 

   Archaeological investigations in the White Mountains above Owens Valley have revealed a pattern of human occupation that was unusual for the Great Basin (Bettinger 1991).  People had constructed substantial dwellings in the often harsh conditions of the subalpine and alpine zone of the arid mountains throughout much of the summer. A comparison of the temporal distribution of radiocarbon ages for the high altitude settlements and the temporal variability of reconstructed precipitation and temperature resulted in a correspondence between them. The problem is to explain that correspondence with a proposed model of the human ecosystem and to estimate the climatic limits to high altitude human occupation and the resource base on which people depended. 


   The explanation of the correspondence between human ecosystems and how climate might have limited them is limited by the availability of climatic data. Tree-ring chronologies can provide a proxy for reconstructing climate and settlement histories, such as is widely used in the American Southwest. There, the availability of wood that was used by Native Americans and recovered from archaeological sites has allowed widespread use of tree-ring based paleoclimatic records. Here, I illustrate a different use of the long-lived bristlecone pine (BCP) tree-ring chronology to understand the limitations of climate on high elevation human occupation in the Great Basin. Although, archaeological wood is not abundant in Native American sites in the White Mountains (Fig.1), implementing the model was possible because of the annual resolution of the tree-ring chronology constructed in this study (Ababneh, 2006) and others (Hughes and Graumlich, 1996, Hughes and Funkhouser, 1998; LaMarche, 1974; Van West, 1995), supplemented by previously existing 14C dates (Bettinger, 1978, 1991). Very few studies in this area link climate to archaeological changes and landscape use because of the difficulty in linking the two parameters together and the interference of many other factors (Baumhoff and Heizer, 1965; Jones et al., 1999; Morato et al., 1978).  Baumhoff and Heizer (1965) illustrated through literature review of archaeological sites distributions, that Great Basin societies are more sensitive to changes in water balance index, a measure of relative humidity, soil moisture, and precipitation, than a single climatic parameter like temperature or precipitation. However, restrictions apply when attempting to calculate water balance index because of the lack of instrumental data of humidity that extends beyond the last 100 years. Therefore, I assume that precipitation is a direct indication of the water balance index. 


   Other parameters that contribute to the complexity of predicting the relationship between cultures and the environment are the 1) the rate and intensity of change in the many measurable dimensions of the environment, 2) localities of change, and 3) the way cultures perceive and react to environmental change. Morato et al., (1978) summarize the climatic events and the synchronized changes in archaeological sequences from the Sierra Nevada and conclude that, even at small scale, certain cultural changes are triggered by environmental changes. They were the first to address the relationships between climate and cultural changes in western North America. Jones et al., (1999) provide the most comprehensive study of the possible relation between drought periods and demographic changes in western North America. Nonetheless, there is a need for studies that address the effects of climate on cultural changes regardless if it is a direct cause and effect relationship or not. Such studies cannot materialize unless enough archaeological dates and climatic information are available. 




Fig. 1. Research area location in relation to California, the Sierra Nevada, and the Inyo National Forest. 

2. Overview of the Study Area


   Owens Valley lies in eastern California between two high mountain ranges, the Sierra Nevada on the west and the White-Inyo Mountains on the east. Although it falls within the rain shadow of the Sierra Nevada and has an arid climate, it is the catchment for runoff from the Sierra Nevada, which flows from many tributary streams into the Owens River and supplies groundwater for valley wetlands. A combination of the latitudinal extent and south to north increase in base level of the Owens Valley, and the large valley-to-mountain relief of 1067 m to over 4270 m, has resulted in a pronounced bioclimatic zonation at the present time and in the past (Fig.1).


2.1 The Modern Environment


   The Owens Valley region is characterized by a Mediterranean climate with dry, hot summers and wet, cold winters. Most precipitation comes during the winter, while summer precipitation in the mountains occurs in the form of local convectional storms from southern air masses generated by the Southwestern monsoons (Powell and Klieforth, 1991). The floor of Owens Valley is warm and dry, with a mean annual temperature near the town of Bishop (elevation 1252.728m) of 13.4 °C , and a mean annual precipitation of 134 mm (Fig. 2 a & b).  The crest of the White Mountains (elevation 3800.856 m) has a cold mean annual temperature of -2.5 °C and a mean annual precipitation of 495 mm.  Much of the precipitation falls as snow for an average annual total snowfall of 4026 mm. 
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Fig. 2a &b. Monthly Precipitation distribution in the Owens Valley and the White Mountains. Note the increase in precipitation in the mountains during the dry summer months as opposed to the valley (http://www.wrcc.dri.edu/)

   Vegetation and animal habitats reflect this climatic pattern. In general, the natural vegetation on the valley floor consists of saltbush scrub, meadows, willow, and cottonwood.  Along the lower alluvial fans, there is a transition between the hot Mojave Desert around Owens Lake in the south and the cold Great Basin Desert to the north.  The Mojave Desert is characterized by creosote bush, bursage, blackbush, and saltbush associations, while the Great Basin Desert is dominated by big sagebrush and bitterbrush scrub.  In the Sierra Nevada, vegetation intergrades along an elevation gradient from pinyon and mountain mahogany woodlands, Jeffrey pine and lodgepole pine forests, a subalpine forest mosaic of mountain hemlock, limber pine, foxtail pine, western white pine, and whitebark pine to alpine cushion plants above timberline.  There are meadows at all elevations. Vegetation associations are simpler in the xeric White-Inyo Mountains, ranging with elevation from sagebrush shrub and pinyon-juniper woodland to a subalpine mosaic of sagebrush, mountain mahogany, and open conifer woodlands of limber pine and bristlecone pine.  Alpine cushion plants grow on the highest elevations.  There are extensive meadows above 3000 m (Woolfenden, 2003).


2.2 Environmental History


   During the cold and dry last glaciation, before about 18,000 years ago, the higher runoff from the glaciers and permanent snowfields in the mountains, and lower evaporation induced by cooler temperatures sustained lakes and shallow marshes that were impounded in many of the desert basins including Owens Valley, which terminated in Pleistocene Owens Lake (Smith and Street-Perrott, 1983).  The lower elevations of the Owens Valley region were dominated by juniper woodland with the addition of pinyon as an associate in the southern end of the valley (Jennings and Elliott-Fisk, 1993; Koehler and Anderson, 1994, 1995; Woolfenden, 1996, 2003).  


   As climate warmed during the transition from the late glaciation to the early Holocene, between about 18,000 and 11,000 years ago, the marshes and lakes expanded briefly from rapid glacial melting and the northward movement of the Polar jet stream, then subsequently began to dry (Grayson, 1993; Woolfenden, 2003).  Pinyon and juniper decreased in the lowlands as more xeric shrubs such as mountain mahogany, white bursage, winter fat, wolfberry, wishbone plant, and species of salt bush increased.  Juniper finally departed completely from Owens Valley between 9500 and 7650 years ago (Koehler and Anderson, 1994, 1995). 


   Only small changes are evident subsequent to 2800 years ago.  Paleontological analyses of early Holocene mammals are scarce due to the lack of investigations of cave sediments that best preserve montane mammals (Grayson, 1987). As for montane vegetation, when Holocene temperatures exceeded modern values about 9000 years ago, the upper treeline grew 130 m above that of the present in the White Mountains (LaMarche, 1974).  By 5,640 years ago pinyon-juniper woodland occupied the subalpine elevation at 3048 m, which is now occupied by bristlecone pine-limber pine woodland (Jennings and Elliott-Fisk, 1993). On the northwest slope at 1,830 m, however, modern pinyon woodland with a sagebrush understory and the lack of more xeric species that would be expected existed between 8,790 and 7,810 years ago. 


   Faunal remains retrieved from packrat middens and cave sediments illustrate a decrease in small mammals with decrease in precipitation, coupled by an increase in taxa that are well adapted to xeric environments (Grayson, 2000).  Modern studies from the Great Basin and the White Mountains can also be used as an analog. Previous studies list various mammals, such as marmots, deer, bighorn sheep, mountain lions, rabbits, and packrats that are supported by a xeric habitat (Berger and Wehausen, 1991; Grayson, 1993). When temperatures began to decrease about 6000 years ago, bristlecone pine moved down slope in a step-like fashion until about AD1700 and AD1860 when the species reached its lowest elevation of the past 7000 years (LaMarche, 1973). 


   Before 10,000 years ago in the eastern escarpment of the Sierra Nevada a nearly treeless newly deglaciated landscape was present (Anderson, 1987), which was soon occupied by a montane forest with a sagebrush and grass understory. After this, there was no discernible trend in forest composition and abundance until 5500 yr B.P. when the numbers of conifers increased with red fir added to the forest association until a peak in species diversity was reached around 1000 years ago before declining (Anderson, 1987; Dull and Edlund, 1997). 


   The temporal resolution of proxy data such as pollen and packrat middens fossils is too low to capture the response of vegetation to climate change on a century scale, but tree-ring analysis has accounted for climate and tree dynamics for the past thousand years. An interval of decreased precipitation for the period AD 900 to 1300 was identified in the reconstructed annual precipitation from the lower forest border bristlecone pine chronology in the White Mountains in which two major droughts between AD 900 and 1100 and AD1200 and 1300 occurred (Hughes and Graumlich, 1996).  The droughts are correlated with low stands of Mono Lake, Owens Lake, Tenaya Lake, lakes around the Tahoe Basin, and low flows of the West Walker River (Stine, 1994, 2001). Precipitation and temperature anomalies for the Medieval Climatic Anomaly and Little Ice Age have been analyzed from tree ring chronologies of foxtail pine and Sierra Juniper in the southern Sierra Nevada (Graumlich, 1993).  The upper elevation limit of foxtail pine is also apparently influenced by variation in temperature and water availability (Lloyd and Graumlich, 1997).  The pines were established above their present treeline during warm temperatures between 100 BC to AD 900 and mortality caused by major droughts from AD 1000 to 1400 lowered the treeline to the current level.  On the other hand, from AD 1500 to 1900, cool temperatures inhibited seedling recruitment at treeline.


2.3 Cultural History 


   Although this paper focuses on the connection between climate and human land use in the White Mountains in specific and Owens Valley region, in general, within the past 1000 years, a short overview of the postglacial cultural history of the region provides a frame of reference, as does the postglacial environmental history. Before the Euroamerican settlement of Owens Valley in the 1860s, Native Americans occupied the area since at least the beginning of the current interglacial period, more than 11,000 years ago (Bettinger, 1991). The accepted prehistoric cultural chronology is defined according to the following time periods dated according to radiocarbon and obsidian hydration dates and projectile point types (Bettinger, 1977, 1991):


   1. The Paleoindian and Pre-Archaic Period is bounded by the early to middle Holocene, about 11,000 to 7,500 years ago. Few archaeological sites characterize this period.  Land use by highly mobile populations was concentrated in the lowlands around now vanished wetlands. Tools that characterize what is termed the Western Great Basin technology consist of large flaked stone projectile points that were hafted to spears and atlatl darts such as Great Basin Concave Base, Great Basin Stemmed, and Fish Slough Side-Notched, along with flaked stone crescents and groundstone milling equipment for seeds. 


   2. The Archaic Period spans the middle Holocene to the Late Holocene and the beginning of the historical phase.  It is divided into three phases, Early, Middle and Late Archaic.



a. The Early Archaic Phase (termed the Little Lake in the eastern Sierra), dated from about 7500 to 3150 years ago, is characterized by large and small multifunctional sites in the lowlands with large (12,500 km2) catchment areas and small upland sites functioning as sporadic hunting camps. The projectile points associated with this phase are classified as Pinto and Little Lake. As with the earlier phase, projectile points and other tools are manufactured by a core-based flaked stone technology. Expedient milling equipment made of local fieldstone is found at lowland sites. 


b. The Middle Archaic Phase (termed the Newberry in the eastern Sierra), dated from about 3150 to 1350 years ago, corresponds to the neopluvial or neoglacial climatic period of the late Holocene beginning about 3000 years ago.  It is characterized by a more sedentary population having functionally differentiated sites including centralized villages in the lowlands and greater use of the uplands for both plant and animal procurement, evidence of trans-Sierran trade and a peak in production activity at the major obsidian sources.  There was an inception of the intensive use of pine nuts (pinyon) which, with formalized and functionally differentiated milling stones found in lowland sites, indicate a greater dependence on plant foods. The projectile point types, based on a biface reduction flaking technology, such as Elko, Humboldt, and Sierra Concave Base, were still made for use with the atlatl.


c. The Late Archaic phase (termed the Haiwee and Marana in the eastern Sierra, dated from about 1350 to 150 years ago (AD 1850), shows a further decrease of seasonal mobility with large villages on the valley floor and a more integrated social organization with territorial demarcation of group boundaries.  Distinctive to this phase are the irrigation systems in Owens Valley, high altitude seasonal village sites in the White Mountains, the use of the bow and arrow, and the introduction of bedrock mortars and pottery. Projectile point types include the earlier Rosegate (AD 600-1300) and later Desert Sidenotched (AD 1300-1850) series. The end of the phase is marked by the immigration of non-Native American peoples into the region.  


3. Human Ecological Model


   In this section an explanatory model is proposed to functionally relate reconstructed climate temperature and precipitation), the effective environment of prehistoric hunter gatherers, and human culture as indicated in Fig. 3.  The effect of climate variability (short term changes in precipitation and temperature) on the resource base is expected to have altered human activity in the White Mountains and Owens Valley region.  This is the primary hypothesis.  As stated in the introduction, the problem is to 1) estimate the climatic limits to high elevation human occupation and 2) relate the identified climate limits to resources productivity, which base people depend on. 




Fig. 3. Schematic diagram of the proposed relationship between climate, environment, and human culture. A feedback is proposed between human culture and the effective environment while climate alters both of them as they interact with each other and passively with climate


   Human occupation of the White Mountains has been explained as the result of a more efficient food processing technology (Bettinger, 1991), population pressures (Grayson, 1991), and the immigration of Numic speaking populations (“Numic spread”) (Bettinger and Baumhoff, 1982). Regardless of the proximal cause for the occupation, climate is an apparent factor that is to be explained. It must be emphasized that climate is not a forcing factor or determinant of human land use and settlement, but is only a constraint that indirectly drives the effective environment. The model is made operational by asking a basic question for each component, providing data or making assumptions to answer the questions and making assumptions that cannot be addressed by the data. Each component of the schematic representation of the model in Fig. 3 is expanded in the following sections.

4. Climate Reconstruction  


Question:  What has been the climate variability in the White Mountains during the past 1000 years?


4.1. Dendroclimatic Reconstructions

   This section summarizes temperature inferences from the present study and LaMarche (1974) and from precipitation reconstructions from previous studies in the White Mountains (Hughes and Funkhouser, 1998; Hughes and Graumlich, 1996). The basic aim is to identify periods of above average temperature and precipitation to compare with 14C dates in the following section. Temperature inferences are based on LaMarche’s (1974) model and this study (Ababneh, 2006), while the precipitation reconstruction is based on a BCP chronology collected from the lower forest border of the study area, Methuselah Ridge Walk, and those by and Hughes and Funkhouser (1998) Hughes and Graumlich (1996). 

4.1.1. Temperature Inference from the BCP Chronologies

   LaMarche (1974) provided inferences about temperature from more than 1000 year old tree-ring width chronology from the upper forest border of the White Mountains. LaMarche showed that for the period from AD 800 to AD 1959, ring widths show high similarity with regional and global temperature scales reconstructed independently from the BCP chronology, and therefore, that BCP at the upper tree line can be considered a good estimate of the growing season temperature at the upper forest border.  Because the aim of this section is to compare archaeological settlement with the climate data, I can safely omit the last 150-years of the chronology produced by this study and therefore avoid the argument proposed by Graybill and Idso (1993) and LaMarche et al., (1984) of an anthropogenic increase in tree-ring widths after 1850. In this section, I graphically and statistically (Fig. 4, Table 1) compare the chronology produced from aggregated whole-bark and strip-bark trees (Ababneh, 2006, this study) from the Patriarch Grove and the Sheep Mountain, White Mountains, to that used by LaMarche (1974) from the same area, and provide inferences about summer or warm season temperature that coincides with the seasonal settlements of Native Americans by Steward (1938) and discussed in the environmental settings section of this paper. Appendix II methods and results (Ababneh 2006, this dissertation) reported the highest significant correlation between Sheep whole-bark chronology and summer temperature. However, to maintain the most possible length of the chronologies and thus cover the range of 14C date, all chronologies were aggregated. for the sake of mainintaing the LaMarche (1974) used a 20-year running mean on raw tree-ring widths to remove low frequency variability in the chronology and proposed a model about the relationship between ring width and dominant temperature during the growing season. A positive departure is inferred as a warm season while a negative departure thought to represent a cool season. Similar patterns arise between whole and strip-bark chronologies (this study) when they are overlaid on LaMarche’s (1974) chronology after removing low-frequency variability with a 20-year filter (Fig. 4, Table 1). I use LaMarche’s interpretations as a model and divided the chronologies established in this study into cool and warm periods after averaging the four strip and whole chronologies from Patriarch Grove and Sheep Mountain into one chronology (Fig. 4).  Indices have to be used since LaMarche 1974 is only available in indices format, therefore, a standard dendrochronological comparison is not feasible and instead the chronologies are compared with basic statistics as illustrated in Table 1. 

Table 1


Comparison of the basic descriptive statistical parameters between LaMarche (1974) and Aggregated Chronology of Patriarch Grove and Sheep Mountain (strip-bark and whole-bark) from this study. 

		Site 

		Mean

		Std.Dev.

		minimum

		maximum



		LaMarche 1974


		1.01

		0.27

		0.278

		2.115



		Aggregated Chronology (this study) 

		1.00

		0.24

		0.26

		2.00
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Fig.4. LaMarche (1974) overlaid by Aggregated chronology from Strip-bark and whole-bark of Patriarch Grove and Sheep Mountain develop in this study for visual comparisons. Both chronologies are tree-ring width indices. 

4.1.2. Temperature Periodization

   Several periods of above mean temperature (arithmetic mean for the period AD 1171-1960) are identifiable from the whole and strip-bark trees based on LaMarche’s (1974) summer temperature model (growing season temperature). The mean is used as the reference point to identify periods of warm and cool temperatures in the White Mountains, and periods of five or more consecutive years with ±0.4 standard deviation from the mean was considered as cold/dry depending on direction of deviation. Twenty-four major periods are identified within the 830-year common span of the chronologies. The beginning of Patriarch Grove chronology at AD 1172 falls within a period generally identified as warm in the Eastern Sierra and the White Mountains (Hughes and Funkhouser, 1998; Hughes and Graumlich, 1996). The next period, from AD 1277-1305 (35 years), is of warm conditions. The first half of the 1300s marks the beginning of another warm period that leads to a cold period, AD 1440-1850, also recognized by Graumlich (1993) in the Eastern Sierra and by others in the White Mountains (VanWest, 1995); however, it is worth mentioning that the observed cooling trend does not start until AD 1533 in the chronology established in this study (Ababneh, 2006). Within this cool period, temperature fluctuates around the mean between AD 1541–1599 and AD 1600-1640. The late 16th century marks a cool period that ends around 1850 with ten years from 1560-1570 that are marked as warm. In summary, temperature variability within the past 1000 years in the White Mountains is characterized by three major warm intervals (AD 1172-1200; AD 1400-1499;AD 1500-1548); four major cold periods (AD 1250-1298; AD 1340-1390; AD 1490-1500; AD 1549-1850), and two variable periods (AD 1200-1250 and AD 1300-1340) (Fig.5). 
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Fig. 5. Cold and warm periods as inferred from tree ring widths chronology (Ababneh, 2006, This study) fluctuations above and below the mean after normalizing, whole-bark and strip-bark chronologies are grouped together from two sites Patriarch Grove and Sheep Mountain. 


4.1.3. Precipitation Reconstruction


   Wet and dry periods are identified from the precipitation reconstructions of Hughes and Funkhouser (1998) and Hughes and Graumlich (1996). 
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Fig. 6. Overlay plot of Hughes and Funkhouser (1998) and Hughes and Graumlich (1996) precipitation reconstruction from Methuselah Walk for visual comparison. Both of the reconstructions vary homogeneously with no visually observed differences. The clear similarities are mainly because the both reconstructions are based on the same tree-ring data.

The identified periods are restricted to the past 1000 years, which covers the length of the chronology reconstructed from whole and strip-bark trees (Ababneh, 2006, this dissertation). Since both Hughes and Funkhouser 1998 and Hughes and Graumlich 1996 do not differ from each other (Fig. 6), I will refer to the most recent one in periodizing the wet and dry periods in this study.


4.1.4 Precipitation Periodization:


   Within the 1000-year span of the chronologies, eight periods are wet while seven are dry, and four individual years hang around the mean of 19.71 cm. The longest duration of particular conditions is 222 years from AD 1702-1924 that are above the mean and are classified as wet, while the shortest is fifteen years from AD 1230-1244 and is wet also. Table 2 summarizes all of the wet and dry periods with their basic statistics including duration, mean, minimum, and maximum. Wet periods are defined as those above Hughes and Funkhouser’s (1998) mean of 19.71 cm (standard deviation of 0.75, minimum=18.33 and max=21.56),  are AD 1000-1042, AD 1090-1124, AD 1230-1244, AD 1333-1357, AD 1389-1498, AD 1548-1647, AD 1701-1924 with year AD 1846 different by only 0.1 cm from the mean. The dry periods are A.D. 1043-1089, AD 1125-1229, AD 1246-1332, AD 1358-1388, AD 1499-1547, AD 1648-1700, and AD 1925-1971. (Fig. 7, Table 2).  

Table 2


Summary of dry and wet periods as inferred from Hughes and Funkhouser 1998. Wet periods are in bold for their relevance with archaeological settlements.

		Period 

		Condition

		Number of years

		% of years/total

		Mean

		Std. Dev. 

		Min/year

		Max/year



		1000-1042 

		wet

		43

		4.3

		20.03

		0.09

		19.77/1000

		 0.13/1042



		1043-1089 

		dry

		47

		5

		18.99

		0.44

		18.40/1043

		19.71/1089



		1090-1124 

		wet

		35

		4

		20.11

		0.24

		19.74/1090

		20.43/1124



		1125-1129 

		dry

		5

		5

		19.45

		0.16

		19.25/1125

		19.65/1129



		1230-1244

		wet

		15

		2

		19.80

		0.03

		19.74/1230

		19.83/1244



		1245-1332 

		dry

		87

		9

		19.02

		0.43

		18.33/1246

		19.70/1332



		1333-1357 

		wet

		25

		3

		20.17

		0.22

		19.77/1333

		20.44/1357



		1358-1388 

		dry

		31

		3

		19.17

		0.27

		18.85/1358

		19.69/1388



		1389-1498 

		wet

		111

		11

		20.48

		0.47

		19.68/1388

		21.28/1498



		1499-1547 

		dry

		49

		5

		19.61

		0.24

		18.89/1499

		19.71/1547



		1548-1647 

		wet

		100

		10

		20.28

		0.57

		19.22/1549

		21.10/1647



		1648-1700 

		dry

		53

		5

		18.85

		0.41

		18.35/1649

		19.64/1700



		1701-1924 

		wet

		224

		22

		20.32

		0.50

		19.73/1702

		21.56/1924



		1925-1971 

		dry

		47

		5

		18.88

		0.36

		18.51/1926

		19.70/1971



		1972-1996

		wet

		25

		3

		20.10

		0.16

		19.79/1972

		20.26/1996
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Fig. 7.  Dry and wet periods as identified from Hughes and Funkhouser 1998 precipitation reconstruction from the lower forest border in the White Mountains. 

4.1.5. Periodization of Temperature and Precipitation


   The beginning of the chronology at A.D. 1172 falls within a period generally identified as dry in the Eastern Sierra and the White Mountains (Hughes and Funkhouser, 1998; Hughes and Graumlich, 1996). The next period is from AD 1277-1305 (35 years) of warm and wet conditions (Graumlich,1993; Hughes and Funkhouser, 1998; Hughes and Graumlich, 1996; Van West, 1995).The first half of the 1300s marks the beginning of another warm period that leads to a cold period (AD 1440-1850) and recognized by Graumlich (1993) in the Eastern Sierra and others from the White Mountains; however, it is worth mentioning that the observed cooling trend does not start until AD 1533 in the temperature inference (section 5.1.1). Within this cool period, temperature fluctuates around the mean between AD 1541-1599 and AD 1600-1640. The beginning the 17th century marks a cool and wet period that ends around AD 1675 when precipitation starts increasing, while temperature stays in the cool phase until AD 1850. In general, climate variability in the White Mountains is characterized by periods of wet and warm for two major intervals of the past 1000 years, are AD 1200-1250 and AD 1391-1441, while the period from AD 1650-1667 is characterized by wet and moderate temperature conditions (Fig. 8). 
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Fig. 8. Illustration of temperature and precipitation periodization, note both chronologies had to be converted to z-scores in order to fit the scale

5. The Effective Environment


Question:  How has climate affected the White Mountain ecosystem?


   The subalpine and alpine zones of the White Mountains are considered a marginal environment even though resources are relatively abundant. Surface water in the form of streams and springs provides drinking water and meadows provide habitat for rodents—particularly yellow-bellied marmots (Marmota flaviventris) — desert bighorn sheep (Ovis canadensis), and mule deer (Odocoileus hemionus). Most of the food of marmots consists of grasses sedges and forbs (Armitage, 1991), while that of big horn sheep and deer include grasses, sedges, forbs and shrubs such as sagebrush, mountain mahogany and creambush (Wehausen, 1983). The marginality rests more on harsh climatic conditions such as aridity, high winds, low temperatures, thin air, ultraviolet exposure, and sudden summer storms.  Wildlife living all year in high elevation environments have adapted to these constraints by biological alterations and life history strategies (Martin, 2001).  The large artiodactyls, bighorn sheep and deer, are migratory and use high elevations seasonally.  


   Winter precipitation in the Owens Valley is low so the meadows and rivers are sustained by runoff from the Sierra Nevada.  Conversely, the meadows and streams in the White Mountains are sustained by snow melt and late spring and summer precipitation. Because of the aridity and the dependence of habitats on water, the subalpine and alpine zones are sensitive to variations in precipitation.  Alpine ecosystems world-wide are controlled by low temperatures and so are highly responsive to temperature change (Pauli, 2001). Precipitation and temperature are interactive variables that regulate water balance, plant phenology and primary productivity (Major, 1988).


   Effects of climate change on two prominent animals are given as examples. Bighorn sheep are particularly affected by water availability since a decrease in precipitation causes a decrease in the area and fragmentation of plant associations, and thus the lowering of forage quality (Epps et al., 2004).  Although desert bighorn sheep are adapted to xeric conditions drought can cause a rise in mortality (Epps et al., 2004). As a probable result of the increased aridity of the Southwest, with the mean annual temperature increasing by 0.12% per decade from AD 1901 to 1987 and mean annual precipitation decreasing by 20% over the last century, there has been a population turnover with 30 to 80% of the California populations going extinct during the past 60 years (Epps et al., 2004). The most significant predictors in an extinction model developed by Epps and colleagues are precipitation, elevation, springs, and climate.  


   The effects of climate on marmot population dynamics are more complex. The size of litters and percent of their survival is higher with a longer growing season and availability of food resources. This is regulated by onset and/or termination of snow cover (Armitage, 1991). Prolonged snow cover can cause a decrease in the population and, with an increase in temperature and earlier emergence of marmots from their burrows, even the risk of starvation (Inouye et al., 2000). The latter scenario is from a study of Rocky Mountain species.  The White Mountains, however, are much more arid, and so water availability is still a greater limiting factor.  More snow cover and higher temperatures may affect marmot population dynamics but less snow will also diminish food resources.   


5.1 The Prehistoric Subsistence -Settlement Pattern


Question: How much precipitation over what time period is needed for spring recharge, stream flow over most of the summer, meadow productivity, and animal populations at a level to permit intense and sustained occupation of the White Mountains subalpine and alpine zones?  A related question is what was the effect of low frequency temperature variation?


   The archaeological and ethnographic records document the land use by the Owens Valley Paiute and their predecessors over the past 1000 years (Bettinger, 1977, 1979; Steward, 1933). The prehistoric people of Owens Valley were hunters and gatherers but less mobile and far ranging than groups in other, drier basins of the Great Basin. They can be classified as central place foragers, which refer to a strategy of people spreading out from a centralized occupation site to hunt and gather in nearby resource patches and then returning to the central site (Winterhalder, 2001). Owens Valley proper did not constitute a single district but was divided into several smaller ones.  Each was a strip of land aligned across the valley from the crest of the Sierra Nevada to that of the White-Inyo Mountains associated with a major Sierra Nevada drainage tributary to the Owens River and containing a large occupation site (termed a “village”) or village cluster.  The villages were inhabited all year but less frequently used during the summer and fall.  The high relief running across several ecological zones, and the abundant water and the narrow width of Owens Valley allowed for condensed territories with relatively high populations.  Runoff from the Sierra Nevada provided almost all of the water for the Owens River and wetlands along the valley floor and sustained a high level of resource productivity. The orientation to the use of wetland resources led to the construction of ditch systems used to augment wild food production (Steward, 1933).  


   The population spent the winter in the villages, and then dispersed in the spring to other locations within the valley for gathering plant and animal foods. As the warm season progressed, some groups traveled to the Sierra Nevada, staying briefly in desert camps on the alluvial fans and in larger occupation sites around the lower montane meadows.  Travel extended farther into the mountains to the higher meadows, following the spring and deer herds migrating to their summer range.  The mountain passes were the sites of trade between the Paiute and the Miwok and western Mono from the west slope.   


   Meanwhile, other groups traveled into the White Mountains, probably quickly through the relatively unproductive pinyon-juniper woodland to the subalpine and alpine meadows of the upper elevations.  If the resources of this arid mountain range were sufficient, family groups stayed through much of the summer staying in substantial occupation sites, termed “villages” by Bettinger (1991), that were comparable, on a smaller scale, to the valley winter villages.  In the late summer groups traveled to the pinyon stands of the White-Inyo Mountains and Glass Mountain ridge to the north to gather pine nuts, which was a food staple.  If the pine nut harvest was good, people wintered over in large camps in the pinyon-juniper woodland.  Otherwise, they returned to the valley floor.  Deer, antelope, and big horn sheep were hunted in separate forays, and there were also communal deer and rabbit drives (Fig. 9).
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Fig. 9. Owens Valley Paiute seasonal round (from Steward 1933), Mtn=Mountain.   


5.2. Human Culture and Alpine Occupation:


   There are ten known alpine village sites in the Cooked Creek and Cottonwood Creek drainage basins and one isolated site on the southwest slope of Mt. Barcroft ridge ranging in elevation from 3145 m to 3855 m (Table 3).  All but the highest site (Site 12640) are located on or near wetlands and streams. They are characterized by well-developed middens and two to ten multiple-coursed stone semicircles that are interpreted to be the footings of wood covered dwellings (Bettinger, 1991).  Associated artifact assemblages are diverse, including groundstone milling tools for plant processing, hunting equipment, and implements for butchering and root processing among others.  No pottery is present.  

Table 3

Alpine archaeological sites with associated 14C date, darker gray cells are dates from structures. 

		Crooked Forks

		Raven Camp

		Corral Camp South

		Corral Camp North

		Midway

		Shooting Star

		Rancho Deluxe

		Pressure Drop

		Site 12640



		A.D.1650

		A.D.1650

		A.D.1530

		

		A.D.1648

		

		A.D.1662

		A.D.1640

		A.D.1490



		A.D.1426

		A.D.774

		A.D.1490

		

		A.D.1645

		

		A.D.1263

		A.D.1455

		A.D.1435



		A.D.1426

		

		A.D.1215

		

		A.D.1437

		

		A.D.544

		A.D.1410

		A.D.1450



		A.D.  234

		

		

		

		 402 B.C.

		

		

		

		



		

		

		

		

		402 B.C.

		

		

		

		





   Even though the villages are as substantial and permanent as those on the valley floor, the lack of pottery excludes them from the occupation site category defined by Bettinger who used discriminate and factor analysis to classify sites in the Owens Valley into three categories: occupation sites, pinyon camps, and temporary camps (Bettinger, 1979).  The alpine sites, however, share the presence of milling stones with the Owens Valley occupation sites.  The alpine sites have stone semicircles, while the winter villages in Owens Valley are semi-subterranean thatched pole structures; therefore, the alpine sites may be a separate category within the settlement-subsistence pattern.  Bettinger’s study was published in 1979 before the high elevation sites were investigated and so data for classifying alpine villages was not available.


   The dwellings, hunting and domestic artifacts, floral, and faunal remains indicate that these sites were inhabited by family groups during the summer season.  The full range of corrected radiocarbon ages from the sites is AD 234 to 1662 with the larger percentage falling between AD 1435 and 1662.  The dates are randomly scattered among seven of the sites.  In spite of an early radiocarbon age of AD 234 from one of the structures, Bettinger claims that, based on lichen dates (c.f., lichenometry) the alpine villages were initially established by AD 660.  The technology was pre-adapted to high elevation use.  Stone structures had been built for hunting blinds at all elevations and as footings for winter dwellings in pine nut gathering camps.  Temperature was apparently not a problem since Paiute groups are known to have lived in harsh winter conditions.  A Paiute informant, Mary Cornwall, who was raised in Long Valley, which is north of Owens Valley, stated that, “we were not very cold or afraid of the snow” (Essene, 1935). Moccasins and snowshoes were used for winter travel.    


Surface water, animals, meadow plants, and such foods as bitterroot (Lewisia rediviva) were important resources for prehistoric people (Fig. 10). The number of mammal species is less than at lower elevations (Grayson, 1991), but the large number of marmots and the presence of the bighorn sheep compensated.  The most abundant taxa (89.1%) found in alpine sites are bighorn sheep and marmots (Grayson, 1991). Today it is obvious that there are large numbers of marmots in alpine habitats.  Modern and ethnographic Paiute value the marmot for food and their pelts (Steward, 1935). The high abundance of marmots, along with bighorn sheep, may have been equivalent in nutrition and availability to more diverse mammal populations at lower elevations and in Owens Valley.  Marmots are large, fat rodents requiring a rapid gain of body mass during the short active season for both reproductive and hibernation needs (Armitage, 1991).  They are a good meat source.  The size (115-280 lbs) of bighorn sheep also provides a hefty supply of meat.  The caloric return on one animal compared to the energy expended by hunting is much greater than the smaller mule deer.  The nutritional value of bitterroot is not known but it was a major staple and trade commodity of Native Americans in intermontane and northwestern North America besides being eaten by the Paiute.  These factors may have provided an incentive to summer-long occupation of the White Mountains. So, instead of a gradual distribution of spring and summer resources as in the Sierra Nevada, there were two optimal habitats for village settlement in the Owens Valley-White Mountains area, one on the valley floor and the other in the high country, a disjunctive winter and summer occupation (Fig.10).
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Fig. 10.  Distribution of archaeological sites around meadows and water resources at the Alpine zone in the White Mountains. Green: meadows, red dots: archaeological sites, sage green dots: springs.

6. Analysis of the Model Components and Results 


   The primary result is a correspondence between reconstructed precipitation and the temporal distribution of significant mean radiocarbon dates from the White Mountain alpine villages (Fig.11) (Ababneh 2006, this paper; Bettinger, 1991; Hughes and Funkhouser, 1998; Hughes and Graumlich, 1996).  This is only an empirical relationship and a hypothesis must be made that the relationship is functional.  Bettinger (1991) considered the possibility of more abundant precipitation influencing high elevation occupation but, in his opinion, the existing tree-ring data compiled by LaMarche (1974) “show no obvious correspondence between intervals of increased precipitation and the timing of alpine village occupations, as indicated by clusters of radiocarbon dates.”  This possibility was revisited because more extensive and reliable dendroclimatological work on the bristlecone pine has been done since 1974. 
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Fig. 11. Plot of temperature and precipitation reconstructions from bristlecone pine tree-ring chronologies, and radiocarbon ages from alpine village structures.  The vertical dashed lines enclose periods of above average precipitation where calibrated radiocarbon ages are clustered. See Table Bettinger 1991 for radiocarbon ages and associated calendar ones. 

   Contrary to Bettinger’s earlier observations, the newer data indicate a strong positive correspondence between clusters of calibrated radiocarbon dates and periods of above average precipitation. The significance of this correspondence was explored and the results are presented below and in Fig. 11.  


   Whether temperature is high or low during increased precipitation seems to make no difference. Precipitation is likely to be the controlling variable, even though both cold and dry and warm and dry conditions have one associated radiocarbon age each. Radiocarbon ages cluster within or just after two periods of above average precipitation with durations of 110 years (9 dates or 50%) and 54 years (5 dates or 27%). Three of the 18 dates are in periods of below average precipitation and severe droughts. Because the radiocarbon data are sparse and have broad 95% confidence intervals, they can only be suggestive of a precipitation-alpine village relationship.  The temporal distribution may also be an artifact of radiocarbon sampling.  


   There are two earlier and lengthy intervals of above average precipitation (AD 652-715 and AD 825-898) that have no radiocarbon ages for the alpine sites, even though the dates fall within the post AD 660 period of alpine settlement as defined by Bettinger (1991).  It is possible that the alpine zone was not used intensively until after AD 1300 because of the overall warm and dry conditions of the Medieval Climatic Optimum before then.  This supposition is supported by the lack of radiocarbon ages on stone structures (houses) before AD 1426 except for an anomalous AD 234 age. There are no mean radiocarbon ages during the two lengthy periods of above average precipitation between AD 1702 and AD 1924. 


   The radiocarbon ages are not a complete record of occupation but rather a sample taken from the most likely datable materials.  Because the sampling was blind relative to age, however, it is assumed that the temporal clustering of radiocarbon ages represents an unbiased distribution and indicates the intensity of occupation, and that the isolated dates indicate that the alpine zone was consistently used in spite of climatic conditions.  The 54 year group has two ages that are in times of slightly below average precipitation, but they are only three to five years after the preceding 54 years of above average precipitation, which probably sustained the habitat as precipitation began to decrease.  


   For comparison, a plot of the random distribution of the total numbers of radiocarbon dates relative to the average precipitation is given in Fig.12.  The typical random scatter of points has no observed pattern.  


   In order to test for a significant relationship between the two variables, a chi square (χ2) test for independence was calculated (Table 4). To meet the conditions of the chi square statistic the sample of radiocarbon ages is considered randomly drawn. This supposition is feasible since there was no a prior determination of ages for organic material selected for radiocarbon analysis.  Since the distribution is significant, a generalization can be made from the result to the population of potential radiocarbon ages. The null hypothesis is that there is no relationship between the two variables.
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Fig. 12. Random distribution of radiocarbon dates on average precipitation


Table 4

Chi-square results of testing for the independence of radiocarbon ages and average precipitation duration periods. Chi-square = 13.24, df = 5, p ≤ 0.025 (i.e. there is a relationship between the two variables) 

		

		Radiocarbon Ages

		Average Precipitation (cm)

		Total



		Row 1

		1

		18.9

		19.9



		Row 2

		1

		19.0

		20



		Row 3

		1

		19.1

		20.1



		Row 4

		1

		19.2

		20.2



		Row 5

		9

		20.5

		29.5



		Row 6

		5

		20.6

		25.6



		Total

		18

		117.3

		135.3





   The data suggest that an upper bound to the number of radiocarbon dates of approximately 20.8 inches of average precipitation is being approached.  On the other hand, when the numbers of radiocarbon ages are plotted against the duration of above average precipitation years and regressed, an essentially linear relationship is indicated (r2= 1), an expected r2 based on the few observations for the fitted straight line.  The plots indicate that the number of radiocarbon ages is proportional to the increase in duration of above average precipitation. A plot of all radiocarbon age frequencies with the duration of average precipitation and the average precipitation of those intervals show single radiocarbon ages occurring at various durations, ranging from 50 years to 106 years between 47.25 and 48 cm, and multiple radiocarbon ages occurring above the 19.8 precipitation mean (Fig. 13, Table 5).   
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Fig. 13 The relationship between precipitation and number of radiocarbon ages in a three dimensional format that summarizes the relationship between the cluster of radiocarbon dates and wet periods if approached nonlinearly.


Table 5

Intervals with above average precipitation from A.D. 1100 to the present, associated radiocarbon ages and predicted radiocarbon ages from the linear relationship equation (y=2.8367 + 0.0105x, R2=1)


		Intervals

		Number of years

		Average precipitation (in)

		Radiocarbon Ages

		Predicted Radiocarbon Years*



		A.D. 652-715

		64

		20.5

		0

		~5.5



		A.D. 825-898

		74

		20.2

		0

		6.5



		A.D. 997-1042

		46

		20.0

		0

		~5



		A.D. 1091-1123

		33

		20.1

		0

		~3.5



		A.D. 1230-1243

		14

		19.8

		0

		~2



		A.D. 1333-1357

		25

		20.2

		0

		3



		A.D. 1389-1498 

		110

		20.5

		9

		9



		A.D. 1549-1572

		24

		20.3

		0

		~3



		A.D. 1594-1647

		54

		20.6

		5

		5



		A.D. 1702-1839

		138

		20.4

		0

		~12





   These results can be put into a proposition for the model, which states: the increase in seasonal human population size in the alpine zone is proportional to the amount of available resources, all else being equal. Thus the diminishing returns from available resources tend to limit population growth. Resource availability is related to the amount of precipitation and range of temperature, which conditions seasonality. As precipitation increases, resource availability increases as does the population of human groups. Carrying capacity, however, sets the upper bounds of or limits to growth. Based on the available data, this carrying capacity is reached even with a high average precipitation value of about 20.8. cm with a duration of at least 50 years. The duration of about 20 years of above average precipitation that supports more than two radiocarbon dates may be near a threshold for relatively intense settlement. Further, the analyses indicate that village sites were occupied at a low intensity when precipitation was below average but not below 18.9 cm, which is still only 0.7 inch above the lowest average precipitation calculated.  


6.1. The proposed Climate-Human-Environment Model:

   For a system model, the following conditions are assumed: An increase in precipitation leads to a positive water balance, which enhances plant growth.


· More plant primary productivity provides more forage for herbivores


· This greater carrying capacity has a more productive resource base for hunters and gatherers.


   The problem is to relate increase in precipitation to the productivity of the human resource base (effective environment) in the alpine zone and the increase in human settlement.  The existing quantitative data for the model are reconstructed precipitation and temperature, and the distribution of radiocarbon ages of the archaeological expression of the human subsistence-settlement pattern.  These data can be considered input and output variables of a modeled human ecological system. Thus, the relationship can be parameterized as:  






c


e


R


-


+


=


1


1









(1.1)





Equation 1. where:  R is the number of radiocarbon dates and c is climate in terms of precipitation. 

This equation, which is logistic, deterministic and very simplistic, is explained by the intervening ecosystem model which is diagrammed in Fig. 14
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Fig.14.  Diagram of the ecosystem model

   The potential ecosystem (or effective environments) is realized by the input of climate variables.  The output of radiocarbon ages represents the intensity of alpine settlement.


   An expansion of the model into a framework that represents the important components of an ecosystem as a series of calculations is given in Figure 15.  Note that a cascading effect from climate to the environment and human use is presumed.  Existing data are insufficient to quantitatively model climate-ecosystem relationships in the White Mountains.  Only a broad assumption can be made that the optimal effective environment for high elevation settlement and land use by prehistoric hunter-gatherers approximates what the above figures indicate.  One factor to be considered is the stress on modern bighorn sheep populations by increasing warmth and aridity since about 1900 (Epps et al., 2004). This could function as baseline data to be projected into the past. Bighorn sheep can represent a keystone species by which the primary productivity of the alpine ecosystem is estimated.  Otherwise, data on hydrology, plant phenology, primary productivity, and animal population dynamics related to climate must be gathered from field studies.  The model can generate research questions and hypotheses.  After this stage a quantitative model can be designed to generate predictions or estimates of the expected outcome (Fig. 15).




Fig. 15. Model of the alpine and subalpine human ecosystem of the White Mountains

   The human use portion of the model must also be structured to generate an estimate of prehistoric human behavior relative to the condition of alpine ecosystems.  A simple equation based on foraging theory can be used.  The assumptions are that when water availability was sufficient to sustain adequate plant and animal resources the subalpine and alpine areas of the White Mountains were used in the summer by family groups.  Periods of low water availability and decreased productivity required more effort to acquire resources, and only individuals and small hunting parties used the high elevation for only short periods of time.  It is a matter of economics, balancing expenditure of time in travel (costs) with effective yield of food, which is explained in equation 1.2.  
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Equation 1.2. where E = energy yield


P = productivity of ecosystem (biomass, animal populations)


T = travel time to high elevations


r = residence time in high elevations


d = rate of degradation of resources


   The negative term “d,” the rate of resource degradation, addresses the effect of prehistoric human land use on the environment, which is part of the feedback loop between the two factors.  Effects can be competition for resources, overexploitation, soil erosion, and other unknown factors.  Some sort of decision rule could be incorporated in the model to the effect that, a certain number of years (e.g., 20) of above average precipitation will lead to optimal resource availability and a greater use of the alpine zone by families, and the intensity of this use will increase with increased duration and increased abundance average precipitation until the carrying capacity is reached.  Carrying capacity can be affected by resource degradation or innate biological limitations.  It is expected that the model will produce variable results for resource use in the alpine zone of the White Mountains as diagrammed in Fig. 16.
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Fig. 16.  The predicted relationship between resources utilization and season of occupation in the study area as compared with the surrounding area of Owens Valley and the Sierra Nevada based on the results predicted from the correlation between precipitation and calibrated radiocarbon dates. Y-axis is dimensionless. 


7. Conclusions and Future Study Recommendations


   In conclusion, dendroarchaeological models have proved reliable in reconstructing past environments to provide explanations of aboriginal settlement in the American Southwest (example: Dean, 1988), due to the refined tree-ring based chronological control available in that region. In cases where wood use by aboriginal people is minimal as in the White Mountains, the application of such models will be contingent on dating based on obsidian hydration and radiocarbon methods. The establishment of a radiocarbon-based archaeological chronology for the alpine village sites facilitated a comparison with temperature and precipitation reconstructions from absolutely-dated tree-ring records.  The correspondence between the archaeological and climatic records discussed in this paper can be further substantiated or modified with a larger array of radiocarbon dates. 


   In contrast, assumptions will have to be made about the reasons behind the decision made by people to move to such arid and high elevation environment. Such habitats will vary from one period of time to the other depending in the amount of available plant and animal resources to sustain family groups thorough out the summer season. Long term available resources are contingent on the availability of moisture, the key to life in the desert environment. 
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ABSTRACT 
 

   Dendrochronology focuses on the relationship between a tree’s growth and its 

environment and thus investigates interdisciplinary questions related to archaeology, 

climate, ecology, and global climate change.  In this study, I examine the growth of two 

forms of bristlecone pine (Pinus longaeva): strip-bark and whole-bark trees from two 

subalpine adjacent sites: Patriarch Grove and Sheep Mountain in the White Mountains of 

California. Classical tree-ring width analysis is utilized to test a hypothesis related to a 

proposed effect of the strip-bark formation on trees’ utilization of atmospheric carbon 

dioxide. This effect has grown to be controversial because of the dual effect of 

temperature and carbon dioxide on trees’ growth. The proposed effect is hypothesized to 

have accelerated growth since 1850 that produced wider rings, and the relation of the 

latter topic to anthropogenic activities and climate change. An interdisciplinary approach 

is taken by answering a question that relates temperature inferences and precipitation 

reconstructions from the chronologies developed in the study and other chronologies to 

Native Americans' subsistence-settlement patterns, and alpine villages in the White 

Mountains. Strip-bark trees do exhibit an enhanced growth that varies between sites. 

Strip-bark trees grow faster than whole-bark trees; however, accelerated growth is also 

evident in whole-bark trees but to a lesser degree. No evidence can be provided on the 

cause of the accelerated growth from the methods used. In the archaeological study, 88% 

of the calibrated radiocarbon dates from the alpine villages of the White Mountains 

cluster around above average precipitation, while no straightforward relationship can be 
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established with temperature variations. These results confirm that water is the essence of 

life in the desert.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



11 

CHAPTER ONE 

INTRODUCTION 

   Tree-ring analysis has been widely used in other disciplines to solve questions related 

to archaeology, climatology, plant physiology, and ecology. (Dean et al. 1985; Fritts 

1969; Hughes 2002). This interdisciplinary application relies on a major principle of 

dendrochronology: absolutely dated tree rings contain the record of the response of trees 

to aspects of their surrounding environments. One important subdiscipline is 

dendroarchaeology, which uses tree rings from archaeological wood dated against 

previously developed master chronologies in order to establish a relationship between 

trees’ cutting dates and periods of construction and use of structures. However, such an 

application is confined to the presence of archaeological wood and an established tree-

ring chronology from the surrounding area. In this research, I provide a new approach to 

the applications of dendroarchaeology in the Great Basin of the Western United States. 

This interdisciplinary approach involves the synthesis of four major disciplines, 

dendrochronology, ecology, climate, and anthropology to better interpret the tree growth-

climate relationship and connect it with prehistoric subsistence-settlement patterns in the 

White Mountains of California.  

   Tree-Ring Growth: 

   Tree growth at the upper forest border is related to environmental (external) and 

physiological (internal) factors. Environmental factors include temperature, light 

intensity, soil properties, and precipitation. Internal factors are growth regulators and 

physiological processes like CO2 assimilation, nutrient absorption, and water 
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conductivity (Larcher 1995; Rocha et al. 2006; Taiz and Zeiger 1998; Tranquillini 1979; 

Wilson 1984) (Figure 1).  
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where J is the diffusion flux, ∆C is the CO2 concentration gradient between the ambient 

air and the reaction site in the cell, and Σr are the factors that resist the diffusion process, 

such as stomata conductance and hydraulic conductivity (Larcher 1995; Taiz and Zeiger 

1998).      

   The enhanced growth of plants under artificially elevated CO2 concentration is 

generally referred to as the CO2-fertilization effect (Hunsaker et al. 2000; Schulze 2001). 

Theoretically and under elevated CO2 content, C3 plants’ yield production will increase 

only under drought conditions (Larcher 1995; Long et al. 2006; Schimel 2006). 

Moreover, C3 plants need 1000 µll-1 CO2 in order to reach CO2 saturation. The level of 

compensation (saturation) in C3 plants depends on the intensity of irradiation (higher 

values in weak light), on temperature (higher compensation points with increasing 

temperature), on nutrient content of soil moisture, and on duration of growth season 

(Larcher 1995; Rocha et al. 2006; Taiz and Zeiger 1998). Tree-ring width variability is 

related to photosynthesis rate and carbon assimilation (Fritts 1976).  

   LaMarche et al. (1984) observed an increase in tree-ring widths after 1885 in high 

elevation bristlecone pines (Pinus longaeva and Pinus aristata, Bailey 1972) in 

California, Nevada, and Colorado, and Graybill and Idso (1993) examined average tree-

ring width in samples of P. longaeva from Patriarch Grove (3300m) in the White 

Mountains of California (Figure 2) to test the difference in growth trends over the last 

400 years between “strip-bark” and “whole-bark” trees. Strip-bark is an observed 

phenomenon in some species in which the bark has died back from most of the tree's 

circumference, leaving a strip of living cambium and bark that usually extends along the 
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protected leeward side of the trunk (Beasley and Klemmedson 1980; Kelly et al. 1992; 

LaMarche 1969; Larson et al. 1993; Matthes et al. 2002;  Schauer et al. 2001; Schulman 

1954; Wright and Mooney 1965). Graybill and Idso concluded that strip-bark trees grew 

at a faster rate over the last 150 years than whole-bark trees. They hypothesized that the 

observed growth trend is the result of differential allocation of carbon to cambial activity 

and focused on correlating thirteen examples of each form of bark trees with regional 

temperature and precipitation to isolate the cause of the upward trend. They reported a 

higher significant correlation, although not specified, between whole-bark and regional 

temperature than between strip-bark and regional temperature. The literature is divided 

on whether the cause of the upward trend is restricted to strip-bark trees due to the 

differential allocation of carbon to cambial active area (bark) (Graumlich 1991; Graybill 

and Idso 1993) or as a response to elevated  CO2 (LaMarche et al. 1984) or temperature 

and thus Global Warming (Stockton 1986).  It is important to note here that, at the global 

scale, atmospheric CO2 concentrations have nearly doubled since the beginning of the 

Industrial Revolution, increasing from 220 ppm in 1885 to 380 ppm in 2000 (IPCC 

2001).  On the regional scale, the western United States had experienced an increase in 

temperature (IPCC 2001) as well, and therefore two important variables in tree’s growth 

have changed.   

   Therefore, in this study, I propose to test the following hypotheses and subsequently 

answer a question related to the applications of dendrochronology to archaeology. The 

hypotheses are:  
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H1: strip-bark trees and whole-bark trees have experienced enhanced growth 

within the past 400 years 

H2: The growth rate of strip-bark trees is different from whole-bark trees for the 

same period of time 

H3: Tree-ring widths of each group have a greater variability (i.e., higher standard 

deviation) in the last 30 years  

H4: Strip-bark trees might be responding to a different climate parameter than 

whole-bark trees, and, therefore, a temperature signal might be detected in the 

whole-bark tree-ring widths.  

   The question to be answered is: In light of the data presented in the tested hypothesis, 

i.e., temperature reconstruction from tree-ring widths, could a paleoclimatic model based 

on tree-ring analysis of bristlecone pine be used to explain archaeological subsistence- 

settlement patterns in the White Mountains of California.   
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Figure 2. Location of the White Mountains of California in relation to San Francisco and Los Angeles.  

 

LITERATURE REVIEW 

   General Introduction  

   The CO2 fertilization hypothesis proposes that plants will grow faster under elevated 

atmospheric CO2 concentrations; that accelerated growth might take many forms like 

increase in underground root mass, increase in foliage, and increase in cambial activity 

and thus tree-ring width (e.g., Constable et al. 1999; Hunsaker et al.  2000; Idso 1999; 

Kimball et al. 1999; Laitinen et al. 2000; Larcher 1995; Medlyn et al. 2001; Norby et al. 

2001; Saxe et al.  2001; Schulze 2000). Because atmospheric CO2 concentration nearly 
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doubled since 1885 due to fossil fuel gas emissions (IPCC 2001), plant biomass should 

have increased during that period. Based on this relationship, LaMarche et al. (1984) 

explained the observed increase in tree-ring widths of bristlecone pine from Nevada, 

Colorado, and California as an increase in biomass due to elevated CO2  (Figure 3 

illustrates the increase in CO2 concentrations since 1960 as derived from instrumental 

measurements) . 
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Figure 3. Atmospheric CO2 concentrations (ppmv) derived from in situ air samples collected at Mauna Loa 
Observatory, Hawaii. Source: C.D. Keeling T.P. Whorf and the Carbon Dioxide Research Group Scripps 
Institution of Oceanography (SIO), University of California, LaJolla, California, USA 920 93-0444, data 
collected until May 2005.      

 
   LaMarche and colleagues were the first to address the CO2 fertilization phenomenon in 

a dendrochronological context.  They argue that the wider tree-rings are related to 

decreased atmospheric pressure and thus the density of air with increasing elevation.     
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Under such conditions, the partial pressure of CO2 per unit volume of air also drops 

(LaMarche et al.1984: 1019), thus making CO2 the limiting factor for growth instead of 

temperature the prominent growth limiting factor at upper tree-line (Fritts 1969; 1976). 

LaMarche et al. based their hypothesis on Gale’s (1972, 1986) calculations of the 

decrease in partial pressure of atmospheric gas with increased elevation.   

   In a response to LaMarche et al’s 1984, Gale (1972, 1986) overemphasized the effect 

of low leaf temperature, and how it might have contributed to the observed increase in 

tree-ring widths. Leaf temperature is a major regulator of the photosynthetic pathway, 

and a few degrees difference as little as 1-2°C can enhance or inhibit enzymes involved 

in the photosynthetic pathway and thus increase nutrient uptake (Larcher 1995). A good 

inference from LaMarche et al.’s (1984) research is that most of the trees that were used 

in his study exhibited the dieback effect for one reason or another. Dieback involves 

cambial cell loss from one side of the tree without a full distribution of the tree’s 

physiological activities; thus, a tree maintains growing on one side while the other is dead 

(Schulman 1954). Graybill and Idso (1993) shed some light on the effect of strip-bark 

formation on a tree’s growth by comparing relatively small samples of strip-bark and 

whole-bark trees with temperature and tree-ring density from other tree populations. They 

aimed to determine possible differences in response between the two groups of trees to 

climate. Since their research involved dendroclimatic reconstruction rather than growth 

response to the strip bark condition, the small sample size was not detrimental to their 

study.  
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   On regional and global scales, the increase in tree-ring widths after 1885 is obvious in 

other subalpine pine stands in the Great Basin (Graybill and Idso 1993; Feng 1999; 

LaMarche et al. 1984; Salzer 2000). The phenomenon is also evident in northern 

European subalpine biomes - e.g. southern Finland, Norway, and Russia’s Kola 

Peninsula-during variable periods of the 20th century especially into the 1970s and 1980s 

(Arovarra et al.1984). Explanations for this increase in tree-ring widths vary, with some 

researchers attributing it to climatic change and pollutants (Spieker et al. 1996) and 

others to increased CO2 (Hari and Arovarra 1988).  

   The literature also provides examples of tree-ring series that show no positive trend in 

ring widths after 1885. However, there are fewer of these studies than those that show 

increased growth. The geographically closest example of the lack of trend is provided by 

Graumlich’s (1991) analysis of five tree-ring series from foxtail pine (Pinus balfouriana), 

a species similar to BCP (Bailey1970), lodgepole pine (P. murrayana), and western 

juniper (Juniperus occidentalis), which showed that increased growth is not evident 

among subalpine conifers in the Sierra Nevada (Graumlich 1991:1). Although the White 

Mountains are in the lee of the Sierra Nevada, there is little difference between the two 

mountain ranges in elevation, prevailing winds, or temperature. Graumlich concludes that 

prior winter precipitation and current growth season temperature correlate with tree 

growth and that a nonlinear relationship between precipitation and temperature and tree-

ring widths might be occurring. Other subalpine trees in Chile and high latitude trees in 

northern Finland show a decrease rather than an increase in growth since 1885 (Innes et 

al. 2000; Nojd and Reams 1995; Timonen 2002). In these studies, the authors attribute 
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the decrease in growth trend to increased nitrogen and pollutant deposition (Nojd and 

Reams 1995), or to unknown factors (Innes et al. 2000; Timonen 2002).  

   Effects of Climate 

   Climate and other environmental factors govern tree-ring growth (Fritts 1972, 1976; 

LaMarche 1975). Fritts 1976 provides a comprehensive illustration on the effect of 

climate on tree’s growth. Climatic factors include temperature, precipitation, soil 

moisture, and prevailing winds (Fritts 1976), while other factors include soil moisture, 

fire history, nutrient availability, and parent-rock material (Fritts 1976; LaMarche 1975; 

Taiz and Zeiger 1996). The degree to which these parameters affect tree growth varies 

mainly with microsite characteristics, elevation, and whether an area is mesic, arid, or 

semiarid. Trees respond to annual climatic variation by changing radial growth rates, 

while decadal responses are expressed in phenotypic alterations (e.g., krummholz vs. 

normal growth) and tree-ring widths (Fritts 1976). In general, summer temperatures have 

been the most limiting factor on higher elevation tree growth (Briffa et al. 1992; 

Graumlich 1991; Hughes and Graumlich 1996; LaMarche 1974) as long as enough soil 

moisture is available (Graumlich and Lloyd 1997; Lloyd 1997).  Lower forest border 

bristlecone and foxtail pine trees respond mainly to variation in previous summer and fall 

and current late spring precipitation (Hughes and Funkhouser 1998; Hughes and 

Graumlich 1996; LaMarche 1974).   

   Effects of Carbon Dioxide   

   In general, plants respond to elevated atmospheric carbon dioxide by various 

mechanisms: acclimatizing by reducing stomatal number and leaf area (Van de Water 
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1994), coordination of leaf stomata and mesophyll (Wong et al.1979), functional changes 

in plant biomass without allocation of carbon to different parts of the plant (Vitousek et 

al.1997; Tang et al. 1999; Taiz and Zeiger 1998), increased water use efficiency (Feng 

1999; Graybill and Idso 1993), and enhancing rubisco enzyme activity and thus of 

carboxylation/respiration (Larcher 1995; Taiz and Zeiger 1998). Feng (1999) estimated 

water-use efficiency in stands from the western United States, including some of the 

same stands addressed by Graybill and Idso (1993) and this study. Feng (1999) concludes 

that all the stands have increased water-use efficiency in response to elevated CO2. Tang 

et al. (1999) addressed the difference between whole-bark and strip-bark δ13C, including 

five trees from the same set that Graybill and Idso sampled, and concluded that whole-

bark trees might be allocating more carbon to roots to maintain foliage. Strip-bark trees 

might be following the same procedure but to a lesser extent. Leavitt and Long (1992) 

measured elevation differences in δ13C values from the same stands. However, their 

sampling strategy included only whole-bark trees for the sake of isotopic signal 

homogeneity. More recently, Bunn et al. (2003) and Bunn et al. (2005) used spatial 

analysis techniques and addressed the differences and similarities of growth distribution 

of foxtail pine trees that exhibited strip-bark and whole-bark formations from the Eastern 

Sierra Nevada. They related the growth to abiotic factors like elevation, slope, and 

nutrient availability. In Bunn et al. (2003), an evident difference between strip-bark and 

whole-bark trees’ growth was addressed, however, and, based on biotic factors like the 

rate of gas exchange and carbon dioxide assimilation in relation to the 2005 study 
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methods, they were unable to detect a difference between the two groups of trees and 

concluded that the methods might have an effect on the results.  

   Effects of Nutrients and Pollutants 

   Trees show variable responses to air pollution according to their elevation and their 

distance from the source of pollution (Feng 1999). Pollution might affect internal carbon 

(Ci) concentration relative to atmospheric carbon ratio (Ca) and δ13C in plants by 

inhibiting photosynthesis and adjusting stomatal conductance (Feng 1999; Larcher 1995) 

or by increasing Ci/Ca ratio depending in the concentration of air pollutants (Feng 1999; 

Graybill 1987, 1990). The post-1850 increase in tree growth is evident in trees distant 

from any source of pollutants like NOx (Graumlich 1993; Graybill and Idso 1993; 

Hughes and Diaz 1994; Idso 1999; Innes et al. 2000; LaMarche et al. 1984; Schulze 

2000; Speiker et al. 1996). 

   The effects of air pollutants emphasize the importance of measuring and comparing  

 δ13C and δ15N in both leaves and wood and of examining their variability in relation to 

atmospheric deposition. The effects of pollution also point out the importance of 

measuring soil nutrient content and nutrient availability for the plant. Pollutants will be 

deposited from the atmosphere to the soil and thus affect soil nutrients and mineral 

content. Foxtail pines in the Sierra Nevada, for example, are subject to pollution carried 

by the wind from areas of central and southern California that have experienced high 

population growth and elevated automobile emissions (Heaton 1990; Bytnerwicz and 

Fenn 1999). Changes in the nitrogen content of leaves and wood have not been related to 

changes in δ15N in bristlecone or foxtail pine.  
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   Nitrogen stable isotopes have been used intensively in ecosystem studies (Aber et al.  

1989, 1998; Binkley and Reid 1985; Hogberg and Johanisson 1993; Johanisson and 

Hogberg 1994; Nadelhoffer and Fry 1994; Nommik et al.1994; Schulze 2000; Vitousek 

et al. 1989). Of particular importance is the impact of high nitrogen deposition due to 

intensified industrial and agricultural activities and their possible effects on forest 

ecosystems. The use of δ15N to study the response of plant ecosystems could reflect the 

increase or decrease in plant uptake due to increased fertilization effects induced by 

elevated nitrogen from industrial and agricultural activities. The western United States is 

experiencing different nitrogen saturation levels due to differences in soil chemical 

components, which make the soil susceptible to nitrogen saturation more rapidly than 

expected (Bytnerowicz and Fenn 1996). Short-term impacts are addressed by measuring 

the effect of large amounts of acid rain deposition and fertilization on soil characteristics 

and nitrogen availability for plant uptake (Aber et al.1989, 1998; Hattenschwiler et 

al.1996), while long-term effects are measured by the impact of sustained applications on 

an ecosystem. The longest effect measured is 20 years (Hogberg 1991). However, the use 

of nitrogen stable isotopes, or δ15N/δ14N ratio, coupled with carbon isotope measurements 

in tree-rings, is less commonly addressed in the literature (Hattenschwiler et al. 1996; 

Poulson et al. 1995). Poulson et al. (1995) is the first study that addresses the use of the 

δ15N in whole wood from tree-rings for the reconstruction of atmospheric nitrogen 

deposition in North America, in particular the east coast. Poulson et al. measured δ15N of 

tree rings for two eastern hemlocks (Tsuga canadensis, subdivision Gymnosperma the 

same subdivision as bristlecone and foxtail pine (Hoadley 1998)) near Hanover, New 
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Hampshire. The δ15N-values of tree rings ranges from –0.1 to +6.8‰. Time series plots 

of both trees showed a sequential decrease in δ15N from the 1960s to 1992 (the year of 

tree’s death) with a sharp peak in the death year. Possible explanations include a decrease 

in nitrogen availability or isotope fractionation accompanying translocation (Poulson et 

al. 1995). Hattenschwiler et al. (1996) address the effect of elevated CO2 coupled by the 

addition of wet nitrogen at three different concentrations of 280, 420 and 560 cm3 CO2 m-

3; and 0, 30 and 90kg N ha-1 year-1 respectively for three consecutive years. Results 

demonstrated variable responses by different parameters to both the intake of 

atmospheric CO2 and N deposition. Radial stem growth was not affected by CO2 

concentration but increased with increasing rates of N deposition. Wood density 

increased by CO2 concentration, but decreased by N deposition. Wood starch 

concentration increased, and wood nitrogen concentration decreased with increasing CO2 

concentrations (Hattenschwiler et al. 1996:1369).  

   In summary, the literature specifies the importance of addressing many factors in order 

to separate the effect of CO2 from climate and identify the primary contributors to tree 

growth at the upper tree-line (Briffa and Osborn 1999; Jasienski et al.1998; Junlong et al. 

2002). These factors are abiotic such as bark condition (strip-bark vs. whole-bark), 

elevation, substrate, slope, and prevailing winds; and biotic such as increase in water use 

efficiency and increase in nutrient uptake adjustment in the Ci/Ca ratio. Effects of some 

abiotic factors (e.g., elevation) have been tested by statistical analysis, e.g., 

standardization of tree-ring widths (Fritts 1969, 1976; Jacoby and D`Arrigo 1989; 

LaMarche 1974), while the increase in water use efficiency and the adjustment in the 
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Ci/Ca were addressed by carbon stable isotope analysis (Feng 1999; Leavitt and Long 

1991). Stable isotope analyses have proved efficacious in representing tree response to 

elevated CO2 concentrations under controlled and uncontrolled conditions; however, high 

cost limits their use, especially when a large number of samples is included. The use of 

resin capsules to measure nutrient availability to plants is also feasible (Sheppard et al. 

2001); however, its cost also remains a constraint when large numbers of trees are 

sampled.  Therefore, it is impossible to address all of these factors in one small research 

project.   

   Archaeology, Tree-Ring Analysis, and Climate Variability 

   Archaeologists are recognizing that prehistoric human populations have been a 

significant variable in the operation of past Californian ecosystem processes and, 

conversely, they have acknowledged that a changing environment constantly varied the 

constraints and opportunities for prehistoric cultural adaptation.  Because of this, the 

analysis of archaeological sites and their geographical distribution must take the effective 

environment into consideration. The study of the interaction between human behavior 

and demography, as interpreted from the archaeological record, and components of the 

environment is the interdisciplinary approach of landscape archaeology that focuses on 

creating a picture of human activity on a regional scale by imparting environmental and 

temporal dynamics to the otherwise static spatial distribution of archaeological sites 

(Anchuetz et al. 2001; Dean et al.1985; Frederick 2001). Anchuetz et al. (2001) and 

Frederick (2001), in particular, point out the importance of three factors for carrying out a 

landscape approach in archaeology including: a high resolution climate proxy record, 
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precise dates of archaeological sites, and well documented land use patterns. In this 

article, climate reconstructions based on bristlecone pine (Pinus longaeva) tree-ring 

chronologies are used to help understand part of the prehistoric human subsistence-

settlement patterns practiced by residents of the Owens Valley region of California 

between (A.D.1000 - A.D.1850).  

   Archaeological investigations in the White Mountains above the Owens Valley have 

revealed a pattern of human occupation that was unusual for the Great Basin (Bettinger 

1991).  People had constructed substantial dwellings in the often harsh conditions of the 

subalpine and alpine zone of the arid mountains throughout much of the summer. A 

comparison of the temporal distribution of radiocarbon ages for the high elevation 

settlements and the temporal variability of reconstructed precipitation and temperature 

identified a correspondence between them. The problem is to explain that correspondence 

with a proposed model of the human ecosystem and to estimate the climatic limits to high 

elevation human occupation and the resource base on which people depended.  

   The explanation of the correspondence between a human ecosystem and how climate 

might have limited that ecosystem, is limited by the availability of climate data. Tree-ring 

chronologies can provide a proxy for reconstructing climate and settlement histories, such 

as is widely used in the American Southwest. There, the availability of wood that was 

used by Native Americans and recovered from archaeological sites has allowed 

widespread use of tree-ring based paleoclimatic records. Here, I illustrate a different use 

of the long lived bristlecone pine (BCP) tree-ring chronology to understand the 

limitations of climate on high elevation human occupation. Although, archaeological 
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wood is not as abundant in the White Mountains, implementing the model was possible 

because of the annual resolution of the tree-ring chronologies used in this study (Ababneh 

2006) and others (Hughes and Graumlich 1996, Hughes and Funkhouser 1998; LaMarche 

1974; Van West 1995), supplemented by previously existing 14C dates (Bettinger 1978; 

1991). Very few studies in this area link climate to archaeological changes and landscape 

use because of the difficulty in linking the two parameters together and the interference 

of many other factors (Baumhoff and Heizer 1965; Jones et al. 1999; Morato et al. 1978).  

Baumhoff and Heizer (1965) showed that Great Basin societies are more sensitive to 

changes in water balance index than a single climatic parameter like temperature or 

precipitation. However, restrictions apply when attempting to calculate water balance 

index because of the lack of instrumental data on humidity that extend beyond the past 

100 years. Therefore, I assume that precipitation is a direct indication of the water 

balance index.  

   Other parameters that contribute to the complexity of predicting the relationship 

between cultures and the environment are the 1) the rate and intensity of change in the 

many measurable dimensions of the environment, 2) localities of change, and 3) the way 

people perceive and react to environmental change. Morato et al. (1978) summarize the 

climatic events and the synchronized changes in archaeological sequences from the Sierra 

Nevada while concluding that certain cultural changes are triggered by environmental 

changes, even at a small scale; and they were the first to address the relations between 

climate and cultural changes in the study region. Jones et al. (1999) provide the most 

comprehensive study of the possible relation between drought periods and demographic 
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changes in the region. Nonetheless, there is a need for studies that address the effects of 

climate on cultural changes regardless of whether it has a direct cause and effect 

relationship. Such kind of studies can not materialize unless enough archaeological dates 

and climatic information are available.  

   In conclusion, the issue of whether strip-bark or whole-bark trees respond differently 

to rising CO2 levels remains in doubt due to the need to consider other factors that govern 

tree growth and the need for greater sample depths than that used by Graybill and Idso 

(1993) and Tang et al. (1999). More work is needed that employs a wider array of 

potentially important dichotomous variables like strip-bark vs. whole-bark, high vs. low 

elevation, one substrate vs. another, carbon exchange, etc. In this research, I address the 

effect of one variable, the absence or presence of strip-bark, on tree-ring growth; test the 

potential for a significant temperature related response between both groups of trees 

(strip-bark and whole-bark trees); and, using an interdisciplinary approach, establish the 

relationship between climate variability, as predicted from the developed tree-ring 

chronology, and seasonal movements of prehistoric Native Americans in the White 

Mountains.   

   Overview of the Research  

   This research presents new 1000-year long chronologies from the bristlecone pine in 

the White Mountains based on a highly replicated sample of trees from two forms of 

growth, strip-bark and whole-bark, from two adjacent sites, Patriarch Grove and Sheep 

Mountain. This study is the first to combine highly replicated samples from the two 

forms of growth into two separate chronologies that will be made available online in the 
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International Tree-Ring Library Bank after December 2006. The chronology extends 

from A.D. 1071 – 2003. The bristlecone pine chronologies from the White Mountains, 

CA are remarkably important in the field of dendroclimatology for their length and 

proven reliability in precipitation reconstruction (Hughes and Funkhouser 1998) and 

other climate related investigations (Hughes 2002; Hughes and Funkhouser 2003).  

   I use the newly constructed chronologies (strip-bark and whole-bark) to test the 

hypothesis of a relationship between seasonal movements of Native Americans in the 

White Mountains and climate. Therefore, the focus of research is an interdisciplinary 

approach that brings dendroclimatology, ecology, and archaeology together to test several 

hypotheses that relate to tree ecophysiology, dendroclimatology, and cultural ecology. 

Establishing separate tree-ring chronologies for strip-bark trees and whole-bark trees was 

necessary to address the question of whether the enhanced growth is restricted to strip-

bark/whole-bark formation or both of them. Hypothesis testing for a significant 

correlation between temperature and tree-ring widths from the newly established 

chronologies (Ababneh 2006, this dissertation) was unavoidable in order to use the 

chronologies to address the question related to subsistence-settlement patterns in the 

White Mountains. A clear relationship between the collected samples' tree-ring widths 

and both temperature and precipitation needs to be established or eliminated in order to 

correlate 14 C calibrated dates with periods of wet/cool, wet/hot, dry/cool, and dry/hot as 

established from the tree-ring record.  Data sources are: the newly constructed tree-ring 

chronologies (Ababneh 2006, this dissertation), the precipitation reconstruction was 

developed and published by Hughes and Graumlich (1996) and Hughes and Funkhouser 
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(1998), and is on file at the World Data Center for Paleoclimatology 

(http://www.ncdc.noaa.gov./paleo/drought/drght_graumlich.htmplhtml). The 

archaeological data and 14C dates are from the work of Robert Bettinger and have been 

published in articles in the field of archaeology from 1978-1991. Chapter 2 in this 

dissertation provides an organizational overview and summaries of the included studies.  
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CHAPTER TWO 

  PRESENT STUDY 

   The methods, results, and conclusions of this study are presented in the papers that 

follow. The following is a summary of the most important findings in those papers.  

   Organization 

   Three studies are presented here. Each is written as a separate article and was presented 

at a national meeting during the period of the research from 2002-2006 Pacific Climate 

conference 2004 and 2006 (PACLIM) American Association of Geographers 2003 and 

2004 (AAG). The articles are prepared to be submitted for publication and subject to the 

peer review process. The first two manuscripts draw on the same data sets, i.e., the 

whole-bark and strip-bark chronologies from Patriarch Grove and Sheep Mountain areas. 

Hence there is some repetition from the first article to the second, especially in sections 

that address site description and standard dendrochronological methods.  

   Dendrochronological Findings 

   The first article “Analysis of Radial Growth Patterns of Strip-Bark and Whole-Bark 

Bristlecone Pine Trees in the White Mountains of California” is formatted for submission 

to the peer reviewed journal Tree-Ring Research. This article is the first part of the study 

and pertains to classical tree-ring analysis. The study presents two thousand-year 

bristlecone pine tree-ring chronologies from two sites: Patriarch Grove and Sheep 

Mountain. Each chronology was developed using tree-ring widths following standard 

dendrochronological methods (Stokes and Smiley 1968; Fritts 1976). Analysis of radial 

growth patterns (tree-ring widths) of Pinus longaeva (bristlecone pine) was applied to 
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answer two questions: 1. are growth patterns of strip-bark and whole-bark trees different 

from each other in the past 400-years (1600-2001)? 2. Do the past 30 years exhibit a 

different pattern of growth in comparison to the previous periods? Box-and-whisker 

diagrams were used to illustrate the growth pattern within the past 300 years. The 

chronologies were tested using t-tests on slope values from regressions of tree-ring 

widths and years. Obvious differences in growth rates are clear between strip-bark and 

whole-bark trees from both sites. The Sheep strip-bark collection illustrates a higher 

increase in tree-ring widths especially after 1900 in comparison with the strip-bark 

collection from Patriarch Grove. The past 30 years shows an unprecedented growth rate 

when compared to the preceding periods. No cause can be ascribed to these growth-rate 

changes on the basis of the analyses presented here. This study follows on the work of 

Fritts (1969), LaMarche et al. (1984), and Graybill and Idso (1993).  

   Tree-ring and Climate Related Growth Findings 

   The second study is “The Effects of Seasonal Temperature and Precipitation on Tree-

Ring Widths of Upper Elevation Strip-Bark and Whole-Bark Trees in the White 

Mountains, California.” This communication is prepared as a report on the primary focus 

of the dissertation’s flow and research plan. The transition from the first study to this one 

stems from the need for a temperature reconstruction from the bristlecone pine to be able 

to statistically correlate periods of wet /cool and dry/warm with calibrated 14C dates from 

the archaeological record. Therefore, the study presents the bridge between the study of 

differing growth rates between strip-bark and whole-bark trees (Appendix I) and the 

application study (Appendix III).  The study primarily follows the previous attempts of 
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LaMarche (1974), Graybill and Idso (1993), Graybill and Funkhouser (1999), and 

Hughes and Funkhouser (2003) to establish a statistically significant relationship between 

temperature and upper forest border trees’ radial growth. This study tested the hypothesis 

that whole-bark trees’ growth might be responding to a different climate parameter 

(temperature or precipitation) than that of strip-bark trees. Therefore, a temperature 

reconstruction might be established based on analysis of whole-bark tree-ring widths 

from upper forest border at two adjacent sites in the White Mountains of California: 

Sheep Mountain and Patriarch Grove. Such reconstructions could be used for 

interdisciplinary applications of dendrochronology, e.g., archaeology. Unfortunately, it 

was not possible to unequivocally identify a clear climate signal with a linear relationship 

to radial growth, and so no reconstruction was developed. However, whole-bark tree-ring 

widths from the Sheep site yielded the strongest correlation with current year summer 

precipitation and temperature (α = 005, p < 0.005), and therefore they may be used to 

make inferences about summer temperature on decadal and longer time-scales as 

proposed by LaMarche (1974).  

   Paleoclimate Model and Archaeology Findings   

   The third study “Bristlecone Pine Paleoclimatic Model for Archaeological Patterns in 

the White Mountain of California,” utilizes the results from the previous three studies and 

integrates findings by Bettinger (1991), Steward (1938), and Morato et al. (1978). The 

study is the most integrative part of the dissertation. This article will be submitted to 

Quaternary International in the proceedings of the Pacific Climate (PACLIM) Meetings 

of March 2006 that focused on the effect of droughts on past cultures, which is the 
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essence of the last study. The study may be summarized as follows: Archaeologists are 

recognizing that prehistoric human populations have been a significant variable in the 

operation of past California ecosystem processes and, as a result, they have 

acknowledged that a changing environment constantly varied the constraints and 

opportunities for prehistoric cultural adaptation. Climatic factors like temperature and 

precipitation play a major role in tree growth and the resulting tree-ring widths. 

Temperature governs tree-ring growth patterns at upper elevation subalpine trees in the 

presence of sufficient amount of soil moisture. The link between paleoclimate and 

archaeology is an evolving interdisciplinary field of study that aims to facilitate a better 

understanding of archaeological patterns and settlements through climatic variability and 

how it altered human settlements. In this research, I use a paleoclimatic model that is 

based on temperature inferences and precipitation reconstructions from tree-ring widths 

of bristlecone pine in the White Mountains of California to help explain aboriginal 

subsistence-settlement in alpine villages of the White Mountains. Temperature inferences 

and precipitation reconstructions are compared visually and statistically with calibrated 

archaeological 14C dates. Results suggest the importance of water availability in the 

frequency and intensity of settlements, as 88% of the 14C dates fall within wet periods. 

Two dates, A.D. 1662 and A.D. 1530, fall within drought periods, while the rest cluster 

around individual precipitation maxima. I provide an explanation of the observed 

subsistence-settlement patterns and relate those patterns with climate variability in the 

area within the past 1000 years.  The model presents a new approach to the applications 
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of the long bristlecone pine chronology in understanding archaeological settlements in 

the Eastern Sierra Nevada. 
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APPENDIX I 

Analysis of Radial Growth Patterns of Strip-Bark and Whole-Bark Bristlecone Pine Trees 

in the White Mountains of California 

Linah Ababneh, Geosciences Department and Laboratory of Tree Ring Research. The 

University of Arizona, Tucson, AZ 85721 

To be submitted to Tree-Ring Research 

ABSTRACT 

 

Analysis of radial growth patterns (tree-ring widths) of Pinus longaeva (bristlecone pine) 

is applied to answer two questions: 1. are growth patterns of strip-bark and whole-bark 

trees different from each other in the past 400-years (1600-2001)? 2. Do the past 30 years 

exhibit a different pattern of growth in comparison to the previous periods? Thousand-

year bristlecone pine tree-ring chronologies from two sites in the White Mountains of 

California, Patriarch Grove and Sheep Mountain, were developed using raw tree-ring 

widths. The chronologies were tested using t-tests on slope values from regressions of 

tree-ring widths and years. Box and whisker diagrams illustrate the growth pattern within 

the past 300 years. A difference in growth rate is clear between strip-bark and whole-bark 

trees from both sites. The Sheep strip-bark collection illustrates a higher increase in tree-

ring widths, especially after 1900, in comparison with the strip-bark collection from 

Patriarch Grove.  The past 30 years show an unprecedented growth rate when compared 

to preceding periods.  No cause of the increase in tree-ring width can be assigned based 

on the analysis presented here.  

   Keywords: Bristlecone pine (Pinus longaeva), tree-ring width analysis 

(dendrochronology), slope analysis, White Mountains of California, Strip-bark 
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INTRODUCTION 

   Dendrochronological studies that address environmental variability for long periods of 

time have been conducted using long lived bristlecone pine (Pinus longaeva (Great 

Basin) and P. aristata (Rocky Mountains) (Fritts 1969; Graumlich 1991 a & 1991 b; 

Graumlich and Lloyd 1996; Graybill 1987; Graybill and Funkhouser 1999; Graybill and 

Idso 1993; Hughes 2005; Hughes and Funkhouser, 1998, 2003; Hughes and Graumlich 

1996; LaMarche 1974,1975; LaMarche and Stockton 1974; Lloyd 1996; Salzer 2000; 

Salzer and Hughes 2006). The two species are genetically related and were considered 

the same until 1972 when Bailey assigned P. longaeva a different species designation 

based on differences in morphological characters of its needles (Bailey, 1972). Two 

distinguishing features of both species are unusual longevity and the ability to survive 

severe environmental conditions such as frequent frost, drought, and depleted soils. 

Environmental stress causes the common feature of cambium disruption which resembles 

wounds, and leads to the formation of strip-bark and split stems (the latter is considered a 

modified strip-bark injury) (Larson 1994). In general, trees recover from the damage and 

maintain annual growth on one side while the injured side dies. This phenomenon is 

discussed in the literature under bark-strip, cambial dieback, or strip-bark and is 

identified in other lower and upper elevation species (Bailey 1972; Beasley and 

Klemmedson 1980; Kelly et al. 1992; LaMarche 1969; Larson 1994; Larson et al. 1993; 

Matthes et al. 2002; Schulman 1954; Wright and Mooney 1965). Strip-bark trees are 

those that have lost part of their bark; whole-bark trees are those that retain bark around 

the complete circumference (Figure 1). Strip-bark and whole-bark trees are commonly 
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treated as a single group of trees when used to study climate variability, although most of 

the tree-ring chronologies would be based on strip-bark trees because of the need for 

longer records (e.g., Hughes and Funkhouser 2003) for ecological interpretations and the 

study of global climate changes (e.g., Graumlich 1991; Graybill and Idso 1993; Graybill 

and Funkhouser 1999; LaMarche et al. 1984).  Characterization of the strip-bark effect on 

tree-ring growth patterns allows the assessment of the effect on radial growth (LaMarche 

et al. 1984; Peterson 1991). The effect of strip-bark on the radial growth of trees became 

controversial as a contributing factor in the post-1860 increase in tree -ring widths 

(Graumlich 1991; Graybill and Funkhouser 1999; Graybill and Idso 1993) observed in 

some stands of BCP. The basic argument is that strip-bark BCP are less limited by carbon 

dioxide and therefore started adjusting carbon assimilation and water use efficiency and 

produced wider tree-rings. LaMarche et al. (1984) were among the first to point out the 

increase in tree ring widths after 1860 (termed the fertilization effect). Various factors are 

considered to explain the increase in tree-ring width. These include physiological 

parameters, increase in warm-season temperature (i.e., climate), and the effect of 

increased atmospheric carbon dioxide concentration and nitrogen input (e.g,.Peterjohn 

and Schlesinger 1990). Atmospheric carbon dioxide concentrations have increased from 

220 ppm in 1850 to 380 ppm in 2000 IPCC 2001).  LaMarche et al.’s, thesis is that alpine 

plants, including BCP, have an increased photosynthetic performance due to increased 

concentration of carbon dioxide. 

   A comprehensive assessment of the cause of the increased tree-ring widths cannot be 

made without knowing the effects of the absence or presence of strip-bark on trees 
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growth. Putting it differently, many components of a model for the proposed cause or 

causes of the post-1860 upward trend need to be assessed stepwise to more effectively 

identify the possible causes. On the other hand, more questions are expected to be 

generated that might involve further research. Critical study of the effect of strip-bark on 

tree growth was proposed by Graumlich (1991; Graybill and Funkhouser 1999; Graybill 

and Idso 1993) (Figure 1).  

 

a  

Figure 1a & b. Upper forest border BCP show two majo
and split stems (Figure 1b), where the latter is considered
Photo by L. Ababneh 

   An attempt was made by Graybill and Idso (1

small samples of strip-bark and whole-bark tree

from other tree populations to determine a poss

two groups of trees to climate. Since their resea
b

 
r forms of bark wounding: strip-bark (Figure 1a) 
 as a modified injury of strip-bark (Larson 1994). 
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reconstruction rather than growth response to the strip-bark condition, the small sample 

size was not detrimental to their study.  

   In general, the formation of strip-bark is associated with great age, a harsh 

environment, and slow growth (LaMarche 1968, 1969; Larson 1994; Matthes et al. 2002; 

Schauer et al. 2001; Schulman 1954). The complex developmental processes that initiate 

the formation of bark stripping is not the focus of this study; however, a comprehensive 

literature review supports the argument that strip-bark and whole-bark trees do not differ 

from each other in radial growth unless a change in external environmental factors alter 

the limiting factors to which trees respond and therefore trigger such a difference (Fritts 

1969, 1976). No unified explanation has been provided for the cause of strip-bark in 

bristlecone pine. LaMarche (1968, 1969) proposed that soil erosion around roots leads to 

damage of the water column and thus death of the xylem that conducts water to the crown 

and the abrasion of bark by airborne ice crystals. Beasley and Klemmedson (1973) 

supported LaMarche’s idea of an abrasive effect from the wind. In the study area, 

especially Patriarch West, abrasion of the bark occurs on the east sides of the trees in the 

direction of the prevailing wind. This supports Beasley and Klemmedson’s (1973) and 

LaMarche’s (1969) explanation, which is further substantiated by samples collected from 

Patriarch West for the first time (Ababneh 2006, this dissertation). Xylem tissue is 

responsible for water conductance through the shoot system. Bark injury interrupts 

mitosis (cell division) and exposes xylem cells, which interrupts water conductance to the 

tree’s crown and results in the death of tissue on the side of the tree where the injury 

occurred. Bark stripping was found to depend on the loss of hydraulic sectoring after an 
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external factor caused an injury through the bark and thus caused an air bubble to enter 

the lumen of xylem cells and discontinue the hydraulic flow (Larson, 1991).  Schaure et 

al. (2001) studied causes of partial cambial mortality of high elevation Pinus aristata and 

provide an excellent review of the possible causes of cambial mortality in different stands 

of the Rocky Mountain bristlecone pine that support LaMarche’s (1968, 1969) hypothesis 

of a high correlation between prevailing winds and strip-bark on a tree’s trunk. Schaure et 

al. further note the importance of cellular structure for the propagation of cambial 

dieback that 1) allows an acute cellular destruction without altering the rest of cambial 

growth around the tree’s circumference, and 2) maintains cellular growth while part of 

the bark disintegrates and thus is diagnosed as dead. Schauer et al.’s (2001) thesis is that 

internal cell structure is important in the propagation of bark strip otherwise cell injury 

would lead to death of the whole tree. However, Pinus longaeva is one of the least 

studied species in terms of the causes and cell structure of strip-bark, and there is little 

evidence for how cambial dieback happens in this species. In general, the literature 

agrees that a combination of factors has to exist in order for trees to develop cambial 

dieback, including longevity, harsh environments, and cellular structure that sustains bark 

strip. One aspect of cellular structure that supports the propagation of strip-bark is the 

diameter of intertracheid pits, which are microscopic areas with thin porous primary 

walls and no secondary walls (Taiz and Zeiger 1998), which creates a low resistance to 

the process of water transport from roots to leaves. Two factors control the transport 

system: one is the negative hydrostatic pressure generated by the leaf transpiration, while 
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the other is the hydraulic conductivity of the intertracheid pits (Kramer and Kozlowski 

1960; Taiz and Zeiger 1998).  

   Well established research on the causes of strip-bark has been conducted on Thuja 

occidentalis, (eastern white cedar) on the Niagara Escarpment in southern Ontario, 

Canada (Matthies et al. 2002; Larson et al. 1993). Since BCP has not been explored in 

that aspect I use Thuja occidentalis as a model for the possible explanation for BCP strip-

bark and suggest another reason that is caused by the death of the crown, which is 

associated with the age of the tree and creates a discontinuity of the hydrostatic pressure 

that drives the water from the root. Neither of these factors implies any difference in 

incremental growth between strip-bark and whole-bark trees unless another external 

environmental factor alters the water use efficiency in strip-bark trees and thus causes an 

increase in carbon assimilation and increased tree-ring widths.      

   This study investigated 1) the influence of the presence or absence of strip-bark on tree-

growth trends for the past 400-years by examining raw tree-ring widths of two separate 

groups: strip-bark and whole-bark bristlecone pines from two neighboring sites: Patriarch 

Grove and Sheep Mountain in the White Mountains, Inyo National Forest, California. 

and 2) the effect of increase in numbers of tree samples (N) on detecting changes in 

growth trends. Hypothesis tested that an increase in tree-ring widths of strip-bark trees 

should be detected in raw tree-ring widths and statistically treated data.  

   The purpose of this paper is to answer the following questions: 1a) within the past 400-

years, are tree-ring widths of strip-bark and whole-bark trees different from each other? 

1b) Is the growth rate different for the same period of time? 
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2) Are tree-ring widths in the last 30-years different from the previous years? 

   Site Description and Climate 

   The study areas are located at above 3300 m a.s.l. Samples from two locations are included 

in this study: Patriarch Grove and Sheep Mountain of the White Mountains (37˚31`N; 

118˚12`W), Inyo National Forest California (Figure 2). 
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precipitation comes during the winter, while summer precipitation in the mountains 

occurs in the form of local convectional storms from southern air masses generated by the 

Southwestern monsoons (Powell and Klieforth, 1991). The floor of Owens Valley is 

warm and dry, with a mean annual temperature near the town of Bishop (elevation 

1252.728m) of 13.4 °C  and a mean annual precipitation of 134 mm (Figure 3 a & b).  

The crest of the White Mountains (elevation 3800.856 m) has a cold mean annual 

temperature of -2.5 °C and a mean annual precipitation of 495 mm (Western Regional 

Climate Center 2006). On average, the decline in temperature with an increase in 

elevation (lapse rate) is close to 6.5 ºC/km (Powell and Klieforth 1991). The lapse rate 

tends to be less in winter than during the summer (Beasley and Klemmedson 1980; Fritts 

1969). February is the coldest month of the year, while July is the hottest, and the 

growing season lasts from June to late July and middle August (Fritts 1969) (Figure 3a 

&b).  
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Figure 3 a & b. Monthly precipitation and temperature distributions for Owens Valley (1250.3 m) and the 
White Mountains (3800.9 m). Note the increase in precipitation in the mountains during the dry summer 
months as opposed to the valley (http://www.wrcc.dri.edu/).  
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METHODS 

   Field Sampling Design and Standard Dendrochronological Data Treatment 

   The study includes 100 individual BCP trees. Fifty live trees were sampled from each 

site; 25 trees strip-bark and 25 whole-bark. Of each group, only trees that are 300 years 

old or more are used to adequately cover the pre- and post-industrial era (see Table 2 for 

number of samples used in the analysis). Sample selection was objectified and 

predetermined by plotting points on a 1 cm by 1 cm grid plane on digital orthophoto 

quadrangles 3.74' of the Inyo National Forest (NAD 27 and 83, 1998). All strip-bark and 

whole-bark trees were cored in each successive square of the grid, beginning with the 

first square of the northwest corner of the grid, until the total number of required trees 

was achieved.  The number of trees per plot varied but averaged from three to five 

individuals. Trees showing any sort of disturbance like fire or lightning were excluded to 

limit irrelevant disturbance signals in tree-ring widths and the next tree in the plot was 

sampled instead. Lightning strikes tend to leave charred remains on the split stem. For 

each tree, the circumference was measured and GPS point was taken (GARMIN 12XL). 

Core samples were taken at 1.26 m above ground level, when accessible, using a tape 

measure and an increment borer. Two radii in opposite directions were taken from each 

tree for replication purposes (Fritts 1972; Stokes and Smiley 1969). All cores were taken 

parallel to the slope as much as possible to minimize the effect of reaction wood on ring 

formation. 

   A tree is considered stripped if 1) the percentage of lost bark is 50 percent or more of 

the entire circumference and 2) the tree display exposed wood from the crown all the way 
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to the roots. Each tree was classified as strip-bark or whole-bark in the field. Aspect and 

slope of the plots were measured (using clinometer and compass) and compared with a 

digital elevation model of the area provided by the Inyo National Forest for verification. 

On average, Sheep has an east aspect with a 20-25º incline and Patriarch Grove has an 

east to south-east aspect with 5 - 6º incline. Samples were collected from the east facing 

slope in both sites. Substrate data were determined using geologic maps prepared by 

Nelson (1962). Patriarch Grove is underlain by the Reed Dolomite Formation (lower 

Cambrian) while Sheep is underlain by Bonanza King Dolomite (middle and upper 

Cambrian). Dolomite is a white buff rock (Nelson 1962) that consists of CaMg (CO3)2, 

with a 2.85 specific gravity and 4.5-5 hardness on the Mohs scale (Gallegos 1994). 

Dolomite is characterized by better moisture retention compared with sandstone, due to 

smaller grain size and lower temperature enhanced by its low albedo (Ernst et al. 2003; 

Schmoker and Halley 1982; Wright and Mooney 1965; Zenger et al.1980).Cores were 

mounted and fine sanded to facilitate the analysis. Table 1 summarizes site 

characteristics. 

Table 1. Research area sites characteristics, note that Sheep is about 152.4 m higher than Patriarch Grove.  

 
Substrate 

Latitude, 
Longitude 
(°N, °W) 

Elevation (m) Primary 
Aspects 

Patriarch Grove Reed Dolomite 37° 31’, 118° 11’ 3474.72  E 

Sheep Bonanza King 
Dolomite 37° 31’, 118° 12’ 3627.12 E 

 

   All tree-ring series were crossdated to the absolute year of formation by standard 

dendrochronological techniques (Stokes and Smiley 1968). Tree-ring dates were 

independently checked and verified by another dendrochronologist from the Tree-Ring 
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Laboratory before generating absolute dates (personal communication, Richard L. 

Warren, 2004).  The annual rings of each radius were measured to the nearest 0.01 mm 

using a sliding-stage micrometer (Robinson and Evans 1980).  Accuracy of 

measurements was checked using the Verify 5 (Version 2.0) program, which tests for the 

accuracy of measurements between cores of the same tree using ANOVA test.  Derived 

calendar dates were validated by COFECHA software (Version 6.06p) (Holmes 1983).  

The measured tree-ring widths were not subjected to any further curve fitting procedures 

to avoid the introduction of any artificial signal to the growth patterns. Both Verify and 

COFECHA are available from the Dendrochronology Program Library. Raw tree-ring 

widths of all cores were arithmetically averaged to produce a single averaged chronology. 

Dimensionless tree-ring indices were computed by normalization, that is, subtracting 

each tree-ring width in a single core from the arithmetic mean of all tree-ring widths in 

that core and dividing it by the standard deviation (Milton 1998).  

Statistical Analysis for Detecting Difference between Strip and Whole-bark Trees 

   Graybill and Idso’s (1993) tree-ring chronologies are on file at the Tree-Ring 

Laboratory at The University of Arizona, Tucson (personal communication, Gary 

Funkhouser 2002). Graybill and Idso 1993 strip-bark and whole-bark ring widths were 

used to compare with the strip-bark and whole-bark chronologies developed in this study. 

The Graybill and Idso (1993) strip-bark collection common interval is from A.D. 1170 to 

1983 while the chronology extends from A.D. 315 – 1990. Only six trees extend back to 

A.D. 315; therefore, the chronology was cut inside A.D. 1170. Basic statistics from both 

studies (Graybill and Idso 1993 and this study) were tabulated (Table 2) to facilitate 
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comparison based on the standard recommended dendrochronological characteristics: 

average ring width, correlation of ring widths among trees, relative ring-width variability 

as measured by mean sensitivity and standard deviation (Fritts 1976). Statistics were 

obtained from COFECHA and ARSTAN (version 6.04p) outputs (Cook, 1985). 

ARSTAN is accessed from the Dendrochronology Program Library. All other statistical 

analysis was carried using STATA 9.2. T-tests on slope values obtained from linear 

regression were used to identify a significant statistical difference in tree-ring width 

between strip-bark and whole-bark trees and to compare with Graybill and Idso (1993). 

This comparison is essential since their study is the only previous one that analytically 

investigated the statistical characteristics of strip-bark and whole-bark trees ring-width 

series. The time series plots showed difference in tree-ring widths between the two 

groups of trees on a 50-year time intervals; however, the t-test on slope values from linear 

regression on the whole-period of time did not illustrate any difference. Therefore, a t-test 

was conducted on slope values that were obtained from linear regression of tree-ring 

widths for each year on 50-year periods. T-tests were also conducted in a step-wise 

manner starting at 1800 and progressing forward until A.D.1983 the year at which 

Graybill and Idso (1993) chronologies end, and from A.D.1800-2001, the length of the 

chronology developed in this study. All chronologies produced are based on raw tree-ring 

widths either averaged by year or indexed by normalization. Normalized and averaged 

chronologies were plotted as a time series with 95% confidence intervals for each group 

of trees. Individual cores raw tree-ring widths were plotted with a mean of zero and 

robust mean imposed over the individual trees plot for all groups of trees. Box and 
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Whisker diagrams were used to illustrate the difference in growth patterns over a 30-year 

time interval starting from A.D. 2001 back to A.D.1600. 30-year interval was selected 

based on the number of years different from the end of Graybill and Idso (1993) 

chronologies and the chronologies produced by this study. Box and Whisker diagrams are 

used to illustrate the difference between one intervals of and another, i.e., the spread of 

the data, which is indicated by the 75% quartiles (Figure 12 a, b, c, & d).  Trees that 

showed the juvenile effect (i.e,. exponential growth close to pith) were excluded from the 

sample collection used in box-plot diagrams.   

RESULTS 

   Table 2 gives the basic statistical characteristics of the strip and whole-bark ring width 

chronologies and how they compare to Graybill and Idso’s (1993) chronology. 
Table 2. Statistics of strip-bark and whole-bark ring width chronologies developed in this study as 
compared to Graybill and Idso 1993 (G & I’93). Italic number of trees indicates the number of trees used in 
the box and whisker diagrams *number of series. **N= not attained, ss of 0.75 attained on year 
A.D.1759(8). **** Cores only and not whole trees were excluded. The number of trees (cores) used for the 
box-plots are indicated in italic.   
          Patriarch Grove          Sheep Mtn.  G&I'93 
 Whole Strip Whole Strip Whole Strip 
Years 1179-

2002 
1171-
2002 

1251-
2002 

1387-
2002 

1680-
1990 

315-
1990 

Number of trees (number of cores) 18(28)  
14 (22) 

17(30) 
15(25) 

22(34)  
20(30) 

16(26)  
24**** 9(17) 13 

Average tree-ring width 0.532 0.507 0.471 0.446 0.572 0.351 
Mean correlation between series 0.492 0.52 0.546 0.52 0.674 0.697 
Median  0.51 0.487 0.443 0.41 0.55 0.325 
Mean sensitivity 0.224 0.249 0.243 0.257 0.215 0.301 
Std. Dev 0.188 0.199 0.18 0.211 0.2 0.161 
Skewness 0.659 0.597 1.093 0.8 0.49 0.942 
Kurtosis 0.385 0.413 0.6 0.997 0.304 1.7 
1st order partial autocorrelation 0.39 0.7 0.68 0.72 0.66 0.7 
Signal to noise ratio 14.591 9.762 15.048 10.55 3.032 12.346 
first year where ss>0.85 * 1583(10) 1638(17) 1540(11) 1633(11) N** 830(6) 
 
   Average tree-ring width, mean correlation, and median are around the same value in the 

six groups of trees compared in Table 2. Those are the basic statistical parameters and 

represent the characters of a semiarid upper forest border, that is, narrow rings, and 
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significant correlation of ring widths among trees. Mean sensitivity and standard 

deviation also did not change among the six groups. Those values measure relative ring-

width variability from one year to the next. Skewness is higher in all strip-bark trees in 

comparison to whole-bark ones between all groups. Signal to noise ratio is higher in 

whole-bark trees collected in this study, while in Graybill and Idso’s (1993) chronologies, 

the strip-bark trees have a higher ratio. Signal-to-noise ratio is a measure of the 

proportion of tree- ring variability that is driven by some common external factor such as 

climate (Fritts 1976).  

   The first year with a sample strength greater than 0.85 varied between groups and 

averaged to year A.D. 1600, except Graybill and Idso’s (1993) whole-bark trees’ sample 

number was too small to perform a sample strength test. A.D. 1600 (past 400 years) was 

selected as the beginning analysis year for all chronologies developed in this study based 

on sample strength calculations obtained from ARSTAN output and illustrated in Table 

2. ARSTAN calculates the agreement of the sample chronology variance with that of the 

theoretical population chronology, and lists the optimum number of samples to achieve a 

desired variance (Wigley, Briffa and Jones, 1984).  

Question 1a, within the past 400-years are growth trends of strip-bark and whole-bark 

trees different from each other? Question1b, is the growth rate different for the same 

period of time? 

   Differences were observed in growth patterns of strip-bark and whole-bark trees in the 

past 400 years based on t-test results tabulated at three different levels of significance 

(Tables 3-6). To answer questions 1a and 1b, the growth patterns of strip-bark and whole-
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bark trees between the tree-ring samples gathered in this study and in Graybill and Idso 

1993 (when applicable, given the limitation on the number of year’s difference between 

both studies) were tested. Both time-series plots with confidence intervals (Figures 4-7) 

and t-tests on slope values were used (Tables 3-6).  

Table 3.Statistically significant positive slope values after fitting a straight line for Patriarch whole-bark 
trees. The series were into four time blocks from 1800-2001. Bold=99%, α=0.01; Italic=95%, α=0.05; 
Underline=90%, α=0.1. Total is tally of number of trees significant at all levels. Note: 0.000=0.0005.  

 
Intervals p-value  Tree 

ID 
Bark 
condition 

Bark 
% 1800-1850 1851-1900 1901-1950 1951-2001 

1 2114 whole 100 0.000 0.249 0.175 0.483 
2 2761 whole 100 0.000 0.805 0.071 0.134 
3 2763 whole 100 0.290 0.229 0.000 0.008 
4 2764 whole 100 0.056 0.025 0.000 0.013 
5 2767 whole 100 0.829 0.000 0.000 0.948 
6 2770 whole 100 0.000 0.001 0.035 0.372 
7 2272 whole 100 0.000 0.737 0.141 0.000 
8 2273 whole 100 0.004 0.328 0.015 0.000 
9 2274 whole 100 0.000 0.001 0.024 0.722 
10 2275 whole 100 0.000 0.024 0.282 0.000 
11 2776 whole 100 0.000 0.499 0.044 0.009 
12 2779 whole 100 0.347 0.956 0.912 0.088 
13 2783 whole 100 0.003 0.000 0.032 0.173 
14 2784 whole 100 0.189 0.321 0.000 0.000 
15 2785 whole 100 0.000 0.354 0.133 0.318 
16 2791 whole 100 0.000 0.584 0.002 0.043 
17 3803 whole 100 0.000 0.001 0.051 0.000 
18 3806 whole 100 0.000 0.321 0.000 0.240 
Total 18 whole 100 13/18 7/18 6/18 7/18 
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Table 4. Statistically significant positive slope values after fitting a straight line for Patriarch strip-bark 
tree. The series were into four time blocks from 1800-2001. Bold=99%, α=0.01; Italic=95%, α=0.05; 
Underline=90%, α=0.1. Total is tally of number of trees significant at all levels. Note: 0.000=0.0005. * 
Recollected after Gryabill and Idso 1993**Rotten in the middle. 

 
Intervals p-values 

Number. 
Tree’s 

ID 
Bark 

condition Bark % 1800-1850 1851-1900 1901-1950 1951-2001 
1 2383 strip 30* 0.916 0.748 0.023 0.296 
2 2396 strip 50 0.085 0.838 0.000 0.718 
3 2397 strip 68.75 0.004 0.446 0.221 0.178 
4 2398 strip 66.66* 0.031 0.254 0.883 0.699 
5 2399 strip 63.522 0.028 0.588 0.000 0.946 
6 2400 strip 69.072 0.031 0.001 0.002 0.005 
7 2760 strip 84 0.000 0.001 0.633 0.010 
8 2761 strip 58.167 0.000 0.723 0.169 0.057 
9 2766 strip 80.95 0.006 0.019 0.052 0.000 
10 2771 strip 65.24 0.002 0.017 0.212 0.012 
11 2777 strip 94.96 0.000 0.000 0.000 0.199 
12 2780 strip 40.206** 0.064 0.009 0.000 0.000 
13 2782 strip 25.75 0.149 0.000 0.000 0.015 
14 2786 strip 42.60 0.006 0.552 0.001 0.003 
15 2788 strip 60.71 0.301 0.000 0.280 0.198 
16 2789 strip 65.354 0.030 0.000 0.003 0.000 
17 3805 strip 59.03% 0.074 0.219 0.173 0.163 
Total  17 strip 13/17 7/17 7/17 8/17 6/17 
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Table 5. Statistically significant positive slope values after fitting a straight line for Sheep whole-bark 
trees. The series were into four time blocks from 1800-2001. Bold=99%, α=0.01; Italic=95%, α=0.05; 
Underline=90%, α=0.1. Total is tally of number of trees significant at all levels. Note: 0.000=0.0005.   

 Intervals p-values 
Number. 

Tree’s 
ID 

Bark 
condition Bark % 1800-1850 1851-1900 1901-1950 1951-2001 

1 2380 whole 100 0.000 0.080 0.944 0.671 
2 1603 whole 100 0.215 0.285 0.000 0.006 
3 1605 whole 100 0.000 0.066 0.003 0.044 
4 1607 whole 100 0.383 0.005 0.000 0.993 
5 1608 whole 100 0.255 0.019 0.001 0.324 
6 1609 whole 100 0.000 0.005 0.000 0.045 
7 2247 whole 100 0.004 0.013 0.000 0.083 
8 2248 whole 100 0.000 0.292 0.000 0.201 
9 2374 whole 100 0.006 0.002 0.000 0.001 
10 2375 whole 100 0.258 0.301 0.000 0.886 
11 2377 whole 100 0.026 0.021 0.076 0.156 
12 2378 whole 100 0.424 0.043 0.000 0.157 
13 2379 whole 100 0.000 0.138 0.000 0.321 
14 2381 whole 100 0.000 0.335 0.000 0.203 
15 2390 whole 100 0.006 0.896 0.571 0.451 
16 3380 whole 100 0.000 0.080 0.944 0.513 
17 3792 whole 100 0.199 0.000 0.763 0.085 
18 3793 whole 100 0.000 0.032 0.060 0.045 
19 3817 whole 100 0.000 0.048 0.003 0.260 
20 3818 whole 100 0.000 0.751 0.016 0.846 
21 3819 whole 100 0.004 0.506 0.375 0.000 
22 3820 whole 100 0.000 0.015 0.003 0.012 
Total  22 whole 100 15/22 4/22 14/22 3/22 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 6. Statistically significant positive slope values after fitting a straight line for Sheep whole-bark 
trees. The series were into four time blocks from 1800-2001. Bold=99%, α=0.01; Italic=95%, α=0.05; 
Underline=90%, α=0.1. Total is tally of number of trees significant at all levels. Note: p-value of 0.000 = 
0.0005. Bark tally is the number of trees that are strip and meet the research criteria of 50% and more are 
strip-bark. 

 Intervals p-value Number Tree 
ID 

Bark 
condition 

Bark 
% 1800-1850 1851-1900 1901-1950 1951-2001 

1 2238 strip 66.67 0.000 0.000 0.479 0.000 
2 2239 strip 55.56 0.000 0.848 0.002 0.000 
3 2240 strip 76.32 0.000 0.001 0.000 0.087 
4 2249 strip 67.97 0.001 0.649 0.001 0.843 
5 2373 strip 9.8 0.741 0.452 0.405 0.000 
6 2380 strip 96.18 0.147 0.003 0.687 0.228 
7 2382 strip 61.538 0.000 0.141 0.010 0.029 
8 2383 strip 50 0.858 0.716 0.950 0.002 
9 2384 strip 37.1 0.116 0.048 0.185 0.101 
10 2385 strip 7.61 0.505 0.018 0.498 0.008 
11 2387 strip 50 0.000 0.023 0.000 0.003 
12 2391 strip 30.769 0.586 0.058 0.063 0.339 
13 3349 strip 30 0.000 0.037 0.120 0.026 
14 3360 strip 50 0.001 0.000 0.001 0.791 
15 3814 strip 30 0.230 0.016 0.080 0.115 
16 3816 strip 61 0.233 0.000 0.033 0.600 
Total 16 strip 9/16 8/16 5/16 6/16 6/16 
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   To make sure that t-test ability is not confining the results, the same test was conducted 

on 50-year intervals within the period A.D. 1800-1983 (which was used in Graybill and 

Idso 1993) and centered at 1800 (Tables 7 and 8). The test was also run on 50-year 

increments taking A.D. 2001 as the reference year (Table 9) to adjust for the time 

difference between the 1983 end year of Graybill and Idso 1993 and the 2001 end year of 

this study  

Table 7. Number of trees with statistically significant trend at α = 0.01, 99% CI in G&I’93 collection and 
this studies’ collection. Time interval tested is 1800-1983 the same interval G&I’93 showed an increase in 
the strip-bark trees growth. * Graybill and Idso 1993 whole-bark trees collection: cores from the same tree 
ID that gave different results and are not included in the tally. 
Site Number of trees with positive trend (1800-1983) 
Graybill and Idso 1993 (Whole 5/9* 
Graybill and Idso 1993 (Strip)  12/13 
Sheep Mountain (Whole) 17/22 
Sheep Mountain (Strip) 14/16 
Patriarch Grove (Whole) 15/18 
Patriarch Grove (Strip) 16/17 

Table 8. tree numbers with statistically significant slopes on the tabulated time periods from 1800 -1983, 
taking 1983 as the reference year.* Graybill and Idso 1993 strip might be 12 and not 13: two cores have the 
same number with a different last digit code. Graybill and Idso 1993 tree is included if both cores reported 
significant slope value at the tested level.    

Site 1800-1983 1851-1983 1900-1983 19511983 
Patriarch Grove (Whole) 17/18 15/18 13/18 15/18 
Patriarch Grove (Strip) 16/18 18/18 11/18 9/18 
Sheep Mountain (Whole) 20/22 16/22 13/22 13/22 
Sheep Mountain (Strip) 15/16 11/16 11/16 11/16 
Graybill and Idso 1993 (Whole) 6/9 7/9 6/9 4/9 
Graybill and Idso 1993 (Strip) 9/13* 10/13 7/13 7/13 

Table 9. Tree numbers with statistically significant slopes on the tabulated time periods from 1800 -2001, 
taking 2001 as the reference year 

Site 1800-2001 1851-2001 1901-2001    1951-2001 
Patriarch Grove (Whole) 17/18 14/18 15/18 9/18 
Patriarch Grove (Strip) 18/18 16/18 10/18 8/18 
Sheep Mountain  (Whole) 20/22 16/22 12/22 7/22 
Sheep Mountain  (Strip) 14/16 11/16 13/16 10/16 
 
   Figures 4 and 5 are plots of averaged tree-ring widths for comparison with plots of 

normalized (Figures 6 and 7) (z-score of each individual tree) tree-ring widths from 

Patriarch Grove and Sheep sites in order to show the effects of normalizing on the trend 
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of tree growth. Normalizing seems to increase the difference between the two groups of 

trees and therefore the use of raw tree-ring widths is more legitimate to avoid the 

production of a false increase trend in the growth.  

0
.2

.4
.6

.8
tre

e-
rin

g 
w

id
th

s (
m

m
)

1600 1700 1800 1900 2000
year

patriarch whole
95% CI
Fitted values

patriarch strip
95% CI
Fitted values

average of each site separate
Averaged tree-ring widths of individual whole and strip-bark trees from Patriarch

 

Figure 4.  95% confidence intervals of averaged tree-ring widths of whole and strip-bark trees from 
Patriarch Grove.  Each site was averaged separately. All chronologies are cut to start at A.D. 1600, the year 
of maximum sample strength between the four chronologies. 
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Figure 5. 95% confidence intervals of averaged tree-ring widths of whole and strip-bark trees from Sheep. 
Each site averaged separate. All chronologies are cut to start at A.D. 1600, the year of maximum sample 
strength between the four chronologies. 
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Figure 6. 95% confidence intervals of normalized tree-ring widths of whole and strip-bark trees from 
Patriarch. All chronologies are cut to start at A.D. 1600, the year of maximum sample strength between the 
four chronologies. 
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Figure 7. 95% confidence intervals of normalized tree-ring widths of whole and strip-bark trees from 
Sheep. All chronologies are cut to start at A.D. 1600, the year of maximum sample strength between the 
four chronologies 

   Figures 8-11 illustrate the pattern of growth for each group of trees. Patriarch Grove 

whole-bark trees lack an upward growth after 1800 in comparison with strip-bark trees. 

Tree-ring widths in the latter group decrease after 1983 and start to increase in the past 

six years (A.D.1997-2001). The ring-width increase in Sheep strip-bark starts at A.D. 

1900, while whole-bark trees do not show that increase in tree-ring width after A.D.1900.  
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Figure 8. Individual cores plot of whole-bark trees from Patriarch Grove. All individual cores are plotted. 
Robust mean and a mean of zero lines are imposed over the individual cores to illustrate the average 
growth pattern for whole-bark tees from Patriarch Grove.  
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Figure 9. Individual cores plot of strip-bark trees from Patriarch. All individual cores are plotted. Robust 
mean and a mean of zero plots are imposed over the individual cores to illustrate the average growth 
pattern for strip-bark tees from Patriarch Grove. 
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Figure 10. Individual cores plot of whole-bark trees from Sheep. All individual cores are plotted. Robust 
mean and a mean of zero plots are imposed over the individual cores to illustrate the average growth 
pattern for whole-bark tees from Sheep.  
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Figure 11. Individual cores plot of strip-bark trees from Sheep. All individual cores are plotted. Robust 
mean and a mean of zero plots are imposed over the individual cores to illustrate the average growth 
pattern for strip-bark tees from Sheep.  
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Question 2: is the ring width in the last 30-years different from the previous years?  

   The best method to address this question is the simple box and whisker plots calculated 

for 30-year time intervals starting at A.D. 2001 and progressing backward in time until 

A.D. 1600. (Figure 12 a, b, c, & d). The box plots illustrate the growth patterns for each 

individual group of trees with the mean line plotted for each 30-year time interval. A 

comparison of the entire box plots show that the past 30 years has a higher mean than any 

of the previous intervals. 
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b: Patriarch Grove strip-bark trees 
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c:Sheep whole-bark trees
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Figure 12 (a,b,c,d). Box and Whisker diagrams showing tree-ring growth for all four groups of trees for 
both sites over a 30-year increments start from A.D. 2001 and ending at A.D. 1600 (the year with common 
signal) covering 13 time intervals.  
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   In summary, there are two important points.  First, of the six groups of trees illustrated 

in Table 2, the strip-bark chronologies of Graybill and Idso 1993 differ the most in their 

tree-ring widths and therefore the whole growth pattern. Second, strip-bark tree-ring 

widths and therefore growth pattern are different from whole-bark trees. The magnitude 

of the difference between the two groups varies between the two sites. The Sheep site has 

the most pronounced increase in tree-ring widths in its strip-bark trees.   

DISCUSSION 

   A premise in this study is, if strip-bark trees and whole-bark trees have a similar 

increase in tree-ring width after 1850, then tree-ring chronologies should not show any 

deviation from each other at any certain time interval. Analysis, however, shows that 

strip-bark tree chronologies with both averaged and normalized (z-score) tree-ring widths 

show a steeper increase in tree-ring width compared with whole-bark trees. Even with the 

overlap between the 95% confidence intervals of strip-bark and whole-bark trees, the two 

chronologies significantly differed from each other in certain time intervals (e.g. 1700-

1800) (Figures 4-7). This result emphasizes the importance of plotting all of the 

individual core samples with robust means and a mean of zero (Figures 8-11). The 

increase in sample size over that of Graybill and Idso permitted a more robust evaluation 

of differences in growth rates between strip-bark and whole-bark trees. For example, a 

plot of five randomly selected whole-bark trees s from of Patriarch Grove is illustrated in 

Figure 13. Samples were selected using research randomizer v3.0 that uses a JavaScript 

random number generator to produces a set of random number based on the number of 

observations tested (Randomizer Organization 2006).               
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Figure 13. Randomly selected five whole-bark trees from Patriarch Grove to illustrate the effect of sample 
size.  

 
   As shown in Figure 13 (5 samples ), whole-bark trees from Patriarch Grove seem to 

have a mixed form of growth, i.e. three trees have an increase in tree-ring width, while 

two do not show such an increase. In comparison, Figure 8 (18 samples) illustrates that 

none of the whole-bark trees have an increase in tree-ring widths over the period shown. 

This shows how inadequate sampling might lead to different conclusions.   

   T-test results on the regression coefficients demonstrate thatthe two groups of trees 

differ at different intervals but not over the whole lengths of the chronologies. The fact 

that the t-test on slope values obtained from linear regression on the whole period does 

not show a difference between the two groups of trees suggests the limitation of the use 

of linear regression to illustrate the characteristics of a time-series. Nevertheless, the t-test 

was useful in illustrating how the different groups of trees have positive trends at 

different periods depending on the initial year of analysis. As a precautionary measure for 
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tabulating how many trees actually have positive trends, a conservative level of p-value 

(p=0.01) must be used if a slope is to be considered significant. Tables 3-9 tabulate all 

positive and negative slope values for trees. The number of core samples from each group 

can be doubled since cores taken from either side of each tree, especially strip-bark trees, 

are highly variable. In the Patriarch site, 13 out of 18 sampled whole-bark trees have 

positive trends in the time interval from 1800-1850. The number of sampled trees with a 

positive trend subsequently decreases with time and that number of trees remains the 

same through the rest of the 50-year time intervals from 1851-2001. Strip-bark trees from 

Patriarch maintain the same number of trees with a positive slope throughout all of the 

intervals tested from 1800-2001. Trees from the Sheep site have similar results. The 

number of whole-bark trees with positive trends is 15 for the time interval from 1800- 

2001, while all of the strip-bark trees maintain a positive trend for the tested time 

intervals from 1800-2001. This uniformity in growth behavior in strip-bark and whole-

bark trees from two different sites supports the hypothesis that there is a difference 

between the growth forms of the two groups of trees. The same results are obtained when 

the t-test was applied to the Graybill and Idso 1993 samples. These results agree with 

those previous reported by LaMarche et al. (1984), Graybill and Idso (1993), and Bunn et 

al. (2003).  

   It is evident that strip-bark trees from the Sheep site have the most pronounced 

difference from all of the groups tested. Patriarch strip-bark trees are also different from 

whole-bark trees, although the growth tends to level off for the past 20 years (Figure 

12a). The basic statistical characteristics of both strip-bark and whole-bark chronologies 
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also agree with the previous study conducted by Fritts (1969) in which he examined the 

statistical characteristics of four strip and four whole-bark trees from Patriarch Grove. 

Further, the growth pattern of strip-bark trees from this site shows a steady increase after 

the industrial revolution of A.D.1850, which is similar to previously published results 

(Graybill 1987; Graybill and Idso 1993; Tang et al. 1999). However, environmental 

conditions specific to each site may have contributed to both the above differences and to 

the magnitude of ring-width increase in the Sheep site trees. For example, the Sheep site 

has the steepest slope angle with the highest run-off and therefore less available soil 

moisture than Patriarch. Limited soil moisture can result in drought stress and result in 

narrow ring widths, but such a cause and effect relation is inferred since the statistical 

analysis shows only empirical relationships among trees. 

   The topographic difference between the Patriarch and Sheep sites could be the reason 

why Tang et al. (1999) did not detect a difference in water use efficiency between strip-

bark and whole-bark trees (Tang et a.l 1999). This question, however, cannot be firmly 

answered until stable carbon isotopes from the Sheep site and Patriarch Grove are 

collected and analyzed. Although controversial, many studies suggest that there is an 

increase in the allocation of carbon to the roots of young trees under elevated atmospheric 

carbon dioxide (Gorissen et al. 1995). These results are problematic since they are from 

short term (20 years at the most) experiments and therefore not adequate to use as a 

model for BCP that have been adjusting to changes in atmospheric carbon dioxide and 

temperature since A.D.1850. However, it is possible that biomass partitioning is different 
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in whole-bark than in strip-bark trees, and the latter is using part of the allocated carbon 

for cambial growth (Graybill and Idso 1993).  

   Another possible reason for the differences is that the increase in growing season 

temperature increases the period of time available for assimilating carbon in strip-bark 

trees and therefore increases tree-ring width. On the other hand, whole-bark trees may be 

responding to the increase in growth season temperature by increasing the whole plant 

biomass above and below the ground and therefore less effect can be seen in tree-ring 

widths (LaMarche and Stockton 1974). Although the above reasons are biologically 

feasible, the data from this study cannot provide an explanation of why an upward trend 

is more pronounced in strip-bark trees.  

CONCLUSIONS 

   A uniquely large sample of high-elevation Great Basin bristlecone pine tree-ring width 

records has permitted the objective detection and detailed description of different radial 

growth rates in trees of strip-bark and whole- bark growth forms at two neighboring sites 

over recent centuries. The major difference is found in recent growth trends of whole-

bark and strip-bark trees from Sheep Mountain and Patriarch Grove. This research 

supports the hypothesis that enhanced growth is evident in subalpine conifers in the Great 

Basin, and has been occurring since the middle to late 1800s, especially in strip-bark 

bristlecone pine from the Sheep site (α = 0.05, p <0.0005, CI 95%) . However, these 

results suggest that environmental conditions specific to each site may have contributed 

to the differences and to the magnitude of ring-width increase in the Sheep site trees. For 

example, limited soil moisture, which may exist for the Sheep site, can result in drought 
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stress and narrow ring widths, but such a cause and effect relation is inferred since the 

statistical analysis shows only empirical relationships among trees. Although this data set 

shows the importance of microsite variability when analyzing tree-ring growth, it is not 

suitable for determining the cause of the increase in growth observed after 1850. For 

example, the effect of increased growing season temperature on tree-ring width cannot be 

accounted for through current measurements. Future studies will need to be conducted 

that account for the effects of temperature and increased atmospheric carbon dioxide. 
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ABSTRACT 
Formatted for Tree-Ring Research 

   Assessing climatic and environmental factors that govern tree growth (Fritts 1972, 

1976; LaMarche 1975) is essential for understanding which factors limit the growth of 

trees. This assessment is the key in the application of tree-ring analysis to answer 

puzzling questions in such sciences as archaeology, forest dynamics, and hydrology. 

Such assessment allows dendroclimatic reconstruction of both temperature and 

precipitation to be used in building paleoclimatic models for applications to other 

sciences like archaeology. Nine hundred one-year strip-bark and whole-bark chronologies 

of bristlecone pine from the White Mountains of California are assessed for a different 

climate related responses between the two forms of growth to test the feasibility of using 

the chronologies for inferences about summer temperature (LaMarche 1974). Methods 

involved regression analysis, response function analysis, principal component analysis, 

cross-spectral analysis, and filtering techniques to test the relationship between tree’s 

growth and instrumental temperature and precipitation, and temperature reconstruction 

from western North America. All tree-ring chronologies correlate significantly (α = 0.05, 

p<0.001) with reconstructed temperature until about 1860 when both series deviate 

insignificantly from each other. The results suggest that tree-ring widths from both bark 
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forms can be used as summer temperature inferences before 1860, and strip-bark trees are 

responding to a different growth factor that might be climate related.  

   Keywords: Dendroclimatology, bristlecone pine (Pinus longaeva), White Mountains of 

California; regression analysis, low pass filter.  

 

INTRODUCTION 

     The use of tree-ring analysis to answer puzzling questions in such sciences as 

archaeology, forest dynamics and hydrology has been proved reliable since the creation 

of the science of dendrochronology in the 1910s (Fritts 1976; LaMarche 1974, 1975; Taiz 

and Zeiger 1996). However, the application of the methods is still determined by the 

availability of strong and consistent correlations between tree-ring widths (especially in 

the subalpine chronologies) and the climate parameters of temperature and precipitation. 

Assessing climatic and environmental factors that govern tree growth (Fritts 1972, 1976; 

LaMarche 1975) is essential for understanding which factors limit the growth of trees. 

Such assessment allows dendroclimatic reconstruction of both temperature and 

precipitation in order to build paleoclimatic models for applications to other sciences like 

archaeology.  

   The degree to which these parameters affect tree growth varies mainly by elevation and 

the climatic characteristics of the area – whether it is mesic, arid, or semiarid. On an 

annual basis, trees respond to climatic variation by changes in radial growth rates, while 

decadal responses may be indicated in phenotypic alterations (krummholz vs. normal 

growth). In general, growing season temperatures have been the principal factor limiting 

trees growth at higher elevations (Fritts 1969; Graumlich 1991; Hughes and Graumlich 
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1996; LaMarche 1974), given sufficient water supply (Lloyd 1997; Lloyd and Graumlich 

1997). Lower forest border trees respond mainly to variations in previous summer/fall 

and current late spring precipitation (Hughes and Graumlich 1996; Hughes and 

Funkhouser 1998; Hughes and Funkhouser 2003; LaMarche 1974).  

   On a related note, scientists have suggested alternative limiting factors that have been 

controlling tree-ring width in the Great Basin, especially with the bristlecone pine species 

used in this study. LaMarche et al. (1984) proposed that a carbon dioxide signal might be 

overwhelming the climate signal in the tree-ring widths from the White Mountains of 

California since 1850, which marks the onset of the industrial revolution in western North 

America Graybill and Idso (1993) modified that proposal by relating the carbon dioxide 

signal to a form of bristlecone pine growth called strip-bark formation (i.e., bark lost 

from one side of the stem while the tree maintains annual growth on the rest of its 

circumference).  Graybill and Idso (1993) and Graybill and Funkhouser (1999) reported a 

significant but low correlation between tree-ring widths extracted from the upper forest 

border and temperature in the White Mountains. However, these conclusions were based 

on either strip-bark chronologies (Graybill and Funkhouser 1999) or a small sample 

number (nine trees) of whole-bark trees (Graybill and Idso 1993). Related studies by 

Bunn et al. (2003; 2005) also tests the difference in growth patterns between strip-bark 

and whole-bark trees using three different methods: spatial analysis, nonparametric 

ordination, and cluster analysis. The first study (Bunn et al. 2003) reports a difference in 

growth patterns between the two groups of trees and relates that difference to soil 

moisture in certain micrtopographic exposures. The second study (Bunn et al. 2005) 
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compares strip-bark trees from one of the sites included in this study (Sheep Mountain, 

Graybill and Idso 1993 chronology) with other sites in the eastern Sierra Nevada and 

reports a high correlation with temperature, however, that correlation is not restricted to 

the bristlecone pine collection used from Sheep Mountain. One point that is worth 

mentioning, that authors propose the possibility of the effect of ordination on the variance 

associated with the strip-bark tree’s growth.  

   In this paper I hypothesize that the strip-bark trees might be responding to a different 

climate parameter than whole-bark trees, and therefore a significant temperature signal 

might still be detected in whole-bark trees. The argument to support this hypothesis stems 

from an earlier study (Ababneh 2006, this dissertation) of raw tree-ring widths from a 

uniquely large sample of upper forest border Great Basin bristlecone pines from two 

adjacent sites in the White Mountains, in which strip-bark trees show enhanced growth 

beginning in the middle to the late 19th century. Although the purpose of the study was 

not to factor the cause of the enhanced growth, correlation of raw tree-ring widths with 

instrumental regional temperature and precipitation data, and the average values of two 

grid points from summer temperature reconstruction (Briffa et al. 1992) was unavoidable 

in order to use the bristlecone pine chronology for more than making inferences about 

growing season temperature (LaMarche 1974). The two grid points are the most adjacent 

to the study sites and were also used by Graybill and Idso (1993). The present study 

reports on the temperature and precipitation related characteristics of bristlecone pine raw 

tree-ring widths from two adjacent sites in the White Mountains (Patriarch Grove and the 

Sheep Mountain site) using dendroclimatological methods of regression, response 
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function, and principle component analysis. The main aims are to test the stated 

hypothesis (i.e., strip-bark trees might be responding to a different climate parameter than 

whole-bark trees, and therefore a significant temperature signal might still be detected in 

whole-bark trees) and to further assess the ability of the chronology to relate a 

reconstructed paleoclimatic model to archaeology settlements in the White Mountains 

(Abbaneh 2006, Appendix III of this dissertation).  The latter is a future study and an 

example on the applications of dendrochronology to other sciences.  

   Site Description and General Climate Patterns  

   The study areas are located above 3300 m s.l. in the White Mountains, Inyo National 

Forest, California (37˚31`N; 118˚12`W) (Figure 1a &b). Samples from two locations are 

included in this study: Patriarch Grove and Sheep Mountain. The White Mountains are 

separated from the Sierra Nevada by the north end of the Owens Valley. The subalpine 

vegetation of the study area is a mosaic of Artemisia tridentata (big sagebrush) and A. 

arbuscula (low sagebrush) shrub associations and Pinus flexilis (limber pine), and Pinus 

longaeva (bristlecone pine) forest (DeDecker 1991). Soils are derived from sandstone or 

dolomite substrates (Barton 2000; Ernst et al. 2003; Fritts 1969; Wright 1963). The 

modern mountain climate has a seasonal Mediterranean-type variation between a warm-

semiarid summer and cold-mesic winter.  Most precipitation comes during the winter, 

while summer precipitation in the mountains occurs in the form of local convectional 

storms from southern air masses generated by the Southwestern monsoons (Powell and 

Klieforth 1991). The floor of Owens Valley is warm and dry, with a mean annual 

temperature near the town of Bishop (elevation 1252.728m) of 13.4 °C and a mean 
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annual precipitation of 134 mm (Figure 2).  The crest of the White Mountains (elevation 

3800.856 m) has a cold mean annual temperature of -2.5 °C and a mean annual 

precipitation of 495 mm (Western Regional Climate Center 2006). On average, the 

decline in temperature with an increase in elevation (lapse rate) is close to 6.5 ºC/km 

(Powell and Klieforth 1991). The lapse rate tends to be less in winter than during the 

summer (Beasley and Klemmedson 1980; Fritts 1969). February is the coldest month of 

the year, while July is the hottest and the growing season lasts from June to late July and 

middle August (Fritts 1969). 

a 

 
Figure 1
location
Nationa

 

 a & b. a: White Mountains location relative to
s Patriarch Grove and Sheep Mountain area. Vi
l Forest GIS database. B (Inyo National Forest,
b

 California and the Sierra Nevada. b: Sampling area 
cinity map (a) is compiled from layers in the Inyo 
 1998). 
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Figure 2. Monthly precipitation and temperature distributions for Owens Valley (1250.3 m) and the White 
Mountains (3800.9 m). Note the increase in precipitation in the mountains during the dry summer months 
as opposed to the valley (http://www.wrcc.dri.edu/). 
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METHODS 

   Field Sampling Design and Standard Dendrochronological Data Treatment 

   The study includes 100 individual BCP trees. Fifty live trees were sampled from each 

site; 25 trees strip-bark and 25 whole-bark. Of each group, only trees that are 300 years 

old or more are used to adequately cover the pre- and post-industrial era . Sample 

selection was randomized and predetermined by plotting points on a 1 cm by 1 cm grid 

plane on digital orthophoto quadrangles 3.74' of the Inyo National Forest (NAD 27 and 

83, 1998). All strip-bark and whole-bark trees were cored in each successive square of 

the grid, beginning with the first square of the northwest corner of the grid, until the total 

number of required trees was achieved.  The number of trees per plot varied but averaged 

from three to five individuals. Trees showing any sort of disturbance like fire or lightning 

were excluded to limit irrelevant disturbance signals in tree-ring widths, and the next tree 

in the plot was sampled instead. Lightning strikes tend to leave charred remains on the 

split stem. For each tree, the circumference was measured and GPS point was taken 
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(GARMIN 12XL). Core samples were taken at 1.26 m above ground level when 

accessible using a tape measure and an increment borer. Two radii in opposite directions 

were taken from each tree for replication purposes (Fritts 1972; Stokes and Smiley 1969). 

All cores were taken parallel to the slope as much as possible to minimize the effect of 

reaction wood on ring formation. 

   A tree is considered stripped if 1) the percentage of lost bark is 50 percent or more of 

the entire circumference and 2) the tree display’s an exposed wood from the crown all the 

way to the roots. Each tree was classified as strip-bark or whole in the field. Aspect and 

slope of the plots were measured (using clinometer and compass) and compared with a 

digital elevation model of the area provided by the Inyo National Forest for verification. 

On average, Sheep has an east aspect with a 20-25º incline and Patriarch Grove has an 

east to southeast aspect with 5 - 6º incline. Samples were collected from the east facing 

slope in both sites. Substrate data were determined using geologic maps prepared by 

Nelson (1962). Patriarch Grove is underlain by the Reed Dolomite Formation (lower 

Cambrian) while Sheep is underlain by Bonanza King Dolomite (middle and upper 

Cambrian). Dolomite is a white buff rock (Nelson 1962) that consists of CaMg (CO3)2, 

with a 2.85 specific gravity and 4.5-5 hardness on the Mohs scale (Gallegos 1994). 

Dolomite is characterized by better moisture retention compared with sandstone due to 

smaller grain size and lower temperature enhanced by its low albedo (Ernst et al. 2003; 

Wright and Mooney 1965).Cores were mounted and fine sanded to facilitate the analysis. 

Table 1 summarizes site characteristics. 
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Table 1. Research area sites characteristics,. Note that Sheep is about 152.4 m higher than Patriarch Grove.  

 Substrate 
Latitude, Longitude 

(°N, °W) 
Elevation (m) Primary Aspects 

Patriarch Grove Reed Dolomite 37° 31’, 118° 11’ 3474.72  E 

Sheep 
Bonanza King 

Dolomite 
37° 31’, 118° 12’ 3627.12 E 

 

   All tree-ring series were crossdated to the absolute year of formation by standard 

dendrochronological techniques (Stokes and Smiley 1968). Tree-ring dates were 

independently checked and verified by another dendrochronologist from the tree-ring 

laboratory before generating absolute dates (Richard L. Warren, personal communication, 

2004). The annual rings of each radius were measured to the nearest 0.01 mm using a 

sliding-stage micrometer (Robinson and Evans 1980). Accuracy of measurements was 

checked using Verify 5 (Version 2.0) program (Grissino-Mayer 1997), which tests for the 

accuracy of measurements between cores of the same tree using ANOVA test.  Calendar 

dates were validated by COFECHA software (Version 6.06p) (Holmes 1983).  The 

measured tree-ring widths were not subjected to any further curve fitting procedures to 

avoid the introduction of any artificial signal to the growth patterns. Both of Verify 5 and 

COFECHA are available from the Dendrochronology Program Library. Raw tree-ring 

widths of all cores were arithmetically averaged to produce a single averaged chronology. 

Dimensionless tree-ring indices were computed by normalization that is subtracting each 

tree-ring width in a single core from the arithmetic mean of all tree-ring widths in that 

core and dividing it by the standard deviation (Milton 1998).  
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   Climate Data 

   Several instrumental data were used to test the sensitivity of the tree-ring chronologies 

to temperature, precipitation, and Palmer Drought Severity Index (PDSI). In addition, 

tree-ring chronologies were correlated to regional temperature reconstructions (Briffa et 

al. 1992). The decision on which instrumental data to use was based on the following 

criteria: closeness to the sites; elevation of the stations; and former published research 

(see Graybill and Funkhouser 1999; Hughes and Funkhouser 2003; and LaMarche 1974). 

Briffa et al.1992 was selected as the most up-to-date reconstruction that is available as 

grid points, that does not include BCP samples, and was used by Graybill and Idso 1993. 

Based on the mentioned criteria two adjacent sites were selected (White Mountain 1 and 

2), Bishop, Independence (in Owens Valley), Mina, NV, California Division 5 (San 

Joaquin Drainage) and California Division 7 (Southeast Desert Basin) (Graybill and 

Funkhouser 1999; Hughes and Funkhouser 2003).  Two monthly instrumental climate 

stations those are available from sites adjacent to the research area. Crooked Creek 

(White Mountain 1; NOAA 0409632; 3730N/118 11W; 3039.7 m above s.l.) includes 

data from 1955 to 1977, and Mount Barcroft (White Mountain 2; NOAA 049633; 37 35 

N/118 14 W; 3800.9 m above s.l.) has data from 1955 to 1980. The two tree-ring 

sampling sites are located between those two stations; therefore, composite monthly 

precipitation and temperature records were developed by averaging the values from both 

stations.  

   The nearest instrumental data from the adjacent valleys were also used, and those are 

Bishop Airport (NOAA 040822), Independence in the Owens Valley (NOAA 044232), 
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and Mina, NV (NOAA 265168) east of the White Mountains. California Division 5 (San 

Joaquin Drainage), California Division 7 (Southeast Desert Basin) temperature and 

precipitation values, and PDSI data were also used to explore relationships between tree-

ring chronologies and climate. Bishop, Independence, and Mina climate and precipitation 

data were inspected with the appropriate statistical tests for homogeneity (Fritts 1976). 

Correlations of tree-ring series with climate Division 5 were calculated for post 1930 

period because earlier values are estimates (Fritts 1976). The Independence station has 

many consecutive missing values from 1894 -1910 and, therefore, only the years 1911 – 

2001 were used for the analysis.  All data were used in monthly format. Seasons used are 

common climatological seasons (Fritts 1976): winter is December, January and February; 

spring is March to May; summer is June to August; and fall is September to November. 

Prior year’s summer and fall were also used in the regression to test the effect of previous 

year’s temperature and precipitation on current year’s growth (Fritts 1976). Seasons were 

calculated by simple arithmetic average for each year in the included months.  Tree-ring 

and meteorological data from this study were visually and statistically compared with 

grid points 16 and 19 (35N, 120W and 40N, 120W) of reconstructed summer temperature 

(April to September) for Western North America (Briffa et al. 1992). These data are on 

file at the World Data Center for Paleoclimatology, and NOAA Paleoclimatology 

Program, Data Contribution Series #2002-067 and were accessed on line on June, 2006. 

Although other temperature reconstructions are available (e.g., Fritts 1991 and Mann et 

al. 2002), comparison was avoided because they incorporate trees from the stands used in 

this study in their reconstructions. The Briffa et al. (1992) temperature reconstruction is 
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from A.D.1600-1983 and is in the form of grid point anomaly time series. The series was 

produced by principal component analysis to relate variability in 53 high-elevation 

maximum latewood density chronologies to a number of temperature principal 

component series. Luckily, the reconstructions are of good quality over the area between 

35° and 55°N thus covering the altitude of the research area but are subject to large 

uncertainty north of 55°N, particularly prior to A.D.1750. For more details on the 

reconstructions, visit Briffa et al. (1992).  

   Cross-spectral analysis of both tree-ring chronologies and Briffa et al.’s 1992 series 

showed a strong coherence between each chronology and the temperature reconstruction 

at a frequency of 0.125 (i.e. 8-years and more). Therefore, both of the tree-ring 

chronologies and Briffa’s two grids points were filtered using an 8-point low pass filter 

(Fritts 1976). The grid points (grid points 16 and 19) were simply averaged together, 

converted to z-scores, and filtered. The Briffa et al. (1992) temperature reconstruction is 

on file at the National Oceanic and Atmospheric Organization (NOAA) and can be 

accessed on line at http://www.noaa.gov. Tree-ring chronologies were converted to z-

scores and filtered (for more details on the low pass filter weights see Fritts 1976:270, 

Table 6.III).  

RESULTS 

   Visual comparison between the tree-ring chronologies established in this study and the 

reconstructed summer temperature series (Briffa et al. 1992) reveals an interesting pattern 

in tree-ring widths (Figure 3, Table 2). The tree-ring width chronologies correlate 

significantly (α = 0.05, p <0.001) with summer temperature until about 1860 (Figure 3, 

http://www.noaa.gov/
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Table 2). Sheep and Patriarch strip-bark trees follows the temperature reconstruction 

curve until 1850, when strip-bark chronologies show an enhanced growth and correlates  

negatively with the temperature reconstruction (Table 2). Whole-bark chronologies from 

both sites deviate (i.e., the curves do not match) from the temperature reconstructions at 

around 1900. Interestingly, the Patriarch whole-bark chronology shows the accelerated 

growth trend (Ababneh 2006, Appendix I of this dissertation) while the Sheep site 

chronology maintains the same growth rate. 

Table 2. Pearson correlation of filtered tree-ring widths 8 year and reconstructed summer temperature (8-
year) based on tree-ring density (Briffa et al. 1992). Bold are significant values at α =0.05 and p<0.005, 
CI 95%, unless marked by* (α =0.1).    

 Briffa et al. 1992 
 1635-1845 1846-1983 
   Patriarch whole 0.44  -0.23 

Patriarch strip 0.27 -0.85 
      Sheep whole   0.29* -0.17 
      Sheep strip        0.21 -0.04 
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Sheep and Patriarch strip and whole-bark chronologies compared to Briffa et al. 1992 
summer temperature reconstruction
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 Figure 3.Sheep and Patriarch strip and whole bark tree-ring width chronologies compared with Briffa et 
al. 1992 summer reconstruction based on tree-ring density. All chronologies are filtered after converting to 
z-scores to match the scale. Tree-ring data and Briffa et al. (1992) data are filtered using an 8-year low-pass 
filter (Fritts 1976).  Confidence Intervals are based on the Briffa et al. (1992) series.  

   Correlations with Local Climate Data 

   Unfortunately, the whole-bark and strip-bark chronologies from both sites do not 

correlate well with climate data from the surrounding valleys (α = 0.05, p>0.001). The 

only significant correlation, although not high, is with the White Mountain temperature 

and precipitation data. Even additional attempts using averaged tree-ring widths and 

response function and principal component analysis were unsuccessful. A significance 

level of 0.05 (95% confidence intervals) for the F-test values was used in all tests 

reported within. All tests were produced using STATA 9.2. The strongest climate signal, 

which varied in season between whole-bark and strip-bark trees, is related to the White 
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Mountain instrumental precipitation data and PDSI reconstruction from California 

Climate Division 7. Whole-bark trees from the Sheep Mountain site correlate 

significantly and positively with spring maximum temperature (α = 0.05, p<0.001), 

positively with spring precipitation (α = 0.05, p<0.001), and positively with spring PDSI 

(α = 0.05, p<0.001). The strip-bark chronology from the same site correlates significantly 

with spring precipitation and temperature maximum of the same year (α = 0.05, 

p<0.001). Both whole- and strip-bark chronologies from Patriarch Grove correlate 

significantly with same year’s spring precipitation (α = 0.05, p<0.001).  

   Tables 3 and 4 summarize the Pearson correlations of whole-bark and strip-bark tree 

ring widths from Patriarch Grove and Sheep Mountain with White Mountain California 

seasonal climate data (1955-1980). Seasonal climate data are mean monthly temperature, 

maximum monthly temperature, White Mountains precipitation, and the PDSI 

reconstruction for Climate Division 7 of California.  

Table 3.  Pearson correlations of the Sheep site strip-bark and whole-bark chronologies with White 
Mountain, California, Seasonal Climate data (1955-1983). Tmean = temperature monthly mean, Tmax = 
temperature monthly maximum, P= precipitation, and PDSI is Palmer Drought Severity Index. Bold are 
significant values (α = 0.05, p<0.001).  

Whole-bark trees Strip-bark trees Season Tmean Tmax P PDSI Tmean Tmax P PDSI 
Prior summer 0.0657 -0.0348 -.0376 0.177 0.0069 0.0193 0.009 0.0132 
Prior Fall 0.1848 0.002 0.0468 0.1214 0.065 0.0153 0.065 0.0236 
Winter 0.1385 0.0024 0.1340 0.1181 0.004 0.0364 0.0057 0.0017 
Spring 0.1028 0.1448 0.2629 0.1427 0.1173 0.0654 0.2069 0.0004 
Summer 0.0286 0.1062 0.0378 0.1627 0.0068 0.0258 0.0144 0.000 
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Table 4. Pearson correlations of Patriarch Grove strip-bark and whole-bark chronologies with White 
Mountain, California, Seasonal Climate data (1955-1983). Tmean = temperature monthly mean, Tmax = 
temperature monthly maximum, P= precipitation, and PDSI is Palmer Drought Severity Index. Bold are 
significant values (α = 0.05, p<0.001).  

Whole-bark trees Strip-bark trees Season Tmean Tmax P PDSI Tmean Tmax P PDSI 
Prior 
summer 0.0091 -0.0432 -.0340 0.067 -0.041 -0.0418 0.0043 0.002 

Prior Fall 0.0989 -0.0427 -0.039 0.1508 0.1063 0.004 0.0415 0.044 
Winter 0.0702 0.0064 0.0176 0.0329 0.0821 0.009 0.0487 0.015 
Spring 0.0910 0.0892 0.1362 0.0404 0.0966 0.0570 0.1645 0.038 
Summer 0.0036 0.082 0.0191 0.0392 0.0095 0.0609 0.0163 0.0475 
 

   In general, growth response to local temperature and precipitation is most evident in 

Sheep Mountain whole-bark trees. The rest of the groups (i.e., Patriarch Grove whole- 

and strip-bark, and Sheep Mountain strip-bark) have a significant response to spring 

precipitation. Sheep Mountain strip-bark trees have a positive and significant response to 

spring precipitation and mean temperature of the current year, while Patriarch Grove 

whole-bark and strip-bark trees have a significant response to spring precipitation of the 

current year. Whole-bark trees on the Patriarch Grove site also show a significant 

response to PDSI records from California Climate Division 7 of the prior fall but not to 

the same season precipitation record.  

   Another observation that pertains to low frequency variability, which is reported for the 

first time in this study, is a decrease in the growth of Patriarch Grove whole-bark trees 

after 1980. The major point from these results is that although there is no statistically 

significant correlation between the developed chronologies and local and regional 

instrumental climate data, the high and significant correlation between the chronologies 

and the temperature summer reconstruction support the hypothesis that whole-bark and 

strip-bark chronologies might be responding to different climate parameters. However, 



95 

there are site specific differences between groups of trees. For example, the Sheep whole-

bark chronology does not exhibit the accelerated growth characteristic of the other 

groups. Further, the date at which the tree-ring chronologies lose the significant 

correlation with the summer temperature reconstruction varies from one group of trees to 

the other. Therefore, the chronologies developed within (Sheep Mountain in specific) 

might be used to draw inferences about growing season temperature at least until A.D. 

1860.  

DISCUSSION 

   Because the results of this study do not provide enough evidence to support the 

hypothesis that whole-bark tree growth is controlled by temperature, a temperature 

reconstruction cannot be established based on the chronologies and analyses developed in 

this study. However, inferences can be made about summer temperature given the high 

correlations between the filtered tree-ring chronologies and Briffa et al. (1992). 

   Bias and Confounding 

   Limitations to temperature driven whole-bark tree growth response may be 1) the 

limited amount of instrumental climate data from the vicinity of the study area, e.g., the 

White Mountains; 2) the insufficiency of using monthly climate data (Graybill and Idso 

1993); or 3) that tree-growth is driven by other limiting factors like nutrient availability 

(Graybill and Idso 1993; Körner 2003; LaMarche et al. 1984). Furthermore, although 

there are several meteorological stations in the adjacent valleys, orographic effects might 

cause the lack of significant correlations between tree growth and temperature. Most of 

the meteorological stations are at least 1830 m below the research sites, and the White 
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Mountains are in the rain shadow of the Sierra Nevada. Another suggestion is that the 

White Mountains are affected by climate patterns produced by specific storm tracks and 

air mass origins that differ from those of the consolidated climate data in divisional 

records (Powell and Klieforth 1991). Other limitations on the level of correlations might 

be that trees respond to a cumulative number of cooling hours or the number of 

consecutive days with optimum temperature for initiation and division of cells (Larson 

1994). A final point of consideration is that tree growth might be constrained by other 

limiting factors (Fritts 1976), especially after 1860 (Graybill and Idso 1993; LaMarche et 

al. 1984), or simply that those upper forest border trees respond to a climatic factor like 

temperature; however, a different type of response is reported in those upper forest border 

trees and the scientific community is challenged to detect that response (Bunn et al. 2005, 

Mann et al. 2000). Therefore, a combination of factors seems to be limiting tree growth. 

Until these limitations are taken into consideration when modeling tree growth, and until 

further measurements are obtained that involve a longer instrumental climate record from 

the same elevation of the research sites, the positive or negative effects of temperature 

cannot be substantiated.  

   Comparison with Other Studies 

   The results reported in this paper are partially in accordance with other studies that 

support the hypothesis of a moisture related signal in bristlecone pine. Wright and 

Mooney (1965) concluded that bristlecone pine responds to a precipitation gradient rather 

than to cool alpine temperatures. Similar results were reported from a three year 

ecophysiological study of bristlecone pine by Fritts (1969). Such findings are not 
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unexpected since the White Mountains are xeric with annual precipitation not exceeding 

41.5 cm. Graybill and Idso (1993) and Graybill and Funkhouser (1999) compared tree-

ring widths from the western United States, including one of the sites investigated in this 

study (Patriarch Grove), and found similar results: a low correlation with temperature that 

prevents use for temperature reconstruction, a negative correlation with the previous 

year’s temperature, and a highly significant tree growth response to spring precipitation. 

Bunn et al. (2003) and Tang et al. (1999) implicated soil moisture sensitivity especially 

in the strip-bark trees. However, a new and growing body of literature supports the other 

part of the results provided within; that is, upper forest border trees respond differently to 

climate variability including the observed global temperature increase (IPCC 2001; Mann 

et al. 1999; Mann et al. 2000), and a growing season temperature signal can be detected 

on decadal time scales (Hughes and Funkhouser 2003).   

   In addition, the results of comparing whole and strip-bark trees at two different but 

adjacent sites agree with LaMarche 1974 that bristlecone pine can be used to make 

inferences about summer temperature. However, until clearer evidence is provided on the 

cause of the anomalous increase in growth since the middle of the 19th century, this 

finding is restricted to the period before 1850.  Site characteristics seem to have a role in 

the significant correlation between reconstructed temperature and tree-ring width, 

however, until more sites are studied the degree of the effect of site characteristics can 

not be can not be ruled out completely.    
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CONCLUSION 

   The purpose of this brief paper is to ascertain if any of the chronologies developed from 

whole-bark and strip-bark trees (Ababneh 2006, this study) can be used as is for 

temperature reconstruction. The research results support the hypothesis that whole-bark 

trees respond to different climate parameters than strip-bark trees; however, those results 

are based on correlation with reconstructed temperature (Briffa et al. 1992) and not 

correlations with instrumental data. The accelerated growth after 1850 illustrated in the 

two research sites of Sheep Mountain and Patriarch Grove might be related to many 

factors including temperature. However, since whole-bark trees on Sheep Mountain 

correlate significantly with local summer temperature and precipitation data and all sites 

correlate significantly (α = 0.05, p <0.001), LaMarche et al.’s (1974) thesis on the ability 

to use upper forest border tree-ring widths to infer aspects of  summer temperature is 

considered valid. The fact that correlation values decline after 1850 does not alter this 

assumption when used for further applications of dendrochronology in understanding 

archaeological subsistence-settlement patterns in the White Mountains area because A.D. 

1860 marks the beginning of the colonial period and thus the alteration of Native 

American uses of the landscape.  
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Abstract 
Archaeologists recognize that prehistoric human populations were a significant 

variable in the operation of past California ecosystem processes and, as a result, that a 

changing environment created constraints and opportunities for prehistoric cultural 

adaptation. Climatic factors like temperature and precipitation play a major role in tree 

growth and their resulting tree-ring widths. Temperature governs tree ring growth 

patterns at upper elevation subalpine trees in the presence of sufficient amount of soil 

moisture. The tie between paleoclimate and archaeology is an evolving interdisciplinary 

field of study that aims to facilitate a better understanding of archaeological patterns and 

settlement through climatic variability and how it altered human settlements. In this 

research, I use a paleoclimatic model that is based on temperature inferences and a 

precipitation reconstruction from tree-ring widths of bristlecone pine in the White 

Mountains of California to explain aboriginal subsistence-settlement patterns in alpine 

villages of the White Mountains. Temperature inferences and the precipitation 

reconstruction are compared visually and statistically with archaeological 14C dates. 

Results illuminate the role of water availability in the frequency and intensity of 

settlement, as 88% of the 14C dates fall within wet periods (α = 0.05, p = 0.005). Two 

dates, AD 1662 and AD 1530 fall within drought periods, while the rest cluster around 

above average precipitation periods. I provide an explanation of the observed 

subsistence-settlement data and relate those patterns to resource availability in the area 
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within the past 1000 years.  The model presents a new application of long bristlecone 

pine chronologies to understand archaeological settlements in the White Mountains. The 

coincidence of 14C dates around above average precipitation periods confirms that long 

term available resources are contingent on the availability of moisture, the key to life in 

the desert environment.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



105 

1. Introduction and Statement of the Problem 
 
   Archaeologists are recognizing that prehistoric human populations have been a 

significant variable in the operation of past California ecosystem processes and, as a 

result, they have acknowledged that a changing environment constantly varied the 

constraints and opportunities for prehistoric cultural adaptation.  Because of this, the 

analysis of archaeological sites and their geographical distribution must take the effective 

environment into consideration. The study of the interaction between human behavior 

and demography, as interpreted from the archaeological record and components of the 

environment is the interdisciplinary approach of landscape archaeology that focuses on 

creating a picture of human activity on a regional scale by imparting environmental and 

temporal dynamics to the otherwise static spatial distribution of archaeological sites 

(Anchuetz et al., 2001; Dean et al., 1985; Frederick, 2001). Anchuetz et al., (2001) and 

Frederick (2001), in particular, point out the importance of three factors for carrying out a 

landscape approach in archaeology: a high resolution climate proxy record, precise dates 

of archaeological sites, and well documented land use patterns. In this article, climate 

reconstructions based on bristlecone pine (Pinus longaeva) tree-ring chronologies are 

used to help understand part of the prehistoric subsistence-settlement behavior of the 

residents of the Owens Valley region of California between AD1000 – 1860.  

   Archaeological investigations in the White Mountains above Owens Valley have 

revealed a pattern of human occupation that was unusual for the Great Basin (Bettinger 

1991).  People had constructed substantial dwellings in the often harsh conditions of the 

subalpine and alpine zone of the arid mountains throughout much of the summer. A 
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comparison of the temporal distribution of radiocarbon ages for the high altitude 

settlements and the temporal variability of reconstructed precipitation and temperature 

resulted in a correspondence between them. The problem is to explain that 

correspondence with a proposed model of the human ecosystem and to estimate the 

climatic limits to high altitude human occupation and the resource base on which people 

depended.  

   The explanation of the correspondence between human ecosystems and how climate 

might have limited them is limited by the availability of climatic data. Tree-ring 

chronologies can provide a proxy for reconstructing climate and settlement histories, such 

as is widely used in the American Southwest. There, the availability of wood that was 

used by Native Americans and recovered from archaeological sites has allowed 

widespread use of tree-ring based paleoclimatic records. Here, I illustrate a different use 

of the long-lived bristlecone pine (BCP) tree-ring chronology to understand the 

limitations of climate on high elevation human occupation in the Great Basin. Although, 

archaeological wood is not abundant in Native American sites in the White Mountains 

(Fig.1), implementing the model was possible because of the annual resolution of the 

tree-ring chronology constructed in this study (Ababneh, 2006) and others (Hughes and 

Graumlich, 1996, Hughes and Funkhouser, 1998; LaMarche, 1974; Van West, 1995), 

supplemented by previously existing 14C dates (Bettinger, 1978, 1991). Very few studies 

in this area link climate to archaeological changes and landscape use because of the 

difficulty in linking the two parameters together and the interference of many other 

factors (Baumhoff and Heizer, 1965; Jones et al., 1999; Morato et al., 1978).  Baumhoff 
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and Heizer (1965) illustrated through literature review of archaeological sites 

distributions, that Great Basin societies are more sensitive to changes in water balance 

index, a measure of relative humidity, soil moisture, and precipitation, than a single 

climatic parameter like temperature or precipitation. However, restrictions apply when 

attempting to calculate water balance index because of the lack of instrumental data of 

humidity that extends beyond the last 100 years. Therefore, I assume that precipitation is 

a direct indication of the water balance index.  

   Other parameters that contribute to the complexity of predicting the relationship 

between cultures and the environment are the 1) the rate and intensity of change in the 

many measurable dimensions of the environment, 2) localities of change, and 3) the way 

cultures perceive and react to environmental change. Morato et al., (1978) summarize the 

climatic events and the synchronized changes in archaeological sequences from the Sierra 

Nevada and conclude that, even at small scale, certain cultural changes are triggered by 

environmental changes. They were the first to address the relationships between climate 

and cultural changes in western North America. Jones et al., (1999) provide the most 

comprehensive study of the possible relation between drought periods and demographic 

changes in western North America. Nonetheless, there is a need for studies that address 

the effects of climate on cultural changes regardless if it is a direct cause and effect 

relationship or not. Such studies cannot materialize unless enough archaeological dates 

and climatic information are available.  



108 

 
 

 
Fig. 1. Research area location in relation to California, the Sierra Nevada, and the Inyo National Forest.  

 
2. Overview of the Study Area 

   Owens Valley lies in eastern California between two high mountain ranges, the Sierra 

Nevada on the west and the White-Inyo Mountains on the east. Although it falls within 

the rain shadow of the Sierra Nevada and has an arid climate, it is the catchment for 

runoff from the Sierra Nevada, which flows from many tributary streams into the Owens 

River and supplies groundwater for valley wetlands. A combination of the latitudinal 

extent and south to north increase in base level of the Owens Valley, and the large valley-

to-mountain relief of 1067 m to over 4270 m, has resulted in a pronounced bioclimatic 
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zonation at the present time and in the past (Fig.1). 

2.1 The Modern Environment 

   The Owens Valley region is characterized by a Mediterranean climate with dry, hot 

summers and wet, cold winters. Most precipitation comes during the winter, while 

summer precipitation in the mountains occurs in the form of local convectional storms 

from southern air masses generated by the Southwestern monsoons (Powell and 

Klieforth, 1991). The floor of Owens Valley is warm and dry, with a mean annual 

temperature near the town of Bishop (elevation 1252.728m) of 13.4 °C , and a mean 

annual precipitation of 134 mm (Fig. 2 a & b).  The crest of the White Mountains 

(elevation 3800.856 m) has a cold mean annual temperature of -2.5 °C and a mean annual 

precipitation of 495 mm.  Much of the precipitation falls as snow for an average annual 

total snowfall of 4026 mm.  
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cottonwood.  Along the lower alluvial fans, there is a transition between the hot Mojave 

Desert around Owens Lake in the south and the cold Great Basin Desert to the north.  The 

Mojave Desert is characterized by creosote bush, bursage, blackbush, and saltbush 

associations, while the Great Basin Desert is dominated by big sagebrush and bitterbrush 

scrub.  In the Sierra Nevada, vegetation intergrades along an elevation gradient from 

pinyon and mountain mahogany woodlands, Jeffrey pine and lodgepole pine forests, a 

subalpine forest mosaic of mountain hemlock, limber pine, foxtail pine, western white 

pine, and whitebark pine to alpine cushion plants above timberline.  There are meadows 

at all elevations. Vegetation associations are simpler in the xeric White-Inyo Mountains, 

ranging with elevation from sagebrush shrub and pinyon-juniper woodland to a subalpine 

mosaic of sagebrush, mountain mahogany, and open conifer woodlands of limber pine 

and bristlecone pine.  Alpine cushion plants grow on the highest elevations.  There are 

extensive meadows above 3000 m (Woolfenden, 2003). 

2.2 Environmental History 

   During the cold and dry last glaciation, before about 18,000 years ago, the higher runoff 

from the glaciers and permanent snowfields in the mountains, and lower evaporation 

induced by cooler temperatures sustained lakes and shallow marshes that were 

impounded in many of the desert basins including Owens Valley, which terminated in 

Pleistocene Owens Lake (Smith and Street-Perrott, 1983).  The lower elevations of the 

Owens Valley region were dominated by juniper woodland with the addition of pinyon as 

an associate in the southern end of the valley (Jennings and Elliott-Fisk, 1993; Koehler 

and Anderson, 1994, 1995; Woolfenden, 1996, 2003).   
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   As climate warmed during the transition from the late glaciation to the early Holocene, 

between about 18,000 and 11,000 years ago, the marshes and lakes expanded briefly from 

rapid glacial melting and the northward movement of the Polar jet stream, then 

subsequently began to dry (Grayson, 1993; Woolfenden, 2003).  Pinyon and juniper 

decreased in the lowlands as more xeric shrubs such as mountain mahogany, white 

bursage, winter fat, wolfberry, wishbone plant, and species of salt bush increased.  

Juniper finally departed completely from Owens Valley between 9500 and 7650 years 

ago (Koehler and Anderson, 1994, 1995).  

   Only small changes are evident subsequent to 2800 years ago.  Paleontological analyses 

of early Holocene mammals are scarce due to the lack of investigations of cave sediments 

that best preserve montane mammals (Grayson, 1987). As for montane vegetation, when 

Holocene temperatures exceeded modern values about 9000 years ago, the upper treeline 

grew 130 m above that of the present in the White Mountains (LaMarche, 1974).  By 

5,640 years ago pinyon-juniper woodland occupied the subalpine elevation at 3048 m, 

which is now occupied by bristlecone pine-limber pine woodland (Jennings and Elliott-

Fisk, 1993). On the northwest slope at 1,830 m, however, modern pinyon woodland with 

a sagebrush understory and the lack of more xeric species that would be expected existed 

between 8,790 and 7,810 years ago.  

   Faunal remains retrieved from packrat middens and cave sediments illustrate a decrease 

in small mammals with decrease in precipitation, coupled by an increase in taxa that are 

well adapted to xeric environments (Grayson, 2000).  Modern studies from the Great 

Basin and the White Mountains can also be used as an analog. Previous studies list 
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various mammals, such as marmots, deer, bighorn sheep, mountain lions, rabbits, and 

packrats that are supported by a xeric habitat (Berger and Wehausen, 1991; Grayson, 

1993). When temperatures began to decrease about 6000 years ago, bristlecone pine 

moved down slope in a step-like fashion until about AD1700 and AD1860 when the 

species reached its lowest elevation of the past 7000 years (LaMarche, 1973).  

   Before 10,000 years ago in the eastern escarpment of the Sierra Nevada a nearly 

treeless newly deglaciated landscape was present (Anderson, 1987), which was soon 

occupied by a montane forest with a sagebrush and grass understory. After this, there was 

no discernible trend in forest composition and abundance until 5500 yr B.P. when the 

numbers of conifers increased with red fir added to the forest association until a peak in 

species diversity was reached around 1000 years ago before declining (Anderson, 1987; 

Dull and Edlund, 1997).  

   The temporal resolution of proxy data such as pollen and packrat middens fossils is too 

low to capture the response of vegetation to climate change on a century scale, but tree-

ring analysis has accounted for climate and tree dynamics for the past thousand years. An 

interval of decreased precipitation for the period AD 900 to 1300 was identified in the 

reconstructed annual precipitation from the lower forest border bristlecone pine 

chronology in the White Mountains in which two major droughts between AD 900 and 

1100 and AD1200 and 1300 occurred (Hughes and Graumlich, 1996).  The droughts are 

correlated with low stands of Mono Lake, Owens Lake, Tenaya Lake, lakes around the 

Tahoe Basin, and low flows of the West Walker River (Stine, 1994, 2001). Precipitation 

and temperature anomalies for the Medieval Climatic Anomaly and Little Ice Age have 
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been analyzed from tree ring chronologies of foxtail pine and Sierra Juniper in the 

southern Sierra Nevada (Graumlich, 1993).  The upper elevation limit of foxtail pine is 

also apparently influenced by variation in temperature and water availability (Lloyd and 

Graumlich, 1997).  The pines were established above their present treeline during warm 

temperatures between 100 BC to AD 900 and mortality caused by major droughts from 

AD 1000 to 1400 lowered the treeline to the current level.  On the other hand, from AD 

1500 to 1900, cool temperatures inhibited seedling recruitment at treeline. 

2.3 Cultural History  

   Although this paper focuses on the connection between climate and human land use in 

the White Mountains in specific and Owens Valley region, in general, within the past 

1000 years, a short overview of the postglacial cultural history of the region provides a 

frame of reference, as does the postglacial environmental history. Before the 

Euroamerican settlement of Owens Valley in the 1860s, Native Americans occupied the 

area since at least the beginning of the current interglacial period, more than 11,000 years 

ago (Bettinger, 1991). The accepted prehistoric cultural chronology is defined according 

to the following time periods dated according to radiocarbon and obsidian hydration dates 

and projectile point types (Bettinger, 1977, 1991): 

   1. The Paleoindian and Pre-Archaic Period is bounded by the early to middle Holocene, 

about 11,000 to 7,500 years ago. Few archaeological sites characterize this period.  Land 

use by highly mobile populations was concentrated in the lowlands around now vanished 

wetlands. Tools that characterize what is termed the Western Great Basin technology 
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consist of large flaked stone projectile points that were hafted to spears and atlatl darts 

such as Great Basin Concave Base, Great Basin Stemmed, and Fish Slough Side-

Notched, along with flaked stone crescents and groundstone milling equipment for seeds.  

   2. The Archaic Period spans the middle Holocene to the Late Holocene and the 

beginning of the historical phase.  It is divided into three phases, Early, Middle and Late 

Archaic. 

 a. The Early Archaic Phase (termed the Little Lake in the eastern Sierra), dated 

from about 7500 to 3150 years ago, is characterized by large and small multifunctional 

sites in the lowlands with large (12,500 km2) catchment areas and small upland sites 

functioning as sporadic hunting camps. The projectile points associated with this phase 

are classified as Pinto and Little Lake. As with the earlier phase, projectile points and 

other tools are manufactured by a core-based flaked stone technology. Expedient milling 

equipment made of local fieldstone is found at lowland sites.  

b. The Middle Archaic Phase (termed the Newberry in the eastern Sierra), dated 

from about 3150 to 1350 years ago, corresponds to the neopluvial or neoglacial climatic 

period of the late Holocene beginning about 3000 years ago.  It is characterized by a 

more sedentary population having functionally differentiated sites including centralized 

villages in the lowlands and greater use of the uplands for both plant and animal 

procurement, evidence of trans-Sierran trade and a peak in production activity at the 

major obsidian sources.  There was an inception of the intensive use of pine nuts (pinyon) 

which, with formalized and functionally differentiated milling stones found in lowland 

sites, indicate a greater dependence on plant foods. The projectile point types, based on a 
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biface reduction flaking technology, such as Elko, Humboldt, and Sierra Concave Base, 

were still made for use with the atlatl. 

c. The Late Archaic phase (termed the Haiwee and Marana in the eastern Sierra, 

dated from about 1350 to 150 years ago (AD 1850), shows a further decrease of seasonal 

mobility with large villages on the valley floor and a more integrated social organization 

with territorial demarcation of group boundaries.  Distinctive to this phase are the 

irrigation systems in Owens Valley, high altitude seasonal village sites in the White 

Mountains, the use of the bow and arrow, and the introduction of bedrock mortars and 

pottery. Projectile point types include the earlier Rosegate (AD 600-1300) and later 

Desert Sidenotched (AD 1300-1850) series. The end of the phase is marked by the 

immigration of non-Native American peoples into the region.   

3. Human Ecological Model 

   In this section an explanatory model is proposed to functionally relate reconstructed 

climate temperature and precipitation), the effective environment of prehistoric hunter 

gatherers, and human culture as indicated in Fig. 3.  The effect of climate variability 

(short term changes in precipitation and temperature) on the resource base is expected to 

have altered human activity in the White Mountains and Owens Valley region.  This is 

the primary hypothesis.  As stated in the introduction, the problem is to 1) estimate the 

climatic limits to high elevation human occupation and 2) relate the identified climate 

limits to resources productivity, which base people depend on.  
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Climate 

Effective Human  
Environment Culture 

 

Fig. 3. Schematic diagram of the proposed relationship between climate, environment, and human culture. A 
feedback is proposed between human culture and the effective environment while climate alters both of them as 
they interact with each other and passively with climate 

 
   Human occupation of the White Mountains has been explained as the result of a more 

efficient food processing technology (Bettinger, 1991), population pressures (Grayson, 

1991), and the immigration of Numic speaking populations (“Numic spread”) (Bettinger 

and Baumhoff, 1982). Regardless of the proximal cause for the occupation, climate is an 

apparent factor that is to be explained. It must be emphasized that climate is not a forcing 

factor or determinant of human land use and settlement, but is only a constraint that 

indirectly drives the effective environment. The model is made operational by asking a 

basic question for each component, providing data or making assumptions to answer the 

questions and making assumptions that cannot be addressed by the data. Each component 

of the schematic representation of the model in Fig. 3 is expanded in the following 

sections. 
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4. Climate Reconstruction   

Question:  What has been the climate variability in the White Mountains during the past 

1000 years? 

4.1. Dendroclimatic Reconstructions 

   This section summarizes temperature inferences from the present study and LaMarche 

(1974) and from precipitation reconstructions from previous studies in the White 

Mountains (Hughes and Funkhouser, 1998; Hughes and Graumlich, 1996). The basic aim 

is to identify periods of above average temperature and precipitation to compare with 14C 

dates in the following section. Temperature inferences are based on LaMarche’s (1974) 

model and this study (Ababneh, 2006), while the precipitation reconstruction is based on 

a BCP chronology collected from the lower forest border of the study area, Methuselah 

Ridge Walk, and those by and Hughes and Funkhouser (1998) Hughes and Graumlich 

(1996).  

4.1.1. Temperature Inference from the BCP Chronologies 

   LaMarche (1974) provided inferences about temperature from more than 1000 year old 

tree-ring width chronology from the upper forest border of the White Mountains. 

LaMarche showed that for the period from AD 800 to AD 1959, ring widths show high 

similarity with regional and global temperature scales reconstructed independently from 

the BCP chronology, and therefore, that BCP at the upper tree line can be considered a 

good estimate of the growing season temperature at the upper forest border.  Because the 

aim of this section is to compare archaeological settlement with the climate data, I can 

safely omit the last 150-years of the chronology produced by this study and therefore 
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avoid the argument proposed by Graybill and Idso (1993) and LaMarche et al., (1984) of 

an anthropogenic increase in tree-ring widths after 1850. In this section, I graphically and 

statistically (Fig. 4, Table 1) compare the chronology produced from aggregated whole-

bark and strip-bark trees (Ababneh, 2006, this study) from the Patriarch Grove and the 

Sheep Mountain, White Mountains, to that used by LaMarche (1974) from the same area, 

and provide inferences about summer or warm season temperature that coincides with the 

seasonal settlements of Native Americans by Steward (1938) and discussed in the 

environmental settings section of this paper. Appendix II methods and results (Ababneh 

2006, this dissertation) reported the highest significant correlation between Sheep whole-

bark chronology and summer temperature. However, to maintain the most possible length 

of the chronologies and thus cover the range of 14C date, all chronologies were 

aggregated. for the sake of mainintaing the LaMarche (1974) used a 20-year running 

mean on raw tree-ring widths to remove low frequency variability in the chronology and 

proposed a model about the relationship between ring width and dominant temperature 

during the growing season. A positive departure is inferred as a warm season while a 

negative departure thought to represent a cool season. Similar patterns arise between 

whole and strip-bark chronologies (this study) when they are overlaid on LaMarche’s 

(1974) chronology after removing low-frequency variability with a 20-year filter (Fig. 4, 

Table 1). I use LaMarche’s interpretations as a model and divided the chronologies 

established in this study into cool and warm periods after averaging the four strip and 

whole chronologies from Patriarch Grove and Sheep Mountain into one chronology (Fig. 

4).  Indices have to be used since LaMarche 1974 is only available in indices format, 
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therefore, a standard dendrochronological comparison is not feasible and instead the 

chronologies are compared with basic statistics as illustrated in Table 1.  

Table 1 
Comparison of the basic descriptive statistical parameters between LaMarche (1974) and Aggregated 
Chronology of Patriarch Grove and Sheep Mountain (strip-bark and whole-bark) from this study.  
 

Site  Mean Std.Dev. minimum maximum
LaMarche 19741 1.01 0.27 0.278 2.115 
Aggregated Chronology (this 
study)  1.00 0.24 0.26 2.00 
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Fig.4. LaMarche (1974) overlaid by Aggregated chronology from Strip-bark and whole-bark of Patriarch 
Grove and Sheep Mountain develop in this study for visual comparisons. Both chronologies are tree-ring 
width indices.  

 
 
 
 
 

                                                      
1  LaMarche 1974 tree-ring widths are not on file at the laboratory of tree-ring research, Tucson, AZ and 
therefore further standard dendrochronological comparison between the chronologies is unavailable. 
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4.1.2. Temperature Periodization 

   Several periods of above mean temperature (arithmetic mean for the period AD 1171-

1960) are identifiable from the whole and strip-bark trees based on LaMarche’s (1974) 

summer temperature model (growing season temperature). The mean is used as the 

reference point to identify periods of warm and cool temperatures in the White 

Mountains, and periods of five or more consecutive years with ±0.4 standard deviation 

from the mean was considered as cold/dry depending on direction of deviation. Twenty-

four major periods are identified within the 830-year common span of the chronologies. 

The beginning of Patriarch Grove chronology at AD 1172 falls within a period generally 

identified as warm in the Eastern Sierra and the White Mountains (Hughes and 

Funkhouser, 1998; Hughes and Graumlich, 1996). The next period, from AD 1277-1305 

(35 years), is of warm conditions. The first half of the 1300s marks the beginning of 

another warm period that leads to a cold period, AD 1440-1850, also recognized by 

Graumlich (1993) in the Eastern Sierra and by others in the White Mountains (VanWest, 

1995); however, it is worth mentioning that the observed cooling trend does not start until 

AD 1533 in the chronology established in this study (Ababneh, 2006). Within this cool 

period, temperature fluctuates around the mean between AD 1541–1599 and AD 1600-

1640. The late 16th century marks a cool period that ends around 1850 with ten years 

from 1560-1570 that are marked as warm. In summary, temperature variability within the 

past 1000 years in the White Mountains is characterized by three major warm intervals 

(AD 1172-1200; AD 1400-1499;AD 1500-1548); four major cold periods (AD 1250-
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1298; AD 1340-1390; AD 1490-1500; AD 1549-1850), and two variable periods (AD 

1200-1250 and AD 1300-1340) (Fig.5).  
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Fig. 5. Cold and warm periods as inferred from tree ring widths chronology (Ababneh, 2006, This study) 
fluctuations above and below the mean after normalizing, whole-bark and strip-bark chronologies are grouped 
together from two sites Patriarch Grove and Sheep Mountain.  

4.1.3. Precipitation Reconstruction 
 
   Wet and dry periods are identified from the precipitation reconstructions of Hughes and 
Funkhouser (1998) and Hughes and Graumlich (1996).  
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Fig. 6. Overlay plot of Hughes and Funkhouser (1998) and Hughes and Graumlich (1996) precipitation 
reconstruction from Methuselah Walk for visual comparison. Both of the reconstructions vary homogeneously 
with no visually observed differences. The clear similarities are mainly because the both reconstructions are 
based on the same tree-ring data. 

The identified periods are restricted to the past 1000 years, which covers the length of the 

chronology reconstructed from whole and strip-bark trees (Ababneh, 2006, this 

dissertation). Since both Hughes and Funkhouser 1998 and Hughes and Graumlich 1996 

do not differ from each other (Fig. 6), I will refer to the most recent one in periodizing the 

wet and dry periods in this study. 

4.1.4 Precipitation Periodization: 

   Within the 1000-year span of the chronologies, eight periods are wet while seven are 

dry, and four individual years hang around the mean of 19.71 cm. The longest duration of 

particular conditions is 222 years from AD 1702-1924 that are above the mean and are 

classified as wet, while the shortest is fifteen years from AD 1230-1244 and is wet also. 

Table 2 summarizes all of the wet and dry periods with their basic statistics including 

duration, mean, minimum, and maximum. Wet periods are defined as those above 
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Hughes and Funkhouser’s (1998) mean of 19.71 cm (standard deviation of 0.75, 

minimum=18.33 and max=21.56),  are AD 1000-1042, AD 1090-1124, AD 1230-1244, 

AD 1333-1357, AD 1389-1498, AD 1548-1647, AD 1701-1924 with year AD 1846 

different by only 0.1 cm from the mean. The dry periods are A.D. 1043-1089, AD 1125-

1229, AD 1246-1332, AD 1358-1388, AD 1499-1547, AD 1648-1700, and AD 1925-

1971. (Fig. 7, Table 2).   

Table 2 
Summary of dry and wet periods as inferred from Hughes and Funkhouser 1998. Wet periods are in bold 
for their relevance with archaeological settlements. 

Period  Condition Number of 
years 

% of 
years/total Mean Std. Dev.  Min/year Max/year 

1000-1042  wet 43 4.3 20.03 0.09 19.77/1000  0.13/1042 
1043-1089  dry 47 5 18.99 0.44 18.40/1043 19.71/1089 
1090-1124  wet 35 4 20.11 0.24 19.74/1090 20.43/1124 
1125-1129  dry 5 5 19.45 0.16 19.25/1125 19.65/1129 
1230-1244 wet 15 2 19.80 0.03 19.74/1230 19.83/1244 
1245-1332  dry 87 9 19.02 0.43 18.33/1246 19.70/1332 
1333-1357  wet 25 3 20.17 0.22 19.77/1333 20.44/1357 
1358-1388  dry 31 3 19.17 0.27 18.85/1358 19.69/1388 
1389-1498  wet 111 11 20.48 0.47 19.68/1388 21.28/1498 
1499-1547  dry 49 5 19.61 0.24 18.89/1499 19.71/1547 
1548-1647  wet 100 10 20.28 0.57 19.22/1549 21.10/1647 
1648-1700  dry 53 5 18.85 0.41 18.35/1649 19.64/1700 
1701-1924  wet 224 22 20.32 0.50 19.73/1702 21.56/1924 
1925-1971  dry 47 5 18.88 0.36 18.51/1926 19.70/1971 
1972-1996 wet 25 3 20.10 0.16 19.79/1972 20.26/1996 
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Fig. 7.  Dry and wet periods as identified from Hughes and Funkhouser 1998 precipitation reconstruction 
from the lower forest border in the White Mountains.  

4.1.5. Periodization of Temperature and Precipitation 
   The beginning of the chronology at A.D. 1172 falls within a period generally identified 

as dry in the Eastern Sierra and the White Mountains (Hughes and Funkhouser, 1998; 

Hughes and Graumlich, 1996). The next period is from AD 1277-1305 (35 years) of 

warm and wet conditions (Graumlich,1993; Hughes and Funkhouser, 1998; Hughes and 

Graumlich, 1996; Van West, 1995).The first half of the 1300s marks the beginning of 

another warm period that leads to a cold period (AD 1440-1850) and recognized by 

Graumlich (1993) in the Eastern Sierra and others from the White Mountains; however, it 

is worth mentioning that the observed cooling trend does not start until AD 1533 in the 

temperature inference (section 5.1.1). Within this cool period, temperature fluctuates 
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around the mean between AD 1541-1599 and AD 1600-1640. The beginning the 17th 

century marks a cool and wet period that ends around AD 1675 when precipitation starts 

increasing, while temperature stays in the cool phase until AD 1850. In general, climate 

variability in the White Mountains is characterized by periods of wet and warm for two 

major intervals of the past 1000 years, are AD 1200-1250 and AD 1391-1441, while the 

period from AD 1650-1667 is characterized by wet and moderate temperature conditions 

(Fig. 8).  
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Fig. 8. Illustration of temperature and precipitation periodization, note both chronologies had to be 
converted to z-scores in order to fit the scale 
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5. The Effective Environment 

Question:  How has climate affected the White Mountain ecosystem? 

   The subalpine and alpine zones of the White Mountains are considered a marginal 

environment even though resources are relatively abundant. Surface water in the form of 

streams and springs provides drinking water and meadows provide habitat for rodents—

particularly yellow-bellied marmots (Marmota flaviventris) — desert bighorn sheep (Ovis 

canadensis), and mule deer (Odocoileus hemionus). Most of the food of marmots consists 

of grasses sedges and forbs (Armitage, 1991), while that of big horn sheep and deer 

include grasses, sedges, forbs and shrubs such as sagebrush, mountain mahogany and 

creambush (Wehausen, 1983). The marginality rests more on harsh climatic conditions 

such as aridity, high winds, low temperatures, thin air, ultraviolet exposure, and sudden 

summer storms.  Wildlife living all year in high elevation environments have adapted to 

these constraints by biological alterations and life history strategies (Martin, 2001).  The 

large artiodactyls, bighorn sheep and deer, are migratory and use high elevations 

seasonally.   

   Winter precipitation in the Owens Valley is low so the meadows and rivers are 

sustained by runoff from the Sierra Nevada.  Conversely, the meadows and streams in the 

White Mountains are sustained by snow melt and late spring and summer precipitation. 

Because of the aridity and the dependence of habitats on water, the subalpine and alpine 

zones are sensitive to variations in precipitation.  Alpine ecosystems world-wide are 

controlled by low temperatures and so are highly responsive to temperature change 
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(Pauli, 2001). Precipitation and temperature are interactive variables that regulate water 

balance, plant phenology and primary productivity (Major, 1988). 

   Effects of climate change on two prominent animals are given as examples. Bighorn 

sheep are particularly affected by water availability since a decrease in precipitation 

causes a decrease in the area and fragmentation of plant associations, and thus the 

lowering of forage quality (Epps et al., 2004).  Although desert bighorn sheep are adapted 

to xeric conditions drought can cause a rise in mortality (Epps et al., 2004). As a probable 

result of the increased aridity of the Southwest, with the mean annual temperature 

increasing by 0.12% per decade from AD 1901 to 1987 and mean annual precipitation 

decreasing by 20% over the last century, there has been a population turnover with 30 to 

80% of the California populations going extinct during the past 60 years (Epps et al., 

2004). The most significant predictors in an extinction model developed by Epps and 

colleagues are precipitation, elevation, springs, and climate.   

   The effects of climate on marmot population dynamics are more complex. The size of 

litters and percent of their survival is higher with a longer growing season and availability 

of food resources. This is regulated by onset and/or termination of snow cover (Armitage, 

1991). Prolonged snow cover can cause a decrease in the population and, with an increase 

in temperature and earlier emergence of marmots from their burrows, even the risk of 

starvation (Inouye et al., 2000). The latter scenario is from a study of Rocky Mountain 

species.  The White Mountains, however, are much more arid, and so water availability is 

still a greater limiting factor.  More snow cover and higher temperatures may affect 

marmot population dynamics but less snow will also diminish food resources.    
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5.1 The Prehistoric Subsistence -Settlement Pattern 

Question: How much precipitation over what time period is needed for spring recharge, 

stream flow over most of the summer, meadow productivity, and animal populations at a 

level to permit intense and sustained occupation of the White Mountains subalpine and 

alpine zones?  A related question is what was the effect of low frequency temperature 

variation? 

   The archaeological and ethnographic records document the land use by the Owens 

Valley Paiute and their predecessors over the past 1000 years (Bettinger, 1977, 1979; 

Steward, 1933). The prehistoric people of Owens Valley were hunters and gatherers but 

less mobile and far ranging than groups in other, drier basins of the Great Basin. They 

can be classified as central place foragers, which refer to a strategy of people spreading 

out from a centralized occupation site to hunt and gather in nearby resource patches and 

then returning to the central site (Winterhalder, 2001). Owens Valley proper did not 

constitute a single district but was divided into several smaller ones.  Each was a strip of 

land aligned across the valley from the crest of the Sierra Nevada to that of the White-

Inyo Mountains associated with a major Sierra Nevada drainage tributary to the Owens 

River and containing a large occupation site (termed a “village”) or village cluster.  The 

villages were inhabited all year but less frequently used during the summer and fall.  The 

high relief running across several ecological zones, and the abundant water and the 

narrow width of Owens Valley allowed for condensed territories with relatively high 

populations.  Runoff from the Sierra Nevada provided almost all of the water for the 

Owens River and wetlands along the valley floor and sustained a high level of resource 
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productivity. The orientation to the use of wetland resources led to the construction of 

ditch systems used to augment wild food production (Steward, 1933).   

   The population spent the winter in the villages, and then dispersed in the spring to other 

locations within the valley for gathering plant and animal foods. As the warm season 

progressed, some groups traveled to the Sierra Nevada, staying briefly in desert camps on 

the alluvial fans and in larger occupation sites around the lower montane meadows.  

Travel extended farther into the mountains to the higher meadows, following the spring 

and deer herds migrating to their summer range.  The mountain passes were the sites of 

trade between the Paiute and the Miwok and western Mono from the west slope.    

   Meanwhile, other groups traveled into the White Mountains, probably quickly through 

the relatively unproductive pinyon-juniper woodland to the subalpine and alpine 

meadows of the upper elevations.  If the resources of this arid mountain range were 

sufficient, family groups stayed through much of the summer staying in substantial 

occupation sites, termed “villages” by Bettinger (1991), that were comparable, on a 

smaller scale, to the valley winter villages.  In the late summer groups traveled to the 

pinyon stands of the White-Inyo Mountains and Glass Mountain ridge to the north to 

gather pine nuts, which was a food staple.  If the pine nut harvest was good, people 

wintered over in large camps in the pinyon-juniper woodland.  Otherwise, they returned 

to the valley floor.  Deer, antelope, and big horn sheep were hunted in separate forays, 

and there were also communal deer and rabbit drives (Fig. 9). 

 

 



130 

Season Spring Summer Fall Winter 
Large 
Game  

Large ungulate hunting (communal deer hunting in fall) 

Rodent collecting Small 
Game 

  Communal 
rabbit hunt 

 

Fish Individual or communal fishing  
Greens Seed, bulb and root gathering Plants 
 Pine nut 

harvest 

 

Location Valley Valley/Mtn. Valley/Mtn.  Valley 

Fig. 9. Owens Valley Paiute seasonal round (from Steward 1933), Mtn=Mountain.    

5.2. Human Culture and Alpine Occupation: 

   There are ten known alpine village sites in the Cooked Creek and Cottonwood Creek 

drainage basins and one isolated site on the southwest slope of Mt. Barcroft ridge ranging 

in elevation from 3145 m to 3855 m (Table 3).  All but the highest site (Site 12640) are 

located on or near wetlands and streams. They are characterized by well-developed 

middens and two to ten multiple-coursed stone semicircles that are interpreted to be the 

footings of wood covered dwellings (Bettinger, 1991).  Associated artifact assemblages 

are diverse, including groundstone milling tools for plant processing, hunting equipment, 

and implements for butchering and root processing among others.  No pottery is present.   

Table 3 
Alpine archaeological sites with associated 14C date, darker gray cells are dates from structures.  
Crooked 
Forks 

Raven 
Camp 

Corral 
Camp 
South 

Corral 
Camp 
North 

Midway Shooting 
Star 

Rancho 
Deluxe 

Pressure 
Drop 

Site 
12640 

A.D.1650 A.D.1650 A.D.1530  A.D.1648  A.D.1662 A.D.1640 A.D.1490 

A.D.1426 A.D.774 A.D.1490  A.D.1645  A.D.1263 A.D.1455 A.D.1435 

A.D.1426  A.D.1215  A.D.1437  A.D.544 A.D.1410 A.D.1450 
A.D.  234     402 B.C.     

    402 B.C.     
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   Even though the villages are as substantial and permanent as those on the valley floor, 

the lack of pottery excludes them from the occupation site category defined by Bettinger 

who used discriminate and factor analysis to classify sites in the Owens Valley into three 

categories: occupation sites, pinyon camps, and temporary camps (Bettinger, 1979).  The 

alpine sites, however, share the presence of milling stones with the Owens Valley 

occupation sites.  The alpine sites have stone semicircles, while the winter villages in 

Owens Valley are semi-subterranean thatched pole structures; therefore, the alpine sites 

may be a separate category within the settlement-subsistence pattern.  Bettinger’s study 

was published in 1979 before the high elevation sites were investigated and so data for 

classifying alpine villages was not available. 

   The dwellings, hunting and domestic artifacts, floral, and faunal remains indicate that 

these sites were inhabited by family groups during the summer season.  The full range of 

corrected radiocarbon ages from the sites is AD 234 to 1662 with the larger percentage 

falling between AD 1435 and 1662.  The dates are randomly scattered among seven of 

the sites.  In spite of an early radiocarbon age of AD 234 from one of the structures, 

Bettinger claims that, based on lichen dates (c.f., lichenometry) the alpine villages were 

initially established by AD 660.  The technology was pre-adapted to high elevation use.  

Stone structures had been built for hunting blinds at all elevations and as footings for 

winter dwellings in pine nut gathering camps.  Temperature was apparently not a problem 

since Paiute groups are known to have lived in harsh winter conditions.  A Paiute 

informant, Mary Cornwall, who was raised in Long Valley, which is north of Owens 
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Valley, stated that, “we were not very cold or afraid of the snow” (Essene, 1935). 

Moccasins and snowshoes were used for winter travel.     

Surface water, animals, meadow plants, and such foods as bitterroot (Lewisia rediviva) 

were important resources for prehistoric people (Fig. 10). The number of mammal 

species is less than at lower elevations (Grayson, 1991), but the large number of marmots 

and the presence of the bighorn sheep compensated.  The most abundant taxa (89.1%) 

found in alpine sites are bighorn sheep and marmots (Grayson, 1991). Today it is obvious 

that there are large numbers of marmots in alpine habitats.  Modern and ethnographic 

Paiute value the marmot for food and their pelts (Steward, 1935). The high abundance of 

marmots, along with bighorn sheep, may have been equivalent in nutrition and 

availability to more diverse mammal populations at lower elevations and in Owens 

Valley.  Marmots are large, fat rodents requiring a rapid gain of body mass during the 

short active season for both reproductive and hibernation needs (Armitage, 1991).  They 

are a good meat source.  The size (115-280 lbs) of bighorn sheep also provides a hefty 

supply of meat.  The caloric return on one animal compared to the energy expended by 

hunting is much greater than the smaller mule deer.  The nutritional value of bitterroot is 

not known but it was a major staple and trade commodity of Native Americans in 

intermontane and northwestern North America besides being eaten by the Paiute.  These 

factors may have provided an incentive to summer-long occupation of the White 

Mountains. So, instead of a gradual distribution of spring and summer resources as in the 

Sierra Nevada, there were two optimal habitats for village settlement in the Owens 
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Valley-White Mountains area, one on the valley floor and the other in the high country, a 

disjunctive winter and summer occupation (Fig.10). 

Site 12640

Rancho Deluxe

Midway

Shooting Star

Corral Camp South

Corral Camp North

Raven Camp
Pressure Drop

Crooked Forks

Enfield  
 

Fig. 10.  Distribution of archaeological sites around meadows and water resources at the Alpine 
zone in the White Mountains. Green: meadows, red dots: archaeological sites, sage green dots: 
springs. 

6. Analysis of the Model Components and Results  

   The primary result is a correspondence between reconstructed precipitation and the 

temporal distribution of significant mean radiocarbon dates from the White Mountain 

alpine villages (Fig.11) (Ababneh 2006, this paper; Bettinger, 1991; Hughes and 

Funkhouser, 1998; Hughes and Graumlich, 1996).  This is only an empirical relationship 

and a hypothesis must be made that the relationship is functional.  Bettinger (1991) 

considered the possibility of more abundant precipitation influencing high elevation 
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occupation but, in his opinion, the existing tree-ring data compiled by LaMarche (1974) 

“show no obvious correspondence between intervals of increased precipitation and the 

timing of alpine village occupations, as indicated by clusters of radiocarbon dates.”  This 

possibility was revisited because more extensive and reliable dendroclimatological work 

on the bristlecone pine has been done since 1974.  
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Fig. 11. Plot of temperature and precipitation reconstructions from bristlecone pine tree-ring chronologies, and 
radiocarbon ages from alpine village structures.  The vertical dashed lines enclose periods of above average 
precipitation where calibrated radiocarbon ages are clustered. See Table Bettinger 1991 for radiocarbon ages and 
associated calendar ones.  

   Contrary to Bettinger’s earlier observations, the newer data indicate a strong positive 

correspondence between clusters of calibrated radiocarbon dates and periods of above 

average precipitation. The significance of this correspondence was explored and the 

results are presented below and in Fig. 11.   
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   Whether temperature is high or low during increased precipitation seems to make no 

difference. Precipitation is likely to be the controlling variable, even though both cold 

and dry and warm and dry conditions have one associated radiocarbon age each. 

Radiocarbon ages cluster within or just after two periods of above average precipitation 

with durations of 110 years (9 dates or 50%) and 54 years (5 dates or 27%). Three of the 

18 dates are in periods of below average precipitation and severe droughts. Because the 

radiocarbon data are sparse and have broad 95% confidence intervals, they can only be 

suggestive of a precipitation-alpine village relationship.  The temporal distribution may 

also be an artifact of radiocarbon sampling.   

   There are two earlier and lengthy intervals of above average precipitation (AD 652-715 

and AD 825-898) that have no radiocarbon ages for the alpine sites, even though the 

dates fall within the post AD 660 period of alpine settlement as defined by Bettinger 

(1991).  It is possible that the alpine zone was not used intensively until after AD 1300 

because of the overall warm and dry conditions of the Medieval Climatic Optimum 

before then.  This supposition is supported by the lack of radiocarbon ages on stone 

structures (houses) before AD 1426 except for an anomalous AD 234 age. There are no 

mean radiocarbon ages during the two lengthy periods of above average precipitation 

between AD 1702 and AD 1924.  

   The radiocarbon ages are not a complete record of occupation but rather a sample taken 

from the most likely datable materials.  Because the sampling was blind relative to age, 

however, it is assumed that the temporal clustering of radiocarbon ages represents an 

unbiased distribution and indicates the intensity of occupation, and that the isolated dates 
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indicate that the alpine zone was consistently used in spite of climatic conditions.  The 54 

year group has two ages that are in times of slightly below average precipitation, but they 

are only three to five years after the preceding 54 years of above average precipitation, 

which probably sustained the habitat as precipitation began to decrease.   

   For comparison, a plot of the random distribution of the total numbers of radiocarbon 

dates relative to the average precipitation is given in Fig.12.  The typical random scatter 

of points has no observed pattern.   

   In order to test for a significant relationship between the two variables, a chi square (χ2) 

test for independence was calculated (Table 4). To meet the conditions of the chi square 

statistic the sample of radiocarbon ages is considered randomly drawn. This supposition 

is feasible since there was no a prior determination of ages for organic material selected 

for radiocarbon analysis.  Since the distribution is significant, a generalization can be 

made from the result to the population of potential radiocarbon ages. The null hypothesis 

is that there is no relationship between the two variables. 
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Fig. 12. Random distribution of radiocarbon dates on average precipitation 

Table 4 
Chi-square results of testing for the independence of radiocarbon ages and average precipitation duration 
periods. Chi-square = 13.24, df = 5, p ≤ 0.025 (i.e. there is a relationship between the two variables)  
 

 Radiocarbon Ages Average Precipitation (cm) Total 
Row 1 1 18.9 19.9 
Row 2 1 19.0 20 
Row 3 1 19.1 20.1 
Row 4 1 19.2 20.2 
Row 5 9 20.5 29.5 
Row 6 5 20.6 25.6 
Total 18 117.3 135.3 

   The data suggest that an upper bound to the number of radiocarbon dates of 

approximately 20.8 inches of average precipitation is being approached.  On the other 

hand, when the numbers of radiocarbon ages are plotted against the duration of above 

average precipitation years and regressed, an essentially linear relationship is indicated 

(r2= 1), an expected r2 based on the few observations for the fitted straight line.  The plots 

indicate that the number of radiocarbon ages is proportional to the increase in duration of 
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above average precipitation. A plot of all radiocarbon age frequencies with the duration 

of average precipitation and the average precipitation of those intervals show single 

radiocarbon ages occurring at various durations, ranging from 50 years to 106 years 

between 47.25 and 48 cm, and multiple radiocarbon ages occurring above the 19.8 

precipitation mean (Fig. 13, Table 5).    
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Fig. 13 The relationship between precipitation and number of radiocarbon ages in a three dimensional format that 
summarizes the relationship between the cluster of radiocarbon dates and wet periods if approached nonlinearly. 

Table 5 
Intervals with above average precipitation from A.D. 1100 to the present, associated radiocarbon ages and 
predicted radiocarbon ages from the linear relationship equation (y=2.8367 + 0.0105x, R2=1) 
 

Intervals Number 
of years 

Average 
precipitation (in) 

Radiocarbon 
Ages 

Predicted 
Radiocarbon Years* 

A.D. 652-715 64 20.5 0 ~5.5 
A.D. 825-898 74 20.2 0 6.5 
A.D. 997-1042 46 20.0 0 ~5 
A.D. 1091-1123 33 20.1 0 ~3.5 
A.D. 1230-1243 14 19.8 0 ~2 
A.D. 1333-1357 25 20.2 0 3 
A.D. 1389-1498  110 20.5 9 9 
A.D. 1549-1572 24 20.3 0 ~3 
A.D. 1594-1647 54 20.6 5 5 
A.D. 1702-1839 138 20.4 0 ~12 
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   These results can be put into a proposition for the model, which states: the increase in 

seasonal human population size in the alpine zone is proportional to the amount of 

available resources, all else being equal. Thus the diminishing returns from available 

resources tend to limit population growth. Resource availability is related to the amount 

of precipitation and range of temperature, which conditions seasonality. As precipitation 

increases, resource availability increases as does the population of human groups. 

Carrying capacity, however, sets the upper bounds of or limits to growth. Based on the 

available data, this carrying capacity is reached even with a high average precipitation 

value of about 20.8. cm with a duration of at least 50 years. The duration of about 20 

years of above average precipitation that supports more than two radiocarbon dates may 

be near a threshold for relatively intense settlement. Further, the analyses indicate that 

village sites were occupied at a low intensity when precipitation was below average but 

not below 18.9 cm, which is still only 0.7 inch above the lowest average precipitation 

calculated.   

6.1. The proposed Climate-Human-Environment Model: 

   For a system model, the following conditions are assumed: An increase in precipitation 

leads to a positive water balance, which enhances plant growth. 

• More plant primary productivity provides more forage for herbivores 

• This greater carrying capacity has a more productive resource base for hunters 

and gatherers. 

   The problem is to relate increase in precipitation to the productivity of the human 

resource base (effective environment) in the alpine zone and the increase in human 
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settlement.  The existing quantitative data for the model are reconstructed precipitation 

and temperature, and the distribution of radiocarbon ages of the archaeological 

expression of the human subsistence-settlement pattern.  These data can be considered 

input and output variables of a modeled human ecological system. Thus, the relationship 

can be parameterized as:   

  ce
R −+
=

1
1        (1.1)  

  

Equation 1. where:  R is the number of radiocarbon dates and c is climate in terms of precipitation.  

This equation, which is logistic, deterministic and very simplistic, is explained by the 

intervening ecosystem model which is diagrammed in Fig. 14 

INPUT
Climate
Variables

Potential
System

Realized
System

OUTPUT
Number of 
Radiocarbon
Ages  

Fig.14.  Diagram of the ecosystem model 

   The potential ecosystem (or effective environments) is realized by the input of climate 

variables.  The output of radiocarbon ages represents the intensity of alpine settlement. 

   An expansion of the model into a framework that represents the important components 

of an ecosystem as a series of calculations is given in Figure 15.  Note that a cascading 

effect from climate to the environment and human use is presumed.  Existing data are 

insufficient to quantitatively model climate-ecosystem relationships in the White 

Mountains.  Only a broad assumption can be made that the optimal effective environment 

for high elevation settlement and land use by prehistoric hunter-gatherers approximates 

what the above figures indicate.  One factor to be considered is the stress on modern 
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bighorn sheep populations by increasing warmth and aridity since about 1900 (Epps et 

al., 2004). This could function as baseline data to be projected into the past. Bighorn 

sheep can represent a keystone species by which the primary productivity of the alpine 

ecosystem is estimated.  Otherwise, data on hydrology, plant phenology, primary 

productivity, and animal population dynamics related to climate must be gathered from 

field studies.  The model can generate research questions and hypotheses.  After this 

stage a quantitative model can be designed to generate predictions or estimates of the 

expected outcome (Fig. 15). 

 

 
Fig. 15. Model of the alpine and subalpine human ecosystem of the White Mountains 

   The human use portion of the model must also be structured to generate an estimate of 
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prehistoric human behavior relative to the condition of alpine ecosystems.  A simple 

equation based on foraging theory can be used.  The assumptions are that when water 

availability was sufficient to sustain adequate plant and animal resources the subalpine 

and alpine areas of the White Mountains were used in the summer by family groups.  

Periods of low water availability and decreased productivity required more effort to 

acquire resources, and only individuals and small hunting parties used the high elevation 

for only short periods of time.  It is a matter of economics, balancing expenditure of time 

in travel (costs) with effective yield of food, which is explained in equation 1.2.   

d
T
rPE −=
)(         (1.2) 

        
Equation 1.2. where E = energy yield 
P = productivity of ecosystem (biomass, animal populations) 
T = travel time to high elevations 
r = residence time in high elevations 
d = rate of degradation of resources 
 
   The negative term “d,” the rate of resource degradation, addresses the effect of 

prehistoric human land use on the environment, which is part of the feedback loop 

between the two factors.  Effects can be competition for resources, overexploitation, soil 

erosion, and other unknown factors.  Some sort of decision rule could be incorporated in 

the model to the effect that, a certain number of years (e.g., 20) of above average 

precipitation will lead to optimal resource availability and a greater use of the alpine zone 

by families, and the intensity of this use will increase with increased duration and 

increased abundance average precipitation until the carrying capacity is reached.  

Carrying capacity can be affected by resource degradation or innate biological 

limitations.  It is expected that the model will produce variable results for resource use in 
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the alpine zone of the White Mountains as diagrammed in Fig. 16. 
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Fig. 16.  The predicted relationship between resources utilization and season of occupation in the study area as 
compared with the surrounding area of Owens Valley and the Sierra Nevada based on the results predicted from 
the correlation between precipitation and calibrated radiocarbon dates. Y-axis is dimensionless.  

7. Conclusions and Future Study Recommendations 
 
   In conclusion, dendroarchaeological models have proved reliable in reconstructing past 

environments to provide explanations of aboriginal settlement in the American Southwest 

(example: Dean, 1988), due to the refined tree-ring based chronological control available 

in that region. In cases where wood use by aboriginal people is minimal as in the White 
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Mountains, the application of such models will be contingent on dating based on obsidian 

hydration and radiocarbon methods. The establishment of a radiocarbon-based 

archaeological chronology for the alpine village sites facilitated a comparison with 

temperature and precipitation reconstructions from absolutely-dated tree-ring records.  

The correspondence between the archaeological and climatic records discussed in this 

paper can be further substantiated or modified with a larger array of radiocarbon dates.  

   In contrast, assumptions will have to be made about the reasons behind the decision 

made by people to move to such arid and high elevation environment. Such habitats will 

vary from one period of time to the other depending in the amount of available plant and 

animal resources to sustain family groups thorough out the summer season. Long term 

available resources are contingent on the availability of moisture, the key to life in the 

desert environment.  
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