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ABSTRACT

The purpose of this research was to: (1) reconstruct climate for the malpais

region from long-lived trees and remnant wood; (2) reconstruct the fire history of

forests in the malpais; and (3) investigate short-term and long-term relationships

between wildfire and climate. To reconstruct climate, I calibrated a 2,129 year long

tree-ring chronology (136 BC - AD 1992) with annual rainfall (previous July to

current July). Since AD 100, seven major long-term trends in rainfall occurred.

Above normal rainfall occurred during AD 81-257, 521-660, 1024-1398 and 179 1-

1992, while below normal rainfall occurred during AD 258-520, 661-1023 and 1399-

1790. The prolonged drought from AD 258-520 was unsurpassed in its intensity,

while rainfall during the most recent 200 years has exceeded any since AD 660. The

reconstruction of long-term climate trends confirmed the general sequence of envi-

ronmental change over the last 2,000 years for the southern Colorado Plateau.

To reconstruct past fire occurrences, 217 fire-scarred trees were collected

from nine sites representing the major habitat types of the malpais and dendrochro-

nologically dated. Fire frequency was highest at sites on cinder cones and on the

highly-weathered basalt flows (ca. once every five years), and lowest on the isolated

kipukas and on the Hoya de Cibola Lava Flow (once every 10-12 years). Fire fre-

quency decreased along a north to south gradient, reflecting changing vegetation

properties. Combined information revealed fire occurred once every two years,

while more widespread fires occurred once every 2.5 years. Fires were largely

asynchronous between sites, suggesting the malpais landscape effectively hinders

fire spread.

Past fire history at El Malpais was characterized by four temporally distinct

periods: (1) FH-1 (prior to 1782): high fire frequency, patchy fires, throughout the

growing season; (2) FH-2 (1795 - 1880): longer fire intervals, widespread fires,
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mostly early season fires; (3) FH-3 (1893 - 1939): even longer intervals, decreased

widespread fires; (4) FH-4 (1940 - 1992): longest fire-free periods during the last 600

years. The increase in rainfall and the simultaneous change in fire regimes ca. 1790

was likely related to an increase in summer monsoonal rainfall due to changes in

hemispheric circulation patterns. The decrease in fire spread ca. 1880 was most

likely due to intense sheep grazing, while the change ca. 1940 reflects greater effi-

ciency in fire suppression techniques. The presettlement fire regime emphasizes

that the current absence of fire in the monument exceeds the historical range of

variability established for the presettlement period. Unless effects of past human-

related disturbances are mitigated, fire regimes of El Malpais will continue to favor

high-intensity, catastrophic fires.
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CHAPTER ONE 

DENDROCLIMATOLOGY AND DENDROECOLOGY

IN EL MALPAIS NATIONAL MONUMENT

"As the student proceeds from his freshman course to and through

his doctoral dissertation, the problems assigned to him become more complex

and less completely precedented." - Thomas S. Kuhn, philosopher, 1962

1.1 Introduction

The palaeoenvironment of the Southwest during the last 2,000 years has been

intensively studied through many disciplines to better understand the relationship

between ancient Native American populations and their environment (e.g. Bryan

1925; Hack 1942). Detailed palaeoenvironmental reconstructions for northern

portions of the Southwest (i.e., the Four Corners area) have been developed based

on geomorphic, stratigraphic, palynological, dendrochronological, and archaeologi-

cal evidence (Euler et al 1979; Dean et al. 1985; Karlstrom 1988). Despite these

studies, gaps in knowledge exist concerning certain aspects of these past environ-

ments. Specifically, little information exists on the long-term (> 100 years) stability

of Southwestern climate, although long-term reconstructions of hydrologic condi-

tions showed oscillations between aggradation and degradation, suggesting alternat-

ing climate regimes (Euler et al. 1979). Current knowledge on long-term, centennial

scale fluctuations in Southwestern climate has come primarily from palynological

(Schoenwetter and Eddy 1964; Petersen 1988; Davis 1994), stratigraphic, and

geomorphic studies (Hack 1942; Karlstrom et al. 1976; Euler et al. 1979; Karlstrom

1988). However, the coarse temporal resolution of such studies hinders accurate

placement of the onset and termination of the long-term trends observed.
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Palaeoenvironmental studies that investigate past fire regimes of Southwest-

ern landscapes have increased considerably only since 1980. These studies seek to

reconstruct past fire regimes, analyze the influence of past fires in Southwestern

forests, and determine the relationship between past climate and fire occurrence.

Unlike climate reconstructions in the Southwest that prove crucial to archeo-

logical/cultural interpretations, reconstructions of fire history take on a more mana-

gerial role. Developing chronologies of past fires, especially prior to Euro-Ameri-

can settlement ( prior to ca. 1880), makes possible assessments of how human fac-

tors have altered Southwestern forests, and provides justification for restoring fire

as an ecosystem process. Previous studies have documented the short-term (< 10

years) and interdecadal (< 100 years) relationship between climate and fire occur-

rence (Baisan and Swetnam 1990; Swetnam 1990, 1993; Swetnam and Betancourt

1992). However, no studies in the Southwest have documented whether a long-

term, intercentennial (> 100 years) relationship exists, because no previous long-

term reconstruction of Southwestern climate has revealed trends on centennial time

scales.

In this study, I addressed these problems by developing palaeoenvironmental

reconstructions of past fire and climate specifically for El Malpais National

Monument in west-central New Mexico. Besides creating an unusually diverse

landscape, the lava flows of the malpais region created a highly protective environ-

ment that ensured long-term preservation of woody material. Therefore, the mal-

pais region provided an ideal environment for examining high-resolution (i.e. annual

and intra-annual) climate and fire history over centennial and millennial time scales

that would add to our knowledge of Southwestern landscapes. This research there-

fore had three goals: (1) to reconstruct climate for the malpais region from long-
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lived trees and remnant wood; (2) to reconstruct the fire history of ponderosa pine

forests in and adjacent to the malpais; and (3) to investigate both short-term (< 10

years) and long-term (> 100 years) relationships between wildfire and climate.

This research was designed to build upon prior research by: (1) significantly

increasing our understanding of the dynamic nature of past fire and climate in the

Southwest, (2) providing information on changes in additional climatic properties

that may have impacted local populations, (3) designing new techniques for the

analysis of past fire regimes, and (4) improving our knowledge about the relation-

ship between fire and climatic variations. These goals required specific and unique

questions concerning aspects of Southwestern environments be formulated and

addressed, including:

1. Can reconstructions of past climate for the Colorado Plateau area of the South-

west be extended beyond the periods reached in previous reconstructions? Several

Southwestern locations have yielded tree-ring chronologies that exceed 1,000 years

in length (Dean and Robinson 1978); however, climate prior to AD 500 remained

poorly known because few tree-ring chronologies extended this far back in time.

Between AD 200 - 500, the three major Southwestern cultural traditions, Hohokam,

Mogollon, and Anasazi, had become firmly differentiated (Gumerman and Gell-

Mann 1994), emphasizing the need for more information on palaeoenvironments

prior to AD 500. This additional information may help determine whether changes

in past environments contributed in some way to this differentiation.

2. Was the lack of evidence for centennial scale trends in climate due to a stable

climate system over the past two millennia, or to the data being used for the recon-

structions? In the American Southwest, archaeological tree-ring chronologies often

are comprised of short series that currently preclude their use for studying centenni-
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al scale trends in past climate. Therefore, developing a long, millennial-length tree-

ring chronology from non-archaeological samples was imperative to reveal longer-

term (> 100 years) trends in past climate, if they existed at all. The malpais region

provided such a site, containing numerous individual living and dead trees over 500

years in age, thus preserving centennial scale trends in the final master tree-ring

chronology. Calibration of long-term and short-term trends in tree growth with

similar trends in climate would reveal the stability or instability of climate over the

past two millennia.

3. Can additional measures be developed and utilized to improve our basic under-

standing of past climatic variations in the Southwest? Most studies have analyzed

changes in mean climate over time (Dean and Robinson 1979; Euler et al. 1979).

Few studies analyzed changes in other climate properties, such as variance and

skewness (however, see Dean 1988b and Dean et al. 1994). Additional information

on past climate can be obtained using such properties, thereby helping confirm

whether or not Southwestern climate regimes were dynamic or largely stable over

time. These additional properties could also reveal past environmental changes that

may have influenced past changes in cultural attributes (e.g., settlement patterns and

migration) of Anasazi populations. For example, was extremely low rainfall the

only characteristic of climate during the "Great Drought" (AD 1276 - 1299) that may

have contributed to declines in Anasazi populations? Did changes occur in the

variability of climate during this period as well? Did the number of extreme drought

years increase or remain stable during the "Great Drought?"

4. Is there general agreement between tree-ring based reconstructions and reconstruc-

tions developed using other techniques (e.g., pollen and stratigraphic studies)?
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Comparison of reconstructions between disciplines should be a primary goal in

palaeoclimatic research (Bradley et al. 1991), yet dendroclimatologists rarely

compare their results with those from other disciplines (however, see LaMarche

1974, Luckman and Kearney 1986, and Filion and Quinty 1993). Such a comparison

is mutually beneficial. If two reconstructions are similar, researchers will have

greater confidence in their interpretations. If results are dissimilar, researchers

should investigate possible reasons why the two reconstructions differ.

5. Can the large volume of data generated in studies that reconstruct fire history

from tree rings be efficiently analyzed? The volume of data generated in this study

(nearly 3,000 crossdated fire dates from 217 trees from nine sites) underscored a

practical limitation to fire history research based on tree-ring data: no software was

readily available to rapidly process such large volumes of data. Therefore, a goal of

my research was to develop an integrated software package that would allow den-

droecologists to easily enter, graph, and analyze fire history data from tree rings.

Such software would reduce the time needed for data maintenance (e.g., creating the

highly specialized master fire charts), and provide more time for data analysis.

6. Can additional and more accurate information on the historical range of varia-

tion of past fires be obtained using more appropriate distributional models? In this

study, I extensively utilized the Weibull distribution to provide a more flexible

model for the highly variable data usually generated in fire history studies in the

Southwest. Fire ecologists have emphasized that this distribution has distinct advan-

tages over other the normal distribution for modeling fire interval and time-since-

fire data (Johnson and Van Wagner 1985; Baker 1992; Johnson 1992). Moreover,

this approach facilitates a probabilistic description of fire frequency. This study also

extensively utilized the separate functions that comprise the Weibull distribution



(e.g., the cumulative distribution and hazard functions) to provide additional infor-

mation for defining natural variation in past fire regimes.

7.During the presettlement period (prior to 1880), how stable were fire regimes over

time? A clear demarcation between presettlement and postsettlement fire regimes

exists in nearly all fire chronologies developed for the Southwest. Temporal

changes in fire occurrence during the presettlement period have been observed

graphically using master fire charts, but have generally not been analyzed using

more robust statistical methods. Quantifying these changes using formal statistical

tests was problematic because certain statistical properties (e.g. non-normal distribu-

tions, decreasing sample depths further back in time) of data used in fire history

studies (i.e., fire interval and percentage-scarred data) precluded formal statistical

testing. These data require transformations in some cases and more specialized

nonparametric tests in others. Applying more rigorous techniques that add a meas-

ure of statistical significance to these visual changes would provide additional

information on how fire functioned temporally and spatially. If fire regimes were

not stable over time during the presettlement period, then possible changes in fac-

tors regulating fire occurrence should be analyzed as well

8. To what degree did the heterogeneity of the malpais landscape influence past

spatial patterns of fire? The diverse landscape of the malpais region creates a

mosaic of habitats that provides a unique research opportunity for investigating the

fire ecology of southwestern ponderosa pine forests in habitats of varying size, isola-

tion, and land-use history. These habitats consist of steep-sided cinder cones, low-

lying shield volcanoes, highly weathered early-Pleistocene basalt flows, younger

mid-Pleistocene and late Holocene basalt flows, and isolated "islands" (kipukas)

26
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completely surrounded by lava (Lindsey 1951; Maxwell 1986; Laughlin et al. 1993).

Specific habitats, such as the mixed-conifer forests found on steep-sided cinder

cones, may have far different fire regimes than nearby habitats, such as the ponde-

rosa pine forests found on isolated kipukas. Characteristics of the lava itself may

either hinder or facilitate fire spread patterns. Unfortunately, this heterogeneous

landscape also complicates the design and implementation of a fire management

plan. Therefore, several sites in the malpais region were sampled to determine the

influence lava flows have on fire spread patterns.

9. Finally, what relationship exists between fire occurrence and climate over both

short-term (<10 years) and long-term (> 100 years) time scales? Using super-

posed epoch analysis, previous studies have analyzed the short-term (< 10 years)

influence of climate on fire occurrence (Baisan and Swetnam 1990; Swetnam 1993;

Grissino-Mayer et al. 1994), while several studies have analyzed this relationship on

decadal (< 100 years) time scales (Swetnam and Dieterich 1985; Swetnam 1990;

Swetnam and Betancourt 1990, 1992). However, the long-term relationship between

climate and fire occurrence in the Southwest has not been directly addressed. If

long-term fluctuations between alternating climatic regimes occurred, were long-

term patterns of fire occurrence influenced as well? An answer to this question also

may help researchers differentiate effects of human disturbances on fire regimes

from climatic effects.

1.2 Organization of the Dissertation

This dissertation consists of five chapters. I introduce the research in Chap-

ter One by outlining specific and unique questions to be addressed that will improve

our knowledge of both climate and fire history in the Southwest I provide back-

ground information for both projects, and justify why each project was necessary. In
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Chapter Two, I discuss the environment of the malpais, providing an overview of the

geology, flora, and land-use history of the malpais. Chapter Three discusses the

climate reconstruction portion of the project. I provide separate sections that detail

site information, methods used, and results obtained, and provide an extensive

discussion about implications of the climate reconstruction for our knowledge of

culture change in the Four Corners area of the Southwest. Chapter Four details the

fire history portion of this project, providing discussions of individual sites, samples,

methods used, software developed, and results obtained. The discussion section of

this chapter focuses on changes in both temporal and spatial characteristics of past

fire, and offers explanations for these changes while relating past fire occurrence to

past climate. Chapter Five summarizes the major conclusions from this research.

The Appendices contain (1) information on samples used to develop the 2,129 year

long Malpais Long Chronology, (2) the final tree-ring chronologies, (3) the final

annual reconstructed values of precipitation, and (4) the complete documentation

for the FHX2 software. After the Appendices, a list of references used in this dis-

sertation is provided.

1.3 Dendroclimatic Research in the Southwest

1.3.1 Background

A.E. Douglass first investigated the climate/tree growth relationship as early

as 1901. Studying ponderosa pine trees from Prescott National Forest in northern

Arizona, Douglass recognized that patterns of wide and narrow rings closely paral-

leled similar changes in seasonal precipitation (Douglass 1909; 1917). Douglass

found similar relationships between rainfall and growth of giant sequoia trees

(Douglass 1920, 1922). Between 1915 and 1929, Douglass was primarily engaged in

dating periods of construction for the Puebloan ruins scattered throughout northern
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portions of the Southwest, but repeatedly emphasized the value of long tree-ring

chronologies for reconstructing past climates (Douglass 1921, 1929). In 1917,

Douglass compared inferred rainfall derived from the Prescott ponderosa pine tree-

ring sequences with "... every mention of weather, freshets or crop failures men-

tioned by the historian Bancroft in his accounts of the settlements of Arizona and

New Mexico," and found a surprising agreement; periods of low tree growth corre-

sponded with known droughts (Douglass 1917). In 1931, Douglass interpreted the

relationship between climate change and the abandonment of the Puebloan ruins,

but curiously remarked that "... the thousand years and more of history of drouths

[sic] and floods in the semi-arid regions" was secondary to the study of cycles in tree

growth (Douglass 1931). The task of developing networks of long, climatically-

sensitive tree-ring chronologies, and interpreting climatic variation from them,

would be left to one of his students.

Edmund Schulman studied under Douglass during the early 1930s, and later

devoted much of his research to the study of past climate. Schulman was the first

scientist to analyze trends in Southwestern climate from tree rings at longer time

scales (i.e., interdecadal) using the Central Pueblo chronology developed by Dou-

glass during the earlier Beam Expeditions (Schulman 1938). Between 1939 and

1953, Schulman systematically collected tree-ring samples over much of the western

United States to develop "... the longest significant chronologies of year-by-year

rainfall and river flow obtainable" (Schulman 1956). Despite his efforts, Schulman

realized that many tree-ring chronologies, such as the Central Pueblo chronology,

were "... unsatisfactory in examination of the question of trend discontinuities" (i.e.,

the study of long-term climatic trends) due to standardization processes that re-

moved all "basic trends."
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In the mid-1960s, Robinson (1967) and Dean (1969) investigated behavioral

aspects of Anasazi social organization using archaeological tree-ring material from

the Four Corners area of the Southwest. These studies provided the first detailed

analyses of past climate for the Colorado Plateau area, producing maps that showed

the changing temporal patterns of climate during known critical periods of Anasazi

prehistory (Dean and Robinson 1977, 1979). In the mid- to late 1970s, palaeoenvi-

ronmental research in the Southwest adopted a multidisciplinary approach by inte-

grating results from archaeology, surficial geology, dendroclimatology, palynology,

and human demographic studies (Euler et al. 1979; Dean et al. 1985; Gumerman

1988; Plog et al. 1988; Dean et al. 1994). This research related changes in cultural

processes of the Anasazi to changes in the environment, under the assumption that

human societies adapt to environmental variability and change. These studies

presented convincing evidence that short-term and long-term trends in climate

corresponded to similar trends in alluvial stratigraphy, hydrology, and changes in

vegetation composition and structure. Consequently, these changes in climate

required changes in Anasazi adaptive behavior to cope with the changing environ-

ment.

1.3_2 Justification

The palaeoenvironmental reconstructions by Euler et al. (1979) and Dean et

al. (1985) were aided by using tree-ring chronologies obtained from archaeological

contexts. These chronologies, however, were limited in their ability to infer past

long-term trends in climate, because individual archaeological tree-ring series are

usually short, often less than 200 years in length. During standardization, much of

the low-frequency component in these series necessary to evaluate past long-term

trends was removed (Schulman 1956; Fritts 1976; Dean 1988). Cook et al. (1995)
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termed this limitation the "segment length curse" because "the maximum wavelength

of recoverable climatic information is ordinarily related to the lengths of the indi-

vidual tree-ring series used to construct the millennia-long chronology." The

"segment length curse" explains why dendrochronologists failed to observe long-

term trends in past climate for the Southwest (Schulman 1938, 1956; Dean 1994),

while researchers using other proxy techniques, such as alluvial stratigraphy and

palynology, provided convincing evidence of these trends (Karlstrom 1988; Petersen

1988).

To ensure long-term trends are preserved, master tree-ring chronologies

should be developed from living trees greater than 300 years in age in areas that

contain abundant remnant wood with which to extend the living tree chronology

back in time. Conservative standardization methods used on series of this length

would ensure low frequency trends would be preserved, therefore ensuring long-

term trends in past climate would be discernible. Prior to this research, few South-

western sites had been discovered that contained numerous long-lived trees and

abundant, well-preserved remnant wood. Recently, long-lived conifers were discov-

ered growing on lava flows in El Malpais National Monument. Preliminary collec-

tions of wood from several sites on the malpais revealed these conifers were excep-

tionally old, and that the lava surface contained abundant samples of remnant wood.

This unlikely environment fulfilled requirements for developing a long multi-

millennial tree-ring chronology to reconstruct past regional climate, and for evaluat-

ing both long-term and short-term climatic trends. Because this chronology was not

as affected by the "segment length curse" as were previous chronologies, long-term,

centennial scale trends in climate should be readily detectable.

This study also took advantage of the numerous palaeoenvironmental recon-

structions developed for the Four Corners area of the Southwest to confirm the tree-
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ring based reconstruction with those developed using other techniques. Laporte

(1968) observed that paleoecological interpretations are made more valid by "the

internal consistency of multiple sets of independent data which lead to the same

final conclusions." Ladurie (1971) emphasized "... there can be no good history of

climate unless it is interdisciplinary and comparative." Bradley et al. (1991) further

recommended that "... cross validation among different proxies be carried out as a

step towards developing calibrated transfer functions and understanding the differ-

ential response times and sensitivity of different proxies." The emphasis is placed on

the processes of comparison and confirmation. I strongly believe dendroclimatolo-

gists should start adopting an interdisciplinary strategy in their research, similar to

the studies by Euler et al. (1979) and Dean et al. (1985) in the northern portions of

the Southwestern United States, and by Tessier et al. (1986) and Bealieu et al.

(1990) in Europe, whereby comparisons were made with reconstructions obtained

using other techniques. Such comparisons would confirm that long-term climatic

trends revealed in the tree-ring based reconstruction were, in fact, real, and not

spurious trends resulting from factors peculiar to specific trees or sites (i.e., local

stand disturbances), or transformations used to develop the indices in the tree-ring

master chronology.

In this study, I compared long-term trends (i.e., onset, duration, and termina-

tion) in the climate reconstruction developed from malpais trees to long-term trends

in the primary hydrologic curve for the Colorado Plateau developed by Euler et al.

(1979) and Dean et al. (1985). The confirmation process concerns only the compari-

son of long-term trends apparent between the reconstructions themselves, not the

interpretations on seemingly simultaneous changes in cultural behavior and past

environment. Concurrent changes in Anasazi behavior do aid the investigation of
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long-term changes by providing substantiating evidence of possible environmental

changes. Therefore, I will discuss in detail certain changes that occurred in the

Anasazi culture, even though these changes do not directly confirm that past climatic

changes occurred in the Southwest

1.3.3 Objectives

The specific objectives of the El Malpais climate reconstruction research

were to:

• develop a multimillennial tree-ring index chronology from long-lived trees and

subfossil wood;

• analyze the relationship between climate and tree growth, then use this rela-

tionship to develop a reconstruction of annual precipitation for northwestern

New Mexico;

• investigate the short-term, decadal scale (< 50 years) and long-term, centennial

scale (> 100 years) changes in the mean, variance, and skewness of past cli-

mate;

• compare these trends with those derived for the palaeoenvironmental recon-

struction for the Black Mesa area in northeastern Arizona (Euler et al. 1979;

Karlstrom 1988), specifically the primary hydrologic curve;

• relate these trends to our current knowledge about the relationship between

climate and culture change in the southern Colorado Plateau area of the

Southwest; and,

• use this climate reconstruction to analyze the relationship between fire and

climate on interannual and intercentennial time scales.
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1.4 Fire History Research in the Southwest

1.4.1 Background

Early research using tree-ring data to investigate past fire occurrence began

as a means to investigate the changing structure of Southwestern ponderosa pine

forests due to possible human-related disturbances, such as grazing and fire suppres-

sion. For example, Leopold (1924) observed that a juniper stump found in the

Tonto National Forest had four fire scars spaced approximately 10 years apart, and

that no fire had occurred there in the last 40 years (since 1880). He attributed this

change in fire frequency to removal of grasses by intense livestock grazing that took

place beginning ca. 1880. Weaver (1951) dated fire scars from five ponderosa pine

stumps in and around the White Mountain Apache Reservation in Arizona, and

found fires occurred once every 5 - 12 years, depending on the location. Weaver

attributed the lack of fires after 1880 to overgrazing and fire suppression. Cooper

(1961) observed that fires had burned once every 3 - 10 years in Southwestern for-

ests prior to Euro-American settlement. He attributed the lack of post-settlement

fires and an increase in pine reproduction to both fire exclusion and grazing.

Later studies continued using tree rings and fire scars to investigate changes

in forest structure that occurred beginning ca. 1880, many emphasizing a decrease in

wildfire occurrence as one of the primary mechanisms responsible for these changes

(Savage 1991; Covington and Moore 1994; Grissino-Mayer et al. 1994). However,

the crossdating of tree rings containing fire scars to ensure exact temporal placement

of each fire to its exact year of formation was not emphasized by researchers until

the late 1970s - early 1980s (Dieterich 1980a, 1983; Madany et al. 1982; Swetnam

1983; Dieterich and Swetnam 1984). During the next decade, fire-scarred samples

from ponderosa pine and mixed-conifer forests at numerous sites throughout the
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Southwest were collected to document temporal changes in fire occurrence (e.g. see

Swetnam 1990; Baisan and Swetnam 1990; Grissino-Mayer et al. 1994; Touchan and

Swetnam 1995), eventually culminating in a network of over 60 sites that enabled

regional-scale spatial analyses of past fire regimes (Swetnam and Baisan, in press).

Among many other findings, these collective studies document two notewor-

thy changes in fire occurrence. The most obvious change readily observable in

nearly all fire chronologies is the decrease in numbers of fires between ca. AD 1880

and 1900. Many researchers attributed this decrease to large numbers of livestock

that overgrazed Southwestern ranges after 1880, and to fire suppression after forma-

tion of the National Forest Reserves at the turn of the century (Leopold 1924;

Swetnam 1990; Savage and Swetnam 1990; Bahre 1991; Grissino-Mayer et al. 1994;

Allen 1994; Touchan et al., in press). The second observable change is the tempo-

rary disruption in fire occurrence between ca. AD 1800 and 1840 characterized by a

decrease in fire frequency (Swetnam 1983; Swetnam et al. 1989; Baisan and Swet-

nam 1990; Grissino-Mayer et al. 1994). The regional synchroneity of this discontinu-

ity supports the hypothesis that climatic changes were responsible (Swetnam 1990;

Grissino-Mayer et al. 1994).

Current (and future) research on the fire history of the Southwest empha-

sizes increasing our knowledge about past spatial patterns of fire at various spatial

scales (Swetnam and Baisan, in press). Even though dendrochronology mostly

concerns analyzing temporal properties of ecological and climatic processes, creat-

ing a network of sites containing tree-ring dated samples allows researchers to inves-

tigate both temporal and spatial aspects of these processes (see e.g. Fritts 1991;

Swetnam and Lynch 1993; Swetnam and Baisan, in press). Studies of fire history

over broader spatial scales allow researchers to assess impacts of regional-scale

natural and anthropogenic processes that altered, created, and/or maintained the
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heterogeneity of the landscape. Resolving factors responsible for temporal changes

in past fire will be strongly aided by such spatial studies.

A primary goal in such spatial studies is to quantify the areal extent of past

fires at the site, watershed, and regional levels. For example, collection of fire-

scarred samples at many sites within a watershed allows a relativistic estimation of

areal extent of past fires, and allows reasonable, logical inferences to be made about

impacts to forest structure and composition due to those fires (Swetnam 1983;

Baisan and Swetnam 1990; Grissino-Mayer et al. 1994; Allen 1994; Touchan and

Swetnam 1995). Larger, regional-scale studies allow broader interpretations of

factors affecting Southwestern environments that operate at regional and global

scales. For example, fires that occurred at the majority of Southwestern sites in

certain years prior to 1880 (e.g. during 1748, 1773, 1847, and 1851) demonstrate

convincingly that climatic variability was responsible for simultaneous fire occur-

rence at such widely distributed locations (Swetnam 1990; Swetnam and Baisan, in

press). The Southwestern network of sites has also proven useful for identifying a

probable relationship between the El Milo-Southern Oscillation and wildfire occur-

rence (Swetnam and Betancourt 1990, 1992).

1_4.2 Justification

In recent years, ecosystem management has emerged as a paradigm for land

management, based on principles formulated in conservation biology and landscape

ecology. The central goal of ecosystem management is to sustain the viability of

ecological systems by maintaining or restoring past processes that created and

shaped these ecosystems over long periods of time (Kaufmann et al. 1994). Ecosys-

tem management emphasizes the restoration of more stable and sustainable envi-

ronmental conditions and processes, especially in "...pieces of the landscape made
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uncommon by human activities" (Kaufmann et al. 1994). However, restoration of

ecosystem processes assumes knowledge about: (1) the ecological processes that

were historically important; (2) the temporal and spatial scales on which these

processes operated; and (3) the natural, or historical, range of variability (i.e., the

upper and lower limits) of these processes (Allen 1994; Morgan et al. 1994).

In many areas of the western U.S., human disturbances have greatly altered

ecosystems, causing many ecological processes (e.g., wildfires, erosion, and insect

outbreaks) to currently operate outside their historic range of variability (i.e., out-

side the physical capability of the ecosystem). Previous studies have thoroughly

documented that wildfire currently functions outside its normal range (Leopold

1924; Humphrey 1958; Swetnam 1990, USDA Forest Service 1993; Sackett et al.

1994; Swetnam and Baisan, in press). Wildfires were an integral process that main-

tained the mosaic structure of western forests. However, human-related activities,

such as livestock grazing and fire suppression, have so impacted western forests that

catastrophic, stand-replacing fires are much more likely rather than the low-intensity

surface fires once characteristic of western forests (Swetnam, 1990; USDA Forest

Service 1993) (Fig. 1.1).

A key recommendation suggested by land management agencies is additional

research to document the past history of fire and its effects in shaping western forest

landscapes (USDA and USDI 1989; USDA Forest Service 1993; Kaufmann et a/.

1994; Swanson et al. 1994). In this sense, the past is the key to the future: by estab-

lishing reference "templates" based on the role of past fire as an ecosystem process,

management agencies will better understand (1) the probability, effects, and behav-

ior of future wildfires, and (2) the impact of past and present fire management poli-

cies on western forests (Allen 1994; Kaufmann et a/. 1994). Documenting the past
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Figure 1.1 Changes in western ponderosa pine forests since the turn of the century have
altered stand composition and fuel structure. High intensity, stand-replacing fires are now
more likely than the low intensity, stand-maintenance fires once characteristic of forests
prior to Euro-American settlement.

history of fire at El Malpais National Monument sought to establish the reference

"templates" within which fire functioned as an ecosystem process prior to Euro-

American settlement (ca. 1880). These reference conditions could serve as guide-

lines for adjusting policies of fire management that were found to be incompatible

with the fundamental objective "... to restore the natural function of fire within the

ecosystems of the park to the greatest extent possible" (USDI National Park Service

1992).

Restoration of fire as an ecosystem process will likely prevent the catastroph-

ic, high intensity fires that have become more common now than in the past (Swet-
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nam 1990), but requires extensive knowledge on fire frequency, the variability of

fire frequency, areal extent, and seasonal timing of past fires prior to Euro-Ameri-

can settlement. At El Malpais National Monument, restoration of fire is challenging

because little information existed regarding the range in which past fire functioned,

and because fire management was further complicated by the complex geology,

diverse landscape, and various human-related factors (e.g., grazing, logging, and fire

suppression) that influenced the malpais landscape. This study sought to provide the

needed information on past fire regimes while considering the complexity of the

landscape and past land-use practices.

1_4.3 Objectives

The specific objectives of the El Malpais fire history research were to:

• collect fire-scarred samples over a broad region of the malpais in sites charac-

teristic of the different habitat types present, and develop master fire chronol-

ogies from these samples;

• use the Weibull distribution to model fire interval data, and to provide addi-

tional information on the probability of fire occurrence;

• describe in detail the range of variability in past malpais fire regimes using

descriptive statistics;

• analyze possible temporal changes in fire frequency over time, and propose

possible explanations for these changes;

• analyze possible spatial changes in fire spread within and between individual

sites, and propose hypotheses to explain these changes;

• compare the 20th century fire regime with the presettlement fire regime, and

make specific recommendations for restoration of fire as an ecological proc-

ess; and,



• relate reconstructed climate with the reconstruction of fire history for the

malpais region to investigate fire/climate interactions on short-term (1-5

years) and long-term (> 50 years) time scales.

40
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CHAPTER TWO 

GENERAL SETTING OF EL MALPAIS NATIONAL MONUMENT

"I was riveted by a strange sound coming out of the darkness

over the black, lonely malpais... Although reminiscent of very distant singing

of a coyote pack, it could hardly have been that exactly."

- Alton A. Lindsey, naturalist, 1983

2.1 Introduction

El Malpais National Monument was established December 31, 1987, to

protect a unique environment characterized by numerous lava flows of geologically

recent origin (USDI National Park Service 1990). Five major lava flows ranging in

age from 3,000 years (McCartys Flow) to 115,000 years (El Calderon Flow) occur in

the monument, as well as classic examples of cinder cones, spatter cones, shield

volcanoes, kipukas and other volcanic features (Nichols 1946; Maxwell 1986; Laugh-

lin et al. 1993). The malpais is part of the much larger Zuni-Bandera Lava Field in

west-central New Mexico. This lava field lies in the central portion of the Jemez

Lineament, a major fault stretching from central Arizona to northeastern New

Mexico (Menzies et al. 1991; Laughlin et al. 1993).

The malpais (Spanish for "badlands" or "bad country") area is also unique for

several ice caves that attracted early Native Americans (Lenihan and Bradford

1993) and troops from nearby Fort Wingate as early as the 1860s (Mangum 1990).

These ice caves are also well-known for their unique flora and fauna (Lindsey 1949,

1951; USDI National Park Service 1990). The commercial ice cave at the Bandera

Trading Post has laminated ice layers, but dating these layers by radiocarbon dating

has not been successful (Thompson et al. 1991). The area is rich in archeological

material. Native Americans have occupied the surrounding forests and grasslands



during various periods for perhaps the last ten thousand years (Ireland n.d.;

Mangum 1990; USDI /NPS 1990).

2.2 Geology

Five major lava flows give the malpais area its unique physical and geological

characteristics, and influence the types and distributions of vegetation. The differ-

ent ages of these lava flows create a highly diverse landscape that allows grasslands,

woodlands, and forests to exist in various stages of development. This provides a

unique opportunity to investigate (1) the influence of topography (e.g., lava flows,

steep-sided cinder cones, and isolated kipukas) on spatial patterns of fire in malpais

forests, and (2) the influence of substrate on longevity of conifers and preservation

of remnant wood. This information can be used to (1) improve the classification of

fire history for various habitat types, and (2) aid the development of a network of

multimillennial tree-ring chronologies in the Southwest for climate reconstruction

purposes. For example, different fire regimes may occur in the various habitats. If

these differences can be linked to differences in geologic and floristic properties,

this information can be used when developing resource management guidelines.

The oldest lava flows are deeply weathered "old Quaternary basalt flows"

(Maxwell 1986) that form the surrounding base substrate material over which more

recent flows occurred. These occurred to the south and west of the monument in

two apparent "pulses" of volcanic activity at ca. 150,000 years ago (pulse 2) and 600-

700,000 years ago (pulse 1) (Laughlin et al. 1993). These flows have well developed

soils derived from Quaternary alluvium that support grasslands, pinyon-juniper

woodlands, and open ponderosa pine forests. These basalts form the majority of the

Zuni-Bandera Lava Field. A later phase of activity ca. 250,000 years ago formed the

small shield volcano Cerro Rendija on the west side of the monument (USDI Na-

42
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tional Park Service 1992).

After these initial pulses, five more distinct volcanic eruptions occurred,

forming what some researchers consider a classic example of recent volcanism in

North America. The first formed the El Calderon Lava Flow ca. 115,000 years ago

in the northern portion of the monument (Laughlin et al. 1993). This lava flow is

also largely covered with alluvium and supports grasslands and forests, similar to the

surrounding ancient basalt flows (Maxwell 1986). The second series of eruptions

occurred to the west of El Calderon and formed the vents Twin Craters, Lost

Woman, Cerro Candelaria, and Lava Crater. The only radioisotopic date obtained

for these eruptions (15,800 years ago) is believed erroneous because the surface

features are more degraded than the age would suggest (Laughlin et al. 1993).

These eruptions most likely occurred between 50-100,000 years ago (USDI National

Park Service 1992). Floristic characteristics of lava flows from the second series of

eruptions are indistinguishable from the earlier El Calderon Lava Flow.

The next youngest lava flow is the H oya de Cibola Lava Flow that lies in the

southwestern portion of the monument. No radioisotopic date has been obtained

for this flow (Laughlin et al. 1993). However, the degree of surface weathering

places this eruption some time after the Twin Craters series of eruptions, perhaps as

recent as 30,000 years ago (USDI National Park Service 1992). Soil is not as well

developed on this flow as on earlier flows. Grassy areas intermingle with bare rock,

and the flow supports a ponderosa pine forest that is much less dense than those

found on older, more eroded basalt flows.

The fourth major eruption occurred ca. 10-11,000 years ago from Bandera

Crater. The lava breached the southwestern rim and flowed south-southwest until

reaching Cerro Rendija. The flow then turned southeast before eventually flowing
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northeast towards the Rio San Jose Valley. This lava flow has very little soil devel-

opment, and consists of both pahoehoe (i.e. "ropey") lava near the central lava tube

system and aa (i.e. "broken" or "jagged") lava on either side of the tube system.

Despite this lack of soil, the pahoehoe lava supports large forested areas consisting

of Rocky Mountain Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco var. men-

ziesii), ponderosa pine (Pinus ponderosa Doug!. ex Laws.), Rocky Mountain juniper

(Juniperus scopulorum Sarg.), one-seed juniper (Juniperus monosperma (Engelm.)

Sarg.), and pinyon (Pinus edulis Engelm.) (Carroll and Morain 1992; Bleakly 1994).

The youngest volcanic activity in the lava field, the McCarty's Lava Flow on

the eastern side of the monument, occurred 3160- 3200 years ago based on

dates ofof charcoal from beneath the flow near The Narrows (Laughlin et al. 1993).

This lava flow has little soil development and negligible grass cover, yet supports a

large forest of ponderosa pine trees with unusual growth forms. These pines are

rarely over three meters high, and are often stunted, contorted, and twisted, forming

"pygmy" or "bonsai" forests (Lindsey 1951; Bleakly 1994).

Unique features of these lava flows are the numerous kipukas, "islands" of

younger substrate material (e.g., limestone, sandstone, or older lava) surrounded by

more recent lava (Lindsey 1951). Kipukas of various ages and sizes dot the malpais,

such as Hidden Kipuka (ca. 26 acres) located in the western portion of the monu-

ment northeast of another kipuka (Mesita Blanca), and Big Hole-in-the-Wall, locat-

ed in the center of the monument and comprising nearly 1,500 acres of grasslands.

Kipukas are ecologically important because they provide areas of relict vegetation

that may provide information on impacts of human disturbances. Unfortunately, the

malpais kipukas have received little attention from researchers. Bleakly (1994)

reported that the kipukas have vegetation similar to that found on areas with similar

substrate at similar elevations elsewhere in the malpais, despite their isolation.
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2.3 Flora

Despite the lava substrate, lack of soil development, and low precipitation,

the flora of the malpais is considered more diverse than flora in surrounding areas

(Lindsey 1951; USDI Bureau of Land Management 1991). In addition to the tree

species previously mentioned, alligator juniper (Juniperus deppeana Steud.) exists in

the northern portions of the monument (Bleakly 1994). Quaking aspen (Populus

tremuloides Michx.) and Gambe! oak (Quercus gambelii Nutt.) are found in moister

areas along the margins of the lava flows and within collapse formations. Typical

shrubs include alderleaf mountain-mahogany (Cercocarpus montanus Raf. var.

montanus), Apache plume (Fallugia paradoxa (D. Don) Endl.), skunkbush sumac

(Rhus trilobata (Nutt) A. Gray var. trilobata), mountain ninebark (Physocarpus

monogynus (Torr.) Coult.), raspberry (Rubus strigosus Michx. var. arizonicus

Greene), and New Mexico olive (Forestiera neomexi cana  Gray) (Lindsey 1951; Ott-

Jones 1989; USDI National Park Service 1992; Bleakly 1994). The most prevalent

grasses in the malpais area are blue grama (Bouteloua gracilis (Willd. ex H.B.K.)

Lag. ex Steud.) and mountain muhly (Muhlenbergia montana (Nutt.) A.S. Hitch.)

(Bleakly 1994). Bleakly (1994) provides a full description of the 424 species of

vascular plant taxa found in the malpais area, including an analysis of the relation-

ship between substrate type and floral characteristics.

A consensus on vegetation community and cover types within the monument

is difficult because of the complex geology of the various lava flows. Lindsey (1951)

identified five vegetation associations within the monument: the "Douglas-fir Belt,"

the "Ponderosa Pine Belt," the "Apache Plume Belt," lava sink-hole ponds, and ice

cave entrances. A later revision by Bleakly (1994) identified five similar plant

community types: mixed conifer (Rocky Mountain Petran forests), shrub/conifer
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(pinyon-juniper woodland), grass or grass/shrub (Plains or Great Basin grassland),

bare to sparse grass/shrub, and ice cave entrances. The USDI National Park Service

(1992) recognizes six vegetation types: Douglas-fir/Rocky Mountain juniper/ponde-

rosa pine, ponderosa pine/native grasses, dwarf ponderosa pine /oneseed

juniper/pinyon/Apache plume, ponderosa pine savanna, blue grama grassland, and

pinyon-juniper woodland. No mention is made of the lava sink-hole or ice cave

entrance communities. The ponderosa pine/native grasses and ponderosa pine

savanna community types are essentially the same except pines are more widely

dispersed in the pine savannas (e.g. at Little Hole-in-the-Wall).

The most comprehensive classification of vegetation types for the malpais

area is based on "biophysical land units" (BLUs), relatively homogeneous areas

defined by lithology, surface drainage, soil types, vegetation cover, and land use

(USDI Bureau of Land Management 1990; Carroll and Morain 1992)). Use of

BLUs is advantageous because they: (1) allow management strategies to be de-

veloped particular to each unit; (2) reveal landscape patchiness and contiguity; and

(3) help determine limits of acceptable change for each unit. Based on 12 distinct

BLUs identified for the malpais area (Table 2.1), eight vegetation cover types can

be delineated: sparse/barren, grass /shrubland, shrub/conifer woodland, mixed

conifer, pinyon /juniper, deciduous thickets, ponderosa parkland, and pygmy

shrub /shrubland /lava complex. Within the monument, mixed conifer is the domi-

nant cover type (BLUs G and H), occupying large areas of the Bandera Lava Flow,

Hoya de Cibola Lava Flow, and western portions of the McCartys Lava Flow. The

pygmy forests of ponderosa pines, pinyons, and junipers is second in areal extent,

found mostly on the McCartys Lava Flow, but also in scattered areas in northwest-

ern portions of the Bandera Lava Flow.



-H
0

1-1
er-1

4
i	 u)

I
a)

i
m

4
4--) -H

0 › a) -H
rd P 3 w

tyl	 ,Q .W 3 rd
-4) Cd- -P 0 0-

-H	 -)--1 Ha) iH H d) W 0
H 0 ,S:: -RU) 0_Q WE -1—)
H H 4 E En - $-1 0 0
04- Cd4d - H cd - WJH

.-i in	 P-I 4 En 4 tp	 04 .
tzi ca 4-) P	 ch Cd 4- rci .—I

- >	 - -	 cf) 0 a) 0 a) WW
u)	 ai	 a) WW-H 041P -HZ 4a1 ZOO W>IM
(Ki 1-1	 bl tr P M ch -H 4 CdO z  4 alEnZ oov)
>I	 (13 M 0 5:24 -P -H ai 0 al g rd -H0
M -P ca Z	 H >I	 -H rd E 04 M (d 0 4 4 P
H U) -H	 cd H-r-1,Q 0 4 (tif:4 ginio -	 -(1)
04 W	 - al -P H	 4 0 rd H 4 r-1 Pi	 (1, rd

rd rd g1 0 Cd	 ••• Cd W 	... ... 0)	 g1
O1-1E rd _Q 4-4-4 0 u) P P P 4-)	 mi -OU)ca -1-)	 W	 0
4-) 0 M 0 (a - 44 W cn -.1 -H	 as ai rd 44

P a)	 - 0 0	 - al	 04 a) W -P En 3 Z
a)	 tr E1J >14 4-) ai -H -H -P o 0 ai	 -
b0 0	 u) - Z	 cf) al	 En c.)	 (d ai ai P 4-4 PI	 ca
(d	 W (1)	 cd U) - H W 34a) 0	 >1
Z >1 0 14 a) al	 f:10-1 -P	 - 1-1 al 0 Ord 4 -P

- 1-1 1-1 r-1 •'. 14 4 t)-1	 4 Cria) C:Y)	 Z W0
ai H 4 a)	 -P al 	-W „Q rd	 - - tr Z -0 4-) 	ai

rO	 3
>4 o

-P 4-4
rn	 1

rd	 r-i WU) Z	 -
b1- 3 z (11

(/)	 >4 -	 H W -H
W al U) CO rd d) 4 ai
ty)	 >1 a)	 0 -1-)	 $:)-1	 a)
rd	 - -P › ai 0
-H o) P rd	 C::) 0 ai al
P 2I Cd

CdO
C.)	 -

 rd	 -
ca

-1-)	 -
OUI gl

(1) W
>1 3 ai
H -.--1
1-1	 4
ai -H 0
0	 - c--1
WU)
0 4 -

-H ai
- rd U)

WHO
WP
tr	 a)
Cd .'drd

gl 01	 5140g1	 U)	 04	 MO	 -HU)P4	 W IC)	 t3"1
rd	 >1 0 4-1 0 -H a.-1	 WOO0	 a) -H rd	 M H O -H -H 0

	

ci) -Q	 H	 (ci 4.1 0	 P-4 >I	 gigl	 004-1	 C.)12)	 «i4S:24
H 0	 U)	 gl 0 4	 0	 (1:1 P.1	 M -H 0 	0>
Cd	 rO	 OC))	 rd H 	-H--H 	U)	 -P W	 44,--I 4-4	 rd - *.-
• -W 	W -H	 W •••	 Cr) P-4	 >I	 U) (1) -1-) 	WO 	U)
P U) -1-)	 1-1 -P W	 H	 M	 (a a)	 4 0	 WU)	 H 0	 1-1 0) 0
a) H al 	4-Cd $4	 HE 	0 fl W	 En 1-1 	WW 	H .--i a)	 I—I 04 >I
-P rH	 -P 4-) -P	 MPai	 f—IC)	 g1 H 	EP  gl	 Cd 0 rd	 CdO 
O -r-I -H 	-H a)< 	EWp	 orHo	 zn:i	 ocuo	 4--1	 EH -H
-RE 	r--I t7) a)	 ca -P tp	 > U) W 	Et)) 	U) rd 4-1	 cf) 0) U)	 U) ca 41

>1	 ›-4	 ›-4
H	 rd	 r-i
H	 Z	 H
W cd E	 0
> U) 	ca fd	 › ril
CdE	 (11	 0	 ai	 M	 oci
P M	 >	 a) 1---I	 >	 >	 P M
tr 0	 0:1	 ai	 al	 tr 0

H 	H 	-H >I H 	H	 H
>1	 H m	 >-1

Cdr--I	 H
4	 C.)	 4
4	 H	 4
O MI	 0
O 0

4
0

4 g1
O 4,,,,	 \	 P U)	 P	 g1

W 4	 W 4 4 \ W W	 0)
gl 0	 _3j	 WW P	 4.4	 4-4
Cd P	 ai P	 I u) M	 -H	 -H
4 4	 -Q 4	 rd 4
1W	 O	 0 	l(I)	 0 gi i	 0	 0
W O	 O	 0	 4 01 (1)	 U	 E.)
cri cri 	U) U) 	 O	 (/)
gl W	 gl 0	 "H n gl	 rd	 rO
cd ai	 ai ai	 H X al	 a)	 0
04	 P4	 1 a) e:14	 X	 >4
co o-.1	 (.1) ol	 RI 1-1 (1) 	-H 	-H

› al	 e	 e
O e
HO

O

O 4.1	 r7-1	 c.7

47



0 0
Ri RI

48

	- 	 cn
in I

	O
	a)	 a)

	

ro	 o., -	 H
- a)	 P	 0 ,c1	 -P

ri) P	 - a)	 H 0	 4-) 0
0 0 cfl	 cfl	 U] (d	 -H 0
U] 	a) 	WO) 	H	 H e
W U)	 0) P	 -4 	e
H OU] rd 0 0 	WU] 	-O

	ai 	-HQ) 	04 n:I a)	 U) 0
-a) $.4

•	

P	 Ri P4 >	 RI
u) ,c5 ty)	 4-) 03	 0	 0	 >i-P
a) H	 -	 (11 RI )-1	 ai U]
tr (11 -	 W 4 r-I	 rd u) tp HO

	

rti 0 ai	 W H	 0 0	 a, e
-H	 w	 a, - ai	 ni $-1 cn
• HO 	01--I	 H (DO	 -.11)

	Ç1-4 	H	 I	 rd 0	 cfl tT)
-	 a) 	U)	 a)	 0 0	 0) mi

ta rO rci	 1-1 4	 a) o rcS	 01 u)
01 0 0	 04 P-4 4-) 	fal 04 -H	 0
• 0 0 W I	 0 0	 -

-H	 al WO Z	 - W -Ha)
P a)	 4-1 4-) -H	 •-• ta 'd	 R/ Ca
04 P-I -	 rn	 I	 a)	 P P
u) u) P	 P o)	 a) 0 -	 rcS RS

	cd 0	 - (d 1-1 	4-J OU]

	

W	 04
-1-D04	 WHO	 003	 -cil

U]	-H	 ty)-H M	 3	 0	 u)
0 0 0	 ozi e	 4-1 rd	 0 -
a rd 0	 0 --1 el	 a) om	 c..)
O -r-1 -H cf) -H	 0	 0	 «i 0

U] 	r-I Efl	 0	 rci	 Ri u)	 S4 -H
-I-)	 U] O--	 )-4 -	 4-1 04	 4-)
O 4-) 0	 'd U]--	 $-1 0 ›.1	 a) ai
W -HO 	a)	 -) U)0	 4	 -P 4-)

0)I	 $_, ›	 (1).,	 4_) H	 u)	 cf)
W a	 e -1-i 4	

w
	ro ni 	 a o,

O 4_) cll -H	 0	 -H	 0	 P	 cd a)
C) 	u) c.) Sal	 U] )::) 9:5	 Z (1:1 ty)	 (I-4 ›

	Ca 	 Ca
H

	

-H	 rd RI
>1	 rd 0	 g 0

rd	 >1	 g (!)	 0 H
O al

cfl	 ai

• 

U]	 H W	 C.)	 ›, ›
r-i	 rn	 0	 C.) -H	 Z rd
-H	 0	 Ri	 -H g	 H g
O ›•1 0	 >1 0	 g (d	 0 Ri

CI)	 H H 	Hr- 1	 0 0	 cl)
4	 4 0H 	>4
4	 4 HO 	rd >4
O o	 0 >	 0 1-1
O U	 › 0	 (ci 4

O Ca 4
O o

0

	

--,	 --,,	 '--. u)
	N... P P	 '. $4 P 	,a)

W 4 a) a)	 4 a) a)	 RI >	 o)
p4	 0 (4-1 4-1	 4-1 4-1	 00 	P
• -H -H	 ..1 -H -H	 I	 ..1	 (ti

	E-1 400 400	 rci tr)	 4
(no°	 woo	 fn	 I

S4 	100 	100 	OU] 	o)
a) 	WI 	u) 1	 P 0	 CO
> (/) 4 ,0	 u) 4 Ti 	WO
O ai 0 0	 ai	 a)	 rci	 al
(..)	 P P X	 P P X	 r0	 al

bn 4 -H	 014 -H	 0 -H 	Ca

	

W e	 in e	 a, o
0.)
ro

H



49

Vegetation on the malpais kipukas varies depending on topography and

substrate material. For example, the small kipuka northeast of Mesita Blanca

(Hidden Kipuka), the larger of the two kipukas near the Narrows, and the unnamed

kipuka directly south of Bonita Canyon consist of sandstone or limestone substrate

(Maxwell 1986). These kipukas support extensive pinyon-juniper forests along their

crests, while ponderosa pine forests occur at slightly lower elevations around their

perimeters where water tends to collect. Big Hole-in-the-Wall, Little Hole-in-the-

Wall, and the kipukas located south of Hoya de Cibola on the far western edge of

the monument consist of older basalt substrate, and support open pine savannas and

extensive grasslands.

2.4 Land-use History

Mitigating effects of past human land use is a central management objective

for the monument (USDI National Park Service 1993), but requires an understand-

ing of past anthropogenic land use practices and their possible effects, especially

those following initial Spanish occupation after AD 1540. Two facts should first be

emphasized. Impacts of land use by Native Americans prior to Spanish occupation

were confined to limited areas in New Mexico (e.g., Chaco Canyon, the San Juan

River basin, and the middle and lower Rio Grande areas), because of low popula-

tion densities and sedentary lifestyles. During the Spanish-Mexican era (AD 1540 -

1846), Native American and New Mexican populations increased, as did agricultural

areas and areas favored for grazing livestock (e.g., the ranges east of the Sandia and

Manzano Mountains). Land use practices especially impacted major areas of

occupation, such as along the Rio Grande, in and around pueblo lands, and in river

drainages.

A key question concerns land use practices prior to Euro-American settle-
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ment ca. 1880: Could Native American and New Mexican land use have so severely

impacted the environment as to alter local fire regimes? These land use practices

constitute disturbances that may have altered vegetation characteristics of the

malpais region, such as fuel loadings, stand densities, age distributions, and plant

distributions. I will therefore discuss pre-1880 land use patterns, then discuss the

three major types of post-1880 disturbances in the Euro-American era that may have

impacted the malpais region: (1) grazing by domesticated livestock, especially sheep

and cattle; (2) logging, especially in the northern portions of the monument; and (3)

fire suppression.

2.4.1 Presettlement Land Use

Two groups influenced the landscape of northern New Mexico between AD

1540 and 1880: (1) Spaniard and Mexican populations between AD 1540- 1846, and

(2) Native American populations, such as the Navajo and the many Puebloan groups

(e.g., the Zuni, Acoma, and Laguna Pueblos in the malpais area). Land use prior to

1880 was dominated by sheep herding because the economies of both groups were

highly dependent upon the livestock trade. Other land use practices (e.g., subsist-

ence agriculture and fuelwood cutting) occurred, but grazing may have had the

greatest impact on fire occurrence in the malpais area, so I will restrict this discus-

sion to possible grazing impacts prior to 1880.

Livestock were introduced into New Mexico as early as 1540 when Francisco

Vasquez de Coronado led an expedition from Mexico City to find the famed Seven

Cities of Cibola (Bolton 1949; Bailey 1980; Baxter 1987). Only 28 sheep, however,

survived the trip when the expedition arrived at the Pueblo of Zuni later that year.

The next (and more successful) reintroduction of livestock occurred in 1598 when

Juan de Ofiate drove 3,600 sheep and goats from Mexico to the Pueblo de Santo
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Domingo along the Rio Grande near Albuquerque (Bailey 1980). Underhill (1956)

credits Oriate as the first to introduce sheep to the Puebloan groups as early as the

1610s - 1620s. However, livestock populations did not significantly increase under

Spanish domain until the last decade of the 17th century. In 1697, Fray Francisco de

Vargas imported thousands of sheep from Mexico to divide among patriotic Mexi-

can colonists who aided the Spanish reconquest of Native Americans after the

Pueblo Revolt of 1680 (Bailey 1980; Baxter 1987). The period 1700 - 1750 was a

time of rapid growth in the sheep trade, and the beginning of the famed carneradas,

or sheep drives, down the Camino Real to trade centers in Chihuahua, Mexico.

Sheep herds, however, were kept close to the settlements and fertile lands surround-

ing the Rio Grande, and it is doubtful New Mexican sheep traders exploited the area

near the malpais.

By 1757, the number of sheep and goats tended by New Mexicans reached

nearly 50,000 head. Between 1760 - 1800, as many as 25,000 to 30,000 sheep were

driven to the markets of Chihuahua each year (Bailey 1980; Baxter 1987). The peak

years of the New Mexican sheep trade occurred between 1821 and 1846 when sheep

and goats numbered 240,000 in the northern settlements (Santa Fe, Albuquerque,

and Santa Cruz). Expansion of settled areas also occurred as increased populations

demanded increased pasturage. The expansion, however, occurred eastward to-

wards the plains east of the Manzano and Sandia Mountains rather than to the west

in the direction of the malpais. This expansion shifted dramatically in 1848 when

New Mexican sheep traders realized a lucrative market existed in the rapidly grow-

ing state of California. In 1854, Francisco Chaves gathered 18,000 sheep to drive to

California, and decided to take a new, untested route (Baxter 1987). This route

went due westward from the Rio Grande to the Pueblo of Zuni, a route that may

have skirted the malpais. Impact on the malpais environment due to the carneradas
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may have been minimal, however, as the last of these occurred in 1861.

Meanwhile, pastoralism had become the preferred way of life for the Navajo.

Trade with the Mexican pueblo missions first brought sheep to the Navajo sometime

prior to 1630 (Bailey 1980). However, sheep numbers were not great. An early

Spanish account mentions only 150 sheep among 4,000 Navajos at this time (Under-

hill 1956). In the early 1600s, the Navajo also began migrating south and west away

from their traditional homeland in the San Juan River Basin in extreme northwest-

ern New Mexico (Goodman 1982). By 1750, the Navajo had arrived in the Mt

Taylor area, the Zuni Mountains, and the Rio San Jose Valley, all three locales

bordering the northern portions of the malpais (Bailey 1980). Holmes (1989) places

their arrival in the malpais area sometime in the late 18th century. However, the

majority of the Navajo population had migrated westward rather than southward,

eventually crossing the Chuska Mountains and establishing a cultural center near

Canyon de Chelly.

Bailey (1980) estimated that the Navajo possessed approximately 1,000 sheep

by 1700, 8,000 by 1721, 32,000 by 1735, and 64,000 by 1742. By 1850, Navajo sheep

numbered nearly 500,000, mostly in vast areas of northeastern Arizona and extreme

northwestern New Mexico, far from the malpais. Grazing by members of the

Ramah branch of the Navajo tribe did occur in the Zuni Mountains, and involved

moving sheep to the higher elevations in the summer and to the lower elevations in

the winter (Holmes 1989). The low population of the Ramah Navajo, however,

suggests sheep numbers were never large enough to significantly impact the envi-

ronment around the malpais.

Puebloan groups, specifically the Zuni, Acoma, and Laguna, also adopted

sheep herding at approximately the same time as the Navajo. Ferguson and Hart
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(1985) noted that the Zuni did not obtain livestock until late in the 17th century,

perhaps because of the great distance between Zuni and the Rio Grande pueblos

and missions. The first recorded mention of Zuni sheep was in 1721. By 1750,

perhaps as many as 15,000 sheep grazed outlying areas surrounding the Pueblo of

Zuni, especially along the southwestern flanks of the Zuni Mountains and the val-

leys between the Pueblo and the Zuni Plateau to the south (Ferguson and Hart

1985). This number grew to 30,000 by 1800, and to 50-60,000 by the year 1900. The

malpais area marked the eastern edge of traditional Zuni grazing areas, and it is

documented that certain Zuni families grazed as far east as Bandera Crater near the

Ice Caves (Ferguson and Hart 1985). Because the majority of Zuni grazing occurred

in and southwest of the Zuni Mountains (Holmes 1989), it is doubtful that areas

around the malpais were impacted to a significant degree.

Not surprisingly, the groups that may have significantly impacted the malpais

habitats were the two groups closest to the malpais, the Acoma and Laguna Pueblos.

Acoma is the oldest of the two, dating to the 1100s, while Laguna was settled after-

wards but prior to the Spanish entrada (Holmes 1989). Their closer proximity to the

Mexican settlements along the northern Rio Grande ensured their contact with

sheep perhaps earlier than the Navajos and Zunis. Growth of the sheep population

closely paralleled the Zuni and Navajo sheep populations. By the second half of the

1800s, both pueblos considered the malpais area a choice winter herding location.

Specific mention is made of grazing sheep in Big Hole-in-the-Wall, the large ldpuka

in the center of the monument (Holmes 1989). The Pueblo of Laguna had, by this

time, established a reputation for its sheep trade and sheep products. Locations

adjacent to the malpais specifically used for grazing by the two pueblos were: Blue

Water Creek (perhaps north of the malpais), Cebolla Canyon to the southeast of the

malpais, the Cerritos de Jaspe (nearly surrounded by the monument), Cebolleta
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(Holmes 1989). Other areas grazed near the malpais include: Oso Ridge to the

northwest, Cerro Alto far to the west of the malpais and a marker of the Acoma

grazing boundary, and Cerro Techado far to the southwest of the malpais and

another marker of the Acoma grazing boundary.

2.4.2 Postsettlement Grazing

Two factors greatly influenced large-scale sheep herding in the malpais area

in the latter decades of the 19th century. First, the Navajo tribe was subjugated by

1870 due in part to troops stationed at Fort Wingate near San Raphael in the north-

ern portion of the monument between 1862 and 1869. As elsewhere throughout

Spanish New Mexico, the economy of newly established settlements around the

malpais (e.g. San Raphael, Cubero, and Cebolleta) centered around the sheep trade

(Hart 1988; Mangum 1990). Second, the Atlantic and Pacific Railroad arrived at the

malpais in 1881 during its westward expansion, and established a coaling depot at

Grants Station (later to become Grants) on the extreme northern edge of the lava

flows (Glover and Hereford 1986; Mangum 1990). The connection to railways and

the ability to transport livestock caused local sheep populations to dramatically

increase. The community of San Rafael, adjacent to the monument, became the

center for sheep herding with tens of thousands of sheep grazing the malpais grass-

lands and forests by 1885 (Bailey 1980; Mangum 1990).

The height of the sheep industry in the malpais area occurred during the

1880s. In Valencia County, sheep totaled 157,400 head in 1885 (Mangum 1990). In

addition, cattle companies began to make inroads in the malpais sheep industry at

about the same time. Between 1887 and 1892, four cattle companies (Arizona

Cattle Company, Cebolla Cattle Company, Acoma Land and Cattle Company, and
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the Zuni Mountain Cattle Company) established or purchased land in the malpais

area and began grazing cattle (Hart 1988). Lummis (1891) reported that horses

from the A.L.C. ranch were pastured in a 20,000 acre "island" in the lava flows, most

likely referring to the Big Hole-in-the-Wall kipuka. A severe drought between 1891

and 1893, however, decimated the livestock industry throughout the Southwest

(Allen 1989; Mangum 1990), and the industry never fully recovered. By 1925, the

sheep industry had declined and was no longer the economic center of industry in

the malpais area. The 1939 death of San Raphael's largest sheep rancher, Don

Sylvestre Mirabal, effectively ended widespread sheep ranching in the malpais.

Livestock grazing, primarily cattle, continues in the malpais area, but will be phased

out within monument boundaries by 1997 (USDI National Park Service 1993).

2A.3 19th and 20th Century Logging

As the livestock industry declined, another industry took a firm and long-

lasting foothold in the malpais area. In 1891, entrepreneurs from Michigan bought

vast landholdings in the Zuni Mountains from the railroads, seeking to exploit the

timber resources of the mountain range (Mangum 1990). Logging began in 1893

(US Department of Justice 1990), but was soon halted due to the poor economy of

the 1890s. Large-scale logging resumed in 1903 by the American Lumber Company,

which thrived until 1913. At its height in 1910, the firm processed 60 million board

feet of timber, and averaged 35 million board feet in other years (Mangum 1990).

Fifty-five miles of narrow-gauge rail lines crisscrossed the Zuni Mountains in an

effort to exploit as much prime timber as possible (Glover and Hereford 1986). The

timber industry in the malpais area thrived under different companies for 40 years,

until 1942 when the Breece Lumber Company no longer could operate on a profita-

ble basis and closed down.
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Logging had severe effects upon the forests of the malpais. Prior to 1912,

logging in the Zuni Mountains occurred primarily east of the Continental Divide on

the northeastern flanks of the Zuni Mountains (Glover and Hereford 1986; U.S.

Department of Justice 1990), thereby sparing malpais forests from logging. Howev-

er, the Breece Lumber Company built rail lines into the very southeastern portions

of the Zuni Mountains near their border with the malpais lava flows (Glover and

Hereford 1986). (During field sampling, remnants of a rail line were found in the

northern portion of the malpais, west of El Calderon and south of Highway 53). No

rail lines existed around the southeastern tip of the mountain range connecting to

Grants, but were probably unnecessary because logs could easily be trucked to the

sawmills on the northern side of the Zuni Mountains. Logging therefore occurred

primarily in the northern and central portions of the Zuni Mountains, and may have

spared the malpais from extensive, large-scale logging.

Some time between 1920 and 1942, however, lumber companies became

aware of the extensive ponderosa pine forests in the northern and northwestern

portions of the monument. Logging was extensive in many areas, including the

forests surrounding El Calderon, the pine stands on and adjacent to Cerro Bandera,

the stands on and around Cerro Rendija, and the forests surrounding the Cerritos de

Jaspe. The logging specifically targeted the largest individuals, some pines being

nearly 1.75 meters in diameter and over 600 years old when cut (based on dates of

fire-scarred specimens collected for this study).

Occasionally, lumber companies went to unusual steps to log the malpais

forests. At the Lost Woman cinder cone, the loggers graded a roadcut across the

rugged aa lava to reach an isolated stand of ponderosa pines. Loggers also targeted

fire-damaged trees, felling them with cuts just above the basal wound. This practice
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was fortuitous, creating extensive logged areas containing numerous stumps with

well-preserved fire-scarred surfaces with which to reconstruct the past history of fire

in the malpais.

2_4.4 Fire Suppression

The Forest Reserves (later the National Forests) were established in 1895

(Tucker 1992). In the malpais area, the Zuni National Forest was established in

1909, later transferred to the Manzano National Forest in 1914, then incorporated

into the Cibola National Forest in 1931 (Tucker 1992). The area later to be occu-

pied by El Malpais National Monument fell under jurisdiction of the Bureau of

Land Management Both the U.S. Forest Service and the Bureau of Land

Management emphasized multiple-use management of federal lands, which meant

protecting timber resources from wildfires. Fire suppression was a matter of policy,

and perhaps was practiced in the malpais area as early as the 1910s, due in part to

the proximity to the National Forests, and due to the heightened awareness of

damage caused by wildfires after the widespread wildfires that swept the western

states in 1910 (Tucker 1992). Official establishment of the monument in 1987

placed the malpais under the jurisdiction of the National Park Service, which repre-

sented a shift in fire management policy to one more tolerant of wildfires.

As recently as 1990, the fire management policy of El Malpais National

Monument emphasized total suppression of all fires regardless of origin (USDI

National Park Service 1990) until a new fire management policy was approved

(USDI National Park Service 1992). Past policies of complete fire suppression were

incompatible with the fundamental objective of fire management for El Malpais,

which emphasized restoring "the natural function of fire within the ecosystems of

the park to the greatest extent possible" (USDI National Park Service 1992). All
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declared wildfires in the boundaries of the monument will still receive "... an appro-

priate suppression response," but the response by park managers will depend on

whether the fire meets restoration objectives or poses possible danger to humans,

structures, or cultural sites (USDI National Park Service 1992). The present policy

to restore fire as an ecosystem process, however, depends first on the park's ability

to manually reduce high fuel loadings and dense thickets of young ponderosa pines

using management-ignited prescribed fires.

2.4.5 Probable Effects of Land Use

Prior to 1880, grazing likely did not severely impact the malpais region. The

malpais area occupies the very southern extent of Navajo migration, occupation, and

land use prior to 1880, as the majority of the Navajo migrated westward rather than

southward towards the malpais. Native American populations, and therefore sheep

numbers, were therefore not as substantial as they were further east along the Rio

Grande, or further west in the Chuska Mountains. Bailey (1980) noted that, in the

18th century, "sheep were few and precious." The distribution of the Navajo popula-

tion (estimated to be ca 4,000 in the mid-1700s) over such a widespread area of the

Southwest also suggests sheep density was never high until populations were concen-

trated on the Navajo Reservation.

These low densities, however, do not preclude the possibility of higher sheep

densities in localized areas. For example, Touchan et a/. (1995) hypothesized that

an apparent change in fire frequency ca. 1750 at a site on the far western edge of the

Jemez Mountains (Continental Divide) resulted from intensive Navajo (and perhaps

Hispanic) sheep grazing. Because the Navajo moved sheep to higher elevations in

the summer, and because this western location is near the traditional Navajo home-

land, this hypothesis is tenable. At another site on the northern end of the Jemez
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Mountains (Cerro Pedernal), disruption in the fire regime was likely related to

intensive sheep grazing by Hispanics occupying the large land grant in the Valle

Grande. In the Chuska Mountains of northwestern New Mexico and northeastern

Arizona, Savage and Swetnam (1990) observed a decrease in fire occurrence begin-

ning ca. 1829 that they attributed to Navajo sheep grazing.

The complex chronology of land use after 1880 in and adjacent to the malpais

created present-day unnatural fuel conditions that further complicates development

and implementation of a fire management policy. Both widespread grazing that

began ca. 1880 and the reduction in sheep and cattle numbers beginning ca. 1925

may have affected fire ignition probability and spread by altering fuel loadings.

Although not specifically measured or assessed for this study, site observations

support the general assessment that fuel loadings in the malpais region are anoma-

lously high, as elsewhere in the Southwest (Dodge 1972; Sackett 1979). Fire sup-

pression beginning ca. 1910 has probably contributed to an increase in stand densi-

ties of ponderosa pine forests, further enhancing the fire hazard by creating ladder

fuels in forests once characterized by open stands of mature ponderosa pines (USDI

National Park Service 1992; USDA Forest Service 1993). Logging further increased

fuel loadings because only the lower bole of cut trees was removed, and sometimes

entire trees were left lying where they fell. Based on this chronology, the fire regime

of the malpais area during the last 100 years has been altered, characterized by fuel

loadings that should be reduced prior to implementation of a natural or manage-

ment-ignited prescribed fire program.

Despite this knowledge of extensive land use of the malpais area, assigning

primacy to the effects of any one disturbance on fire regimes, especially at the indi-

vidual site level, may not be possible until additional studies are: (1) conducted that

investigate the influence of all other possible factors (see e.g. Archer et al. 1995),
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and (2) synthesized to provide a regional perspective on possible contributing fac-

tors. A great deal of controversy exists among ecologists, climatologists, geomor-

phologists, range managers, and range scientists over possible explanations for

environmental changes that occurred in the Southwest, especially during the last 100

years (Rich 1911; Leopold 1924; Bahre 1991; Archer et al. 1995). Changes in vege-

tation beginning ca. 1880 have been attributed to climatic change (Thornthwaite et

al. 1941; Hastings and Turner 1965), increased CO2 (Idso 1992), grazing (Bahre

1991; Archer et al. 1995), and fire exclusion (Humphrey 1958; Savage and Swetnam

1990). Before primacy can be assigned to any one factor, however, the relative

influence of the other remaining factors must be assessed. Hence, to accept the

hypothesis that human-related factors (i.e., grazing and fire suppression) caused a

decrease in fires and changes in vegetation, it must first be shown that changes in

other environmental factors that could affect fire regimes did not occur concurrently

with grazing onset and fire suppression. A secondary objective of this research was

to determine whether changes in climate occurred within the last 200 years to help

clarify the effects land use and climatic change may have had on the environment of

the malpais. If no clear evidence can be shown proving climatic change caused such

changes in the fire regime ca. 1880, then these changes must be attributed to human-

related land-use practices.
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CHAPTER THREE 

A 2,129 YEAR RECONSTRUCTION OF PRECIPITATION FOR

EL MALPAIS NATIONAL MONUMENT

"Nature has her moods in the Southwest, each lasting for a long period of time."

- Ruth Underhill, anthropologist, 1956

3.1 Site Descriptions

The Bandera Ice Cave (BIC) site is located near the southern periphery of

Bandera Crater in the northern section of the malpais near State Highway 53 (Fig.

3.1). Alton A. Lindsey first sampled these trees in the 1940s, and found both Doug-

las-fir and ponderosa pine trees growing on the malpais lava reached great ages

(Lindsey 1951). More than 40 years later in 1990, Thomas W. Swetnam and Antho-

ny C. Caprio of the Laboratory of Tree-Ring Research collected numerous incre-

ment cores from these same trees in the general area of the commercial ice cave

operated by Dave and Reddy Candelaria. Over the next three years, I made addi-

tional collections along the periphery of the lava tube system that originates from

the southern rim of Bandera Crater. The collection extended ca. 0.5 km to the south

of the ice cave, though few Douglas-fir trees were found further away from the ice

cave.

The Cerro Rendija East (CRE) site is located to the east-northeast of Cerro

Rendija in the northwestern portion of the malpais (Fig. 3.1). This site was discov-

ered by Kent Carlton in the mid- to late-1980s when conducting a comprehensive

survey of the flora and geology of the monument prior to its establishment in 1987.

This site was specifically targeted between 1991 and 1993 for several comprehensive

collections because of the numerous long-lived conifers and the abundant remnant

wood found here. The site marks the western periphery of the pahoehoe lava sur-



Figure 3.1 El Malpais National Monument and its five major lava flows,
bounded by Highways 53, 42 and 117, showing locations of the Cerro
Rendija East and Bandera Ice Cave sites where tree-ring samples were
collected for the climate reconstruction.
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rounding the lava tube system in the Bandera Lava Flow. A forest edge clearly

demarcates the western periphery. The collections extended approximately one km

north and northwest along the forest edge at a point ca. one km north of The Wall.

The maximum extent eastward was only 100 meters. Trees further east near the

center of the lava tube did not appear as old, nor was remnant wood as abundant.

At both sites, conifers are common, though their growth forms are unusual.

Douglas-fir trees are often short (less than seven meters), have a very wide base

(often greater than one meter in diameter), gradually taper to a dead spike-top, and

exhibit a very pronounced spiral grain that is often near horizontal (Fig. 3.2).

However, Douglas-firs do exist that are more characteristic of those in other south-

ern Rocky Mountain forests. The ponderosa pine trees almost always have growth

forms characteristic of those trees that grow off the lava flow, though they are

somewhat shorter and do not reach similar diameters. Occasionally, ponderosa

pines are found that are very short (less than seven meters), twisted, and contorted,

such as those found growing in the "bonsai" or "pygmy' forests of the McCartys Lava

Flow (Fig. 3.3).

In addition to these unusual living conifers, we found abundant samples of

remnant, subfossil wood lying on the lava surface throughout both sites. The wood

displayed varying degrees of preservation, color, and shapes that aided identification

of species type and probable age. Remnants from ponderosa pine trees were easily

identified by their yellow-grayish color, and by the manner in which they erode (Fig.

3.4). In virtually all ponderosa pine samples collected, the remnants consisted of the

lowermost basal portion of the tree bole, thus allowing the maximum number of

rings to be obtained from these specimens. The ponderosa remnants were always

much better preserved than were the less-resinous Douglas-fir sections. Remnants

from Douglas-fir trees were easily identified by their near-horizontal spiral grain,



Figure 3.2 Living Douglas-fir trees, CRE 37 (top) and BIC 63
(bottom), showing typical growth forms found on the lava flows.
CRE 37 dates to AD 1062, while BIC 63 is the oldest known
living Rocky Mountain Douglas-fir with an inside pith date of
AD 719.
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Figure 3.3 Living ponderosa pine trees found on the Bandera Lava Flow, showing the
stunted, contorted growth form usually found (left), and the erect growth form (right).



Figure 3.4 Remnant subfossil Douglas-fir (BIC 74, top) and
ponderosa pine (CRE 46, bottom) found lying on the surface
of the Bandera Lava Flow . BIC 74 dates to AD 589, while
CRE 46 dates to AD 111.
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gray color, and deeply eroded surfaces (Fig. 3.4). The best preserved Douglas-fir

specimens had dense wood due to slow growth. Juniper remnants were easily identi-

fied by their reddish color and contorted shapes. Pinyon remnants resembled

ponderosa pine remnants, but could be distinguished by their characteristic odor

upon sampling.

3.2 Methods

3.2.1 Field Methods

At least two increment cores were extracted from selected individual living

Douglas-fir and ponderosa pine trees from both sites. Cross-sections from logs and

remnant samples of both species were cut with a chainsaw, and all relevant informa-

tion about the sample (location, dbh, crown condition, lean degree, lean direction,

etc.) was recorded on a standard specimen form. We also collected cross-sections

and cores from pinyon and Rocky Mountain juniper, but the majority of our collec-

tion efforts concentrated on Douglas-fir and ponderosa pine.

3.2.2 Crossdating and Quality Control

In the laboratory, all cross-sections were reassembled and, if necessary,

mounted on plyboard, while cores were glued to wooden core mounts. All surfaces

were sanded beginning with a coarse grit size (40 grit) to plane the surface flat, then

progressively using finer sandpaper until eventually using a 400 grit Each cross-

section and increment core was then crossdated by creating skeleton plots for each

sample, thereby assigning each tree ring its exact year of formation (Stokes and

Smiley 1968; Swetnam et al. 1985). For master dating chronologies, I used skeleton

plots for chronologies developed for nearby archaeological sites in the Southwest

These sites included: Canyon de Chelly, Arizona; Cebolleta Mesa, New Mexico;

Cibola, New Mexico; and, Durango, Colorado (Dean and Robinson 1978). To aid in
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crossdating the remnant sections, certain key tree-ring sequences or signature pat-

terns (such as the 1570 - 1600 group of extremely narrow rings) were searched for

and located. Occasionally, a conclusive match of the sample skeleton plot could not

be obtained with any of the archaeological master plots. I then measured these

samples and entered their measurement series into program COFECHA (Holmes

1983, 1992a) as an undated series, and statistically matched them with the archeolog-

ical chronologies. The match suggested by COFECHA was always visually checked

with the master dating chronologies, and I subsequently made any corrections for

errant rings on the sample, if necessary.

Once all samples were crossdated, all rings from the 273 dated series (68

from BIC and 205 from CRE) were measured to the nearest 0.01 mm (Robinson and

Evans 1980). I used program VERIFY5 (Grissino-Mayer 1992) to perform interac-

tive measurement checks during the actual measurement sessions to ensure consist-

ent accuracy by the technician. I then used COFECHA to further ensure the accu-

racy of measurements and crossdating. COFECHA checked crossdating accuracy by

taking overlapping and successive 50-year segments of a particular measurement

series, and correlating these segments with a master chronology developed from the

remaining series. COFECHA flagged segments that correlated low with the master,

and I reevaluated these segments to determine the source of the crossdating error.

COFECHA also flagged individual ring measurements that were statistical outliers

(exceedingly wide or very narrow) when compared to the distribution of all ring

measurements from all measured series for the same year. All flagged measure-

ments were checked to ensure these were accurately measured.

3.2.3 Standardization

Standardization of tree-ring measurement series is necessary to remove
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growth trends due to normal physiological aging processes not related to climate.

This removal is accomplished by first fitting a trend line, usually a linear or negative

exponential expression, to the measurement series using ordinary least squares

techniques. An index of tree growth for any year is obtained by dividing the actual

ring width by that predicted from the regression (Fritts 1976; Graybill 1982). If

actual growth meets or exceeds the predicted value, an index equal to or greater

than one is generated. Unfortunately, removal of the age trend may sometimes

remove or decrease the desired signal being investigated, especially when a long

tree-ring chronology is constructed by a number of relatively short series (LaMarche

1974). Therefore, the flexibility of the trend lines fit to the actual measurement

series should be rigid to preserve the long-term, low-frequency trends that may be

due to climate.

In this study, I used program CRONOL (Holmes 1992b) to standardize the

248 measurement series using either negative exponential or linear growth expres-

sions (Fritts 1976). Series from both Douglas-fir and ponderosa pine were included

in the final chronology. I chose to use the STANDARD chronology type for all

analyses, rather than the RESIDUAL chronology type, because the STANDARD

type retains the low-frequency variation desirable for analyses of long-term trends

in past climate. The RESIDUAL chronology type, developed using autoregressive

(AR) modeling (Cook 1985), represents a white noise series with all low-frequency

variation removed, and would not have proved useful for analyzing long-term (>100

years) trends in past climate.

3.2.4 Developing the Climate Model

I investigated the climate-tree growth relationship using PRECONK (Fritts et

al. 1991; Fritts and Shashkin 1995; Grissino-Mayer and Fritts, in press) and SAS
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(Schlotzhauer and Littell 1987) to isolate those months in which temperature and

precipitation had significant effects upon tree growth. I used climate data from

individual weather stations in northwestern New Mexico, as well as regional tem-

perature, precipitation, and PDSI (Palmer Drought Severity Index) values de-

veloped for NOAA Climate Division Four (Southwestern Mountains) for New

Mexico over the period 1895 - 1992. The analyses included both response function

and correlation analyses between the tree-ring index chronology and monthly cli-

mate values. Response function analysis is a rigorous assessment of the effects of

climate upon tree growth, utilizing principal components of orthogonally trans-

formed climate and tree growth data to reduce effects resulting from covariance

among the independent variables (Fritts 1976; Grissino-Mayer et al. 1989; Grissino-

Mayer and Butler 1993; Fritts et al. 1991). The bootstrapping techniques (Efron

1979; Mooney and Duvall 1993) used in PRECONK ensured robust estimates of the

95 % confidence intervals around the monthly coefficients (Guiot 1993). All analy-

ses included monthly values lagged by one year to investigate the effects of previous

year's climate upon current year's tree growth. Because trees respond to climate

over a period often extending to the previous growing season, various seasonal

climate variables were also constructed for correlation analyses by averaging or

grouping monthly values (Fritts et al. 1965; Grissino-Mayer and Butler 1993).

3.2.5 Climate Reconstruction Methods

I chose the climate variable with the most significant response function and

correlation coefficients for reconstruction. Calibration equations were then

developed that predicted climate from the tree-ring index chronology on half-

sample subsets (1896- 1943 and 1944- 1992) of the full period using ordinary least

squares analysis. To isolate outliers that adversely affected the derived model, I
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used standard regression diagnostics tests (Schlotzhauer and Littell 1987). These

included: (1) the Durbin-Watson statistic to monitor residual autocorrelation; (2)

Studentized residuals to isolate observations not adequately modeled by the regres-

sion equation; and (3) Cook's d to monitor observations that adversely influenced

the regression model (Draper and Smith 1981; Graumlich 1985; Freund and Littell

1986; Schlotzhauer and Littell 1987; Lara and Villalba 1993; Grissino-Mayer and

Butler 1993). Because Studentized residuals approximate the Student's t-distribu-

tion in which values of 2.0 are rare for low degrees of freedom (Freund and Littell

1986), values considered excessive were -2.0> t > 2.0. Values for Cook's d consid-

ered excessive were d> 0.1. I used an iterative process by first removing the outlier

observation that adversely affected the derived model, and respecified the model. If

the respecified model showed a decrease in error variance as suggested by an in-

crease in the F-value for the model, the observation was retained from the calibra-

tion, and the process repeated until no further observations adversely affected the

model specification. If the removal of the observation increased error variance, I

replaced the observation and analyzed the next apparent outlier in the same man-

ner.

I verified each calibration equation with the half-sample subset withheld

from the calibration period to ensure accuracy in prediction (Fritts 1976, 1991)

using program VFY in the International Tree-Ring Data Bank Program Library

(Holmes 1992c). Predicted climate values were compared to actual values using

verification tests that included correlation analyses, reduction of error tests, the

product means test, and the sign-products test (Fritts et al. 1990; Fritts 1991). If the

comparison proved the calibration equation robustly estimated climate, the equation

was considered verified. I then used the entire period 1896 - 1992 to develop a new
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transfer function equation to reconstruct the selected climate variable for the entire

length of the tree-ring chronology. Use of the full data set rather than one of the

two half-sample subsets for reconstruction purposes is desirable, because this tech-

nique maximizes the number of observations and, therefore, the degrees of freedom

used to calculate model significance in the final regression equation (Briffa et al.

1990).

3.2.6 Trend Analyses

12.6.1 Analyzing Changes in Mean Climate

A major goal of this research was to analyze both short-term, decadal trends

as well as long-term, centennial trends in past climate. To partition decadal and

centennial length climate episodes, I fit 10-year and 100-year smoothing splines

(Cook and Peters 1981) through the reconstructed time series. Long-term climate

episodes were classified as above normal or below normal with respect to the recon-

structed mean. To help quantify the magnitude of past climatic fluctuations, I

converted all reconstructed values to standard deviation units (z-scores) by first

subtracting the series mean and then dividing by the standard deviation of the over-

all series (Schlotzhauer and Littell 1987; Barber 1988). Use of standard deviation

units provided an objective means for identifying climatic periods that were well

above or below normal relative to the long-term mean.

Dean (1988b) observed that using a reference of two standard deviation units

to indicate extreme climate episodes (i.e., extreme climate episodes that occur only

5 % of the time) was too rigid for archeological purposes, because local cultures

were likely affected by changes in climate long before climate has reached such

extreme levels. Dean therefore proposed using +1.1 standard deviations (sd) as a

more suitable reference. Values greater or less than this reference delimit 25 % of
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the more extreme climate episodes (12.5% above and 12.5 % below the mean)

considered potentially significant to the physical environment and to native

populations. In this study, I also used a reference of +1.1 sd units to determine the

most extreme of both short-term and long-term climate episodes.

I identified short-term periods when the climate variable was below normal

by listing all periods that contained years below the -1.1 sd level threshold at some

point based on the 10-year spline. Similarly, I identified periods of above normal

conditions by listing periods that exceeded the +1.1 sd level at some point I estab-

lished beginning years for each period by noting in which year values of the spline

first fell below a value of -0.5 (for below normal periods) or climbed above a value

of +0.5 (for above normal periods). I considered a period terminated when values

for the spline curve climbed above -0.5 (for below normal periods) or fell below

+0.5 (for above normal periods). All short-term periods had to last at least four

years.

In this study, short-term periods of anomalous climate also were identified

using the duration of the climate episode in addition to magnitude, because duration

exacerbates magnitude. For example, a drought period lasting 20 years had a con-

siderably greater impact on human and plant populations than a drought period of

similar magnitude lasting only six years. To incorporate both magnitude and dura-

tion, a value was assigned to each short-term climate episode identified, weighted by

both the average for the chosen climate variable and the minimum (for below

normal periods) or maximum (for above normal periods) duration of the period.

Because the scales for magnitude and duration differ, I first converted the average

values and the durations of each period to z-scores by subtracting the mean and

dividing by the standard deviation of the observations. This conversion ensured

values for both magnitude and duration had means of zero and standard deviations



of one. To rank the above normal periods, both values were simply summed. To

rank the below normal periods, I subtracted the z-score for duration from the z-

score for annual amount The results of this weighting scheme provided a more

realistic assessment of the most extreme below or above normal periods.

12_6_2 Analyzing Changes in Temporal Variability

In additional to analyzing changes in mean climate, changes in the temporal

variability of reconstructed climate were examined by computing the running vari-

ance for overlapping 25 year periods. Investigating changes in the variability of

reconstructed climate is considered as important as analyzing changes in the mean

itself (Katz and Brown 1992). Changes in variability of climate have been used to

explain certain behavioral responses by the Anasazi. High temporal variability

likely produced differences in resource availability causing interactions among

groups within the Four Corners area (Plog et al. 1988), and favored long-term food

storage to prevent starvation during frequent and intense drought periods (Dean et

al. 1994).

Dean et al. (1985) also observed a moderate positive relationship between

mean tree growth and variance, suggesting long-term periods of above normal rain-

fall coincided with periods of high year-to-year variability in rainfall. In this study, I

compared periods of high and low variability in the climate reconstruction with

those periods derived from previous studies (Dean et al. 1985; Plog et al. 1988; Dean

et al. 1994), and also compared these changes to long-term changes in mean climate

to test the relationship between mean tree growth and variability suggested by Dean

(1988b).

74
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3_2.6.3 Analyzing Changes in Skewness

I am unaware of climate studies that utilized the higher moments (i.e.,

skewness and kurtosis) of a distribution to identify probable long-term changes in

climate. Interpretation of these higher moments has proven useful in hydrology

(Tasker 1978; U.S. Water Resources Council 1981; Chowdury and Stedinger 1991;

Webb and Betancourt 1992; Wilks 1993) and forestry (Gates et al. 1983; Knox et al.

1989). Palaeoclimatologists should recognize that climate is characterized by not

only changes in mean climate and variability, but also by changes in the number of

extreme, individual (i.e., yearly) climate events (e.g., see Webb and Betancourt

1992). Katz and Brown (1992) observed that "extreme events act as a catalyst for

concern about whether the climate is changing." Therefore, higher moments of a

distribution have potential for providing additional information about the temporal

stability of climate.

To identify changes in the number of extreme climate events, running skew-

ness coefficients were computed for overlapping 25-year intervals of the recon-

structed time series. These running skew coefficients identified periods that were

dominated by a few extremely wet or dry years by noting the degree and direction of

the coefficients. Climate periods dominated by a few exceedingly small or large

data values (i.e. years when the climate variable was well below or above normal)

were identified by negatively or positively skewed distribution, respectively. Occa-

sionally, 25-year periods can occur when a few extreme positive values were coun-

tered by a few extreme negative values, resulting in a skew coefficient of zero.

However, the anomalous climate for a period such as this is revealed by the vari-

ance, which identifies periods when both extremes occur (i.e., a period with high

variability). Therefore, the skew coefficient was used to identify periods dominated

by one type of climate regime (e.g., very wet versus very dry periods), while the van-



76

ance was used to identify periods dominated by rapid shifts between climate re-

gimes. The fourth moment about the mean, kurtosis (a measure of "peakedness" in

a distribution), is highly related to skewness (MacGillivray and Balanda 1988;

Horswell and Looney 1993), and therefore was not analyzed in this study.

3.2.6.4 Multiyear Grouped Intervals versus Running Calculations

In this study, I did not use multiyear calculations for grouped intervals over

specific durations as have previous studies (e.g., see Hill and Hevly 1968; Euler et al.

1979; Dean et al. 1985; Hughes and Diaz 1994), because grouped calculations intro-

duce spurious trends that may lead to erroneous interpretations. Parkinson (1989)

conclusively demonstrated that trends in climatic data may be monotonically in-

creasing, decreasing, or constant, depending on which observation the grouping

begins. Parkinson (1989) further emphasized that the use of running means is more

desirable because they do not complicate long-term trends as do multiyear group-

ings, they are easy to calculate, and they omit far less information. The use of

running values is highly dependent on the autocorrelation from one interval to the

next, which emphasizes the codependence between intervals. The use of these seri-

ally-dependent series to assess changes in long-term climate is justified because

serial dependence is an inherent trait of the climate system, ranging over all time

scales. In this study, I converted the running series to simple z-scores, and used the

1.1 sd cutoff to identify periods that were climatically different enough to affect

changes in the behavioral attributes of the Anasazi population.

3.2.6.5 Defining Favorable versus Unfavorable Climate

Because this reconstruction has important implications for understanding

changes in Anasazi culture, periods of favorable and unfavorable climate must be
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defined based on the statistics used. Favorable climate periods were characterized

by: (1) a mean value above the long-term mean of the entire reconstruction; (2) low

temporal variability, or little fluctuation about the mean; and (3) a skew coefficient

with a value of zero or higher, indicating the absence of extreme, below normal

years. An unfavorable climate system was characterized by: (1) a mean value lower

than the overall mean; (2) low temporal variability; and (3) a negative skew coeffi-

cient, indicating the presence of below normal extreme years. Periods of high

temporal variability indicated a rapidly oscillating, unstable climate system, regard-

less whether overall climate was above or below normal, and was considered unfa-

vorable due to lack of predictability from one year to the next

12.7 Analyzing Spectral Characteristics

The study of cycles in solar output and the potential effects these cycles have

on climate and tree growth provided the impetus for dendrochronology in its forma-

tive years (Douglass 1909, 1919). Researchers have focused almost exclusively on

the 11-year sunspot cycle and the 22-year Hale solar cycle and their possible influ-

ence on climate, tree growth, atmospheric and oceanic circulation patterns, and crop

yields (Mitchell et al. 1979; Meko et al. 1985; Guiot 1987; Murphy and Veblen

1992; Meko 1992). Although controversial, the analysis of spectral properties in

tree-ring data and their derived reconstructions remains a powerful tool for investi-

gating the long-term dynamics of environmental factors (Briffa et al. 1992; D'Arrigo

and Jacoby 1992; Swetnam and Lynch 1993; Reams et al. 1993). The identification

of significant long-term cycles in climate reconstructions, however, remains depend-

ent upon the preservation of long-term trends in the tree-ring data. As mentioned

previously, archaeological tree-ring material rarely contain such long-term trends

because the tree-ring series are often short, and because the standardization tech-
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niques removed much of the desired long-term signal. Therefore, the identification

of long-wavelength cycles in climate reconstructions can only be accomplished by

using tree-ring data in which these long wavelengths were preserved.

D'Arrigo and Jacoby (1992) observed significant cycles between 80 and 100

years in a climate reconstruction developed for northwestern New Mexico. Given

the nature of the archaeological tree-ring material used in this studies, finding cycles

this length was not surprising. However, Euler et aL (1979) and Karlstrom (1988)

noted that a quasi-periodic cycle of ca. 550 years occurred in the primary aggrada-

tion-degradation curve developed for Black Mesa in northeastern Arizona, with a

related harmonic at ca. 275 years. If such a cycle exists within the palaeoenviron-

mental record for the Southwest, it may prove a reliable predictor of future envi-

ronmental change.

In this study, I analyzed the spectral properties of the climate reconstruction

by decomposing the reconstruction into a sum of sine and cosine amplitudes and

wavelengths using finite Fourier transforms (SAS 1984; Brocklebank and Dickey

1986). Important frequencies were identified by examining the periodogram ordi-

nates, which represent the sums of squares of different Fourier frequencies (Fuller

1976; Brocklebank and Dickey 1986). Large values in the periodogram indicated

important frequencies. Because periodograms are highly volatile and difficult to

interpret over many bandwidths, I smoothed the final periodogram of the climate

reconstruction using a moving average tapered (or triangular) weight sequence

(Fuller 1976; SAS 1984; Brocklebank and Dickey 1986). To determine whether the

climate reconstruction represented a white noise sequence (i.e. the series could not

be broken down into sums of sine and cosine wavelengths), I used the Fisher-Kappa

test, designed to identify sinusoidal wavelengths buried in a white noise sequence

(Fuller 1976; Brocklebank and Dickey 1986).
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13 Results

3.3.1 Quality Control

Of the 273 measurement series contained in the El Malpais data set, 25 were

discarded because accurate crossdating could not be ensured. Even though the

dating on some of these series appeared valid, their low correlations with the final

master chronology would have increased the noise component and decreased the

desired climate signal. In addition, inner segments of some measured series often

correlated low with the master due to reaction wood that had formed during the

early growth period of individual trees. This reaction wood was common, and I

speculate it formed because trees that established on the lava surface were structur-

ally unstable, especially during high winds, because little soil was available to stabi-

lize the root system. Ring segments characterized by reaction wood would have de-

creased the desired climate signal, and I therefore discarded these segments. Of

3,854 50-year segments from the final 248 measurement series tested for dating

accuracy, COFECHA flagged no segments as being possibly misdated (i.e., all

segments correlated highest at the dated position, and all correlations were > 0.32)

(see Appendix A).

3.3.2 The Malpais Long Chronology

The 248 measured series yielded a continuous tree-ring chronology from 136

BC to AD 1992 (see Appendix B), longer than any single-site tree-ring chronology

yet developed in the American Southwest (Table 3.1). Sample depth throughout the

length of the Malpais Long Chronology (MLC) is high, with a maximum of 122

series between AD 1675 - 1700 (Fig. 3.5) compared to the maximum of 37 series in

any of the 25 Southwestern archeological chronologies. The MLC currently has the

largest sample depth prior to AD 1000 (37 dated series from 28 trees) of any South-
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TABLE 3.1. The longest tree-ring chronologies in the American Southwest as of
December 1, 1993 (Meko and Graybill 1994). Sample depth is the maximum
number of series in any year prior to AD 1000.

Site Name Inner Date Outer Date Length Sample Depth'

El Malpais, NM 136 BC AD 1992 2129 yrs 37
Mammoth Creek, UT 1 BC AD 1989 1991 18
Wild Horse Ridge, UT 1 BC AD 1989 1991 20
Canyon de Chelly, AZ AD 1 AD 1989 1990 13
Durango, CO AD 34 AD 1971 1938 9
Natural Bridges, UT AD 94 AD 1988 1895 20
Navajo Mountain, UT AD 340 AD 1989 1650 11
Tsegi Canyon, AZ AD 381 AD 1989 1609 7
Sandia Crest Cliffs, NM AD 415 AD 1993 1579 7
Puerco Valley, AZ AD 426 AD 1972 1546 15
Cibola, NM AD 435 AD 1986 1552 10
Quemado, NM AD 441 AD 1972 1532 16
Mesa Verde, CO AD 480 AD 1989 1510 22
Hopi Mesas, AZ AD 500 AD 1983 1484 12
Reserve, NM AD 532 AD 1988 1457 13
Chuska Valley, NM AD 532 AD 1976 1445 19
San Francisco Peaks, AZ AD 548 AD 1983 1436 5
Flagstaff, AZ AD 570 AD 1987 1418 17
Red Mountain, UT AD 560 AD 1983 1405 na
Jemez Mountains, NM AD 598 AD 1989 1392 10
Elephant Rock, NM AD 600 AD 1989 1390 na
Italian Canyon, NM AD 603 AD 1989 1387 na
Coconino Plateau, AZ AD 610 AD 1975 1366 11
Gobernador, NM AD 623 AD 1989 1367 9
Chaco Canyon, NM AD 660 AD 1972 1313 24
Cebolleta Mesa, NM AD 680 AD 1986 1307 11
Chama Valley, NM AD 759 AD 1989 1231 6
Santa Fe, NM AD 878 AD 1989 1112 7
Little Colorado, AZ AD 916 AD 1973 1058 3
Central Mtns North, NM AD 965 AD 1972 1008 2

1. Abbreviation "na" indicates information on sample depth was not available.
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Figure 3.5 Sample depth of the Malpais Long Chronology (MLC), 136 BC - AD 1992.
Prior to AD 1000, the chronology consists of 37 series from 28 trees, with a maximum
sample depth of 122 series in the AD 1600s.

western tree-ring chronology (Table 3.1). To compare the statistical quality of the

MLC with other long chronologies developed in the Four Corners area of the

American Southwest, I rank-ordered the chronologies by mean sensitivity, standard

deviation, and serial correlation (autocorrelation), then summed the ranks for each

chronology. The MLC ranked fifth overall when compared to these chronologies

(Table 3.2). The MLC also has one of the highest interseries correlations (0.86) of

any Southwestern tree-ring chronology.

Of the 248 series, 163 were over 300 years in length. The average length of

each series was 391 years, while 76 series exceeded 500 years in length (summaries

for all series are presented in Appendix A). Five trees had inner ring dates prior to

AD 150 (Table 3.3), including one exceptional sample, CRE 148. This sample was
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TABLE 3.2. Ranking the statistical quality of the MLC and 25 Southwestern arche-
ological tree-ring chronologies by mean sensitivity, standard deviation, and first-
order autocorrelation.

Site Name Length Mean Sens. Stan. Dey. Autocor. Rank

Jemez Mountains 1375 yrs 0.51 0.45 0.24 1
Chuska Valley 1445 0.49 0.43 0.26 2
Little Colorado 1058 0.51 0.45 0.27 2
Cebolleta Mesa 1293 0.48 0.45 0.29 4
Malpais Long Chronology 2129 0.47 0.46 0.29 5
Mesa Verde 1492 0.48 0.44 0.28 6
Santa Fe 1095 0.47 0.41 0.18 6
Tsegi Canyon 1592 0.47 0.45 0.32 8
Chaco Canyon 1313 0.49 0.50 0.43 9
Chama Valley 1214 0.46 0.41 0.24 10
Navajo Mountain 1632 0.46 0.40 0.21 11
Quemado 1532 0.46 0.47 0.43 12
Hopi Mesas 1472 0.46 0.43 0.34 12
Central Mountains North 1008 0.46 0.47 0.45 14
Natural Bridges 1878 0.44 0.39 0.26 15
Gobernador 1349 0.44 0.39 0.26 15
Cibola 1538 0.44 0.42 0.35 17
Puerco Valley 1547 0.45 0.43 0.38 18
Reserve 1390 0.41 0.40 0.34 19
Rio Grande 869 0.40 0.37 0.30 20
Central Mountains South 876 0.40 0.42 0.47 21
Chupadero Mesa 679 0.39 0.37 0.31 22
Coconino Plateau 1366 0.38 0.40 0.40 23
Canyon de Chelly 1971 0.38 0.38 0.38 24
Durango 1938 0.38 0.38 0.42 25
Flagstaff 1403 0.37 0.37 0.38 26
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TABLE 3.3. Summary of individual trees that extended prior to AD 1000 included
in the MLC. Species codes used are PSME (= Pseudotsuga menziesii (Mirb.)
Franco = Douglas-fir) and PIPO (= Pin us ponderosa Laws. = ponderosa pine).

Number Sample ID Inner Ring Outer Ring Length Species

1 CRE 148 136 BC AD 419 556 yrs PSME
2 CRE 184 AD 103 AD 216 114 PIPO
3 CRE 46 AD 111 AD 456 346 PIPO
4 CRE 117 AD 118 AD 734 617 PSME
5 CRE 110 AD 128 AD 525 398 PIPO
6 CRE 186 AD 502 AD 610 109 PIPO
7 CRE 109 AD 567 AD 874 308 PIPO
8 BIC 74 AD 589 AD 1089 501 PSME
9 CRE 45 AD 599 AD 1349 751 PSME

10 CRE 174 AD 664 AD 1164 501 PSME
11 CRE 118 AD 667 AD 1281 615 PSME
12 CRE 112 AD 667 AD 947 281 PIPO
13 CRE 160 AD 689 AD 1160 472 PSME
14 CRE 51 AD 706 AD 1192 487 PSME
15 BIC 63 AD 719 AD 1156 438 PSME
16 CRE 119 AD 767 AD 1053 287 PSME
17 CRE 103 AD 778 AD 1160 383 PIPO
18 CRE 165 AD 799 AD 1100 302 PIPO
19 CRE 113 AD 818 AD 1224 407 PSME
20 CRE 114 AD 829 AD 1230 402 PSME
21 CRE 107 AD 832 AD 1272 441 PSME
22 CRE 52 AD 844 AD 1509 666 PSME
23 CRE 144 AD 846 AD 1321 476 PSME
24 BIC 65 AD 856 AD 1270 415 PSME
25 CRE 182 AD 893 AD 1194 305 PIPO
26 CRE 127 AD 896 AD 1212 317 PSME
27 CRE 102 AD 971 AD 1450 480 PSME
28 CRE 140 AD 990 AD 1265 276 PSME



84

obtained from a Douglas-fir log ca. three meters in length discovered July 25, 1993,

at the Cerro Rendija East site. Crossdating was independently confirmed by two

dendrochronologists, and revealed that this sample had an inner ring date of 200 BC,

making this currently the oldest known dated wood in either Arizona or New

Mexico. Severe growth suppression between 160 BC and 137 BC on this individual

tree, most likely due to an injury, prevented inclusion of the innermost 64 rings in

the final chronology.

3.3.3 Testing the Regional Signal

If the MLC contained a climate signal common with other tree-ring chronol-

ogies in the region, then regional climate could be inferred. Correlation coefficients

between the MLC and the 25 other archaeological tree-ring chronologies listed in

Dean and Robinson (1978) were computed over the period common to each chro-

nology. All 25 correlation coefficients were statistically significant at the 0.0001

level (Fig. 3.6), based on sample sizes that ranged between 620 (the Central Moun-

tains South chronology) and 1878 observations (the Natural Bridges, Utah, chronol-

ogy). The highest correlations were found between the MLC and the archaeological

chronologies in northwestern New Mexico. Based on these significant correlations,

the average length of the individual series used, the high sample depth, and the

conservative models used to standardize the individual series, I concluded that the

MLC could be used to infer past long-term climate variability for northwestern New

Mexico.

3.3.4 The Climate-Tree Growth Relationship

The most significant relationships between climate and tree growth were

found using regional climate data for New Mexico NOAA Climate Division Four

rather than using single-station climate data from eight nearby weather stations.
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Figure 3.6 Spatial distribution of correlation coefficients showing the strength of the
association between the MLC and 25 archaeological tree-ring chronologies developed in the
Four Corners area of the Southwest. The relative size of the cones denotes the relative
strength of the correlation.

Results from correlation and response function analyses indicated a significant

response to precipitation over a broad period extending from the previous year's

summer to the current year's summer (Fig. 3.7). In the response function analysis,

climate accounted for 46 % of the variance in the tree-ring data, while prior growth

accounted for 23 %. The growth response to temperature was significant only in the

correlation analysis, and showed a negative response for the period extending

through the current year's spring and summer. The growth response to temperature
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was not as significant as the response to precipitation. The relationship between

tree growth and PDSI was highest of any monthly climate variable, especially over

the spring and summer growth period, with correlations ranging between 0.66

(current February) and 0.70 (current May) (Table 3.4).

I found the most significant relationship between climate and tree growth

using seasonalized precipitation totaled over the period of significance suggested by

the response and correlation analyses (Table 3.4). I found a highly significant corre-

lation coefficient of 0.758 (n = 93,p < .0001) between the MLC and total precipita-

tion from previous July to current July over the period 1896 to 1992, indicating 58%

of the variance in the seasonal precipitation data could be initially explained by the

tree-ring data prior to outlier removal. I chose this variable for reconstruction

because of the high variance explained, though I could have chosen any of the

variables listed in Table 3.4 for reconstruction. The previous July-current July

response period is similar to the previous August-current July annual precipitation

reconstructed for Arroyo Hondo in northern New Mexico (Rose et al. 1981).

3.3.5 Climate -Tree Growth Calibration and Verification

Initial models indicated between 56 % to 59 % of the variance in climate

could be explained by tree growth (Table 3.5). I noted outlier observations, indicat-

ed by large values for both the Studentized residual and Cook's d, in all three mod-

els, and these were subsequently withheld from the calibration model. In general, I

found outliers during years in which rainfall was very high (e.g., during the years

1905, 1941, 1958, 1959, and 1973), perhaps due to short-term extreme precipitation

events in which the majority of rainfall occurred as runoff. This runoff was not

available for tree growth, thus causing large discrepancies between annual rainfall

and total ring-widths. The first-order autocorrelation for the residuals from all three
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TABLE 3.4. Highest correlations observed between the MLC and climate for New
Mexico NOAA Climate Division Four, 1896 - 1992.

Season or Month
	

Correlation'	 r-squared 2

previous Jul - current
previous May - current
previous Jun - current
previous Jul - current
previous Aug - current
previous Oct - current
previous May - current
previous Jun - current
current May PDSI
previous Jul - current
previous Sep - current
previous May - current
previous Nov - current
previous Jun - current
current April PDSI
previous Oct - current
current March PDSI
previous Oct - current
previous Aug - current
current February PDSI
previous Jul - current
previous May- current
previous Sep - current

Jul precipitation 0.758 0.574
Jul precipitation 0.746 0.557
Jul precipitation 0.741 0.549
Jun precipitation 0.721 0.520
Jul precipitation 0.716 0.513
Jul precipitation 0.715 0.511
Jun precipitation 0.711 0.506
Jun precipitation 0.708 0.501

0.704 0.496
May precipitation 0.699 0.489
Jul precipitation 0.697 0.486
May precipitation 0.689 0.475
Jul precipitation 0.686 0.471
May precipitation 0.684 0.468

0.683 0.466
Jun precipitation 0.681 0.464

0.678 0.459
May precipitation 0.664 0.441
Jun precipitation 0.663 0.440

0.663 0.440
Apr precipitation 0.660 0.436
Apr precipitation 0.658 0.433
Jun precipitation 0.650 0.423

1. All values significant at the 0.0001 level
2. R-squared measures the amount of variance explained in the MLC by that re-

spective climate variable.
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TABLE 3.5. Results of the statistical calibrations between climate and tree growth
for the periods 1896-1943, 1944-1992, and 1896-1992'.

Period
	

Parameter	 Constant	 F-value*
	

Residual-
	Estimate	 Autocorr.

1896-1943 3.83 11.06 94.5 0.69 0.041
1944-1992 4.53 9.74 101.3 0.70 -0.032
1896-1992 4.23 10.34 192.1 0.69 0.005

all values significant at the 0.0001 level
r-squared adjusted for loss of degrees of freedom (Draper and Smith 1981)
all values insignificant
years deemed statistical outliers and withheld from calibration: 1905, 1931,
1932, 1935, 1941, 1945, 1958, 1959, 1973, and 1988

TABLE 3.6. Results of the verification tests between actual and predicted climate
for periods 1896-1943 and 1944-1992'.

Calibration	 Verification	 Correlation	 Reduction	 Product-	 Signs
Period	 Period	 Coefficient	 of Error	 Means	 Test

1896-1943 1944-1992 0.77 0.60 4.96 10
1944-1992 1896-1943 0.75 0.49 5.18 14

1. All values are statistically significant.

final models was insignificant (Table 3.5) indicating the tree-ring indices adequately

modeled the historical climate data. In regression analyses, high F-values are de-

sirable for final models, indicating more strength in model variance versus error

variance. In this study, F-values were all statistically significant (p > .0001), with

adjusted r-squared values ranging between 0.69 and 0.70 (Table 3.5).

All verification tests conducted on both subset periods were statistically sig-

nificant (Table 3.6), with values comparable to or better than those reported in
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Figure 3.8 Comparison between actual annual rainfall (previous July-current July) totals
(solid line) and those values predicted by the tree-ring index chronology (dashed line) over
the period AD 1896 - 1992. The tree-ring chronology was able to successfully simulate both
high-frequency and low-frequency trends in the historical precipitation data.

previous studies (Rose et al,. 1981; D'Arrigo and Jacoby 1991). The similarity and

strength of the derived calibration equations and verification tests confirmed that

both subset periods could be combined and a new calibration equation developed

for the period 1896 - 1992 (Table 3.5). Examination of the actual and predicted

climate values derived from this model indicated the calibration equation successful-

ly simulated both high-frequency and low-frequency variability (Fig. 3.8). I then

used this transfer model to predict annual (July to July) rainfall for the period 136

BC - AD 1894 (see Appendix C for reconstructed values). The period 136 BC - AD

100, however, is less reliable than the rest of the reconstruction because only four

measured series from one tree were available.
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3.3.6 Trend Analysis

The 10-year (Fig. 3.9) and the 100-year (Fig. 3.10) smoothing splines revealed

both short-term and long-term trends in the climate reconstruction. Based on this

reconstruction, no long-term period (> 100 years) occurred when climate conditions

were essentially average. The climate regime fluctuated between periods of above

normal and below normal precipitation, separated by short transition periods. For

example, a long, severe drought occurred between ca. AD 300 - 500 (Fig. 3.10).

Fifty years later, ca. AD 550, precipitation patterns had completely reversed, result-

ing in one of the wettest periods (AD 521 - 660) during the last 2,129 years. As

quickly as this period of above normal precipitation began, it abruptly terminated

with the long and severe drought between AD 661 - 1023 (Fig. 3.10). Transition

periods that briefly fluctuated about the overall mean occurred between AD 490 -

540 prior to the above normal rainfall period, and between AD 660 - 700 following

the period.

The most severe of all short-term periods of below normal rainfall occurred

between AD 1566 - 1608 (Table 3.7), which averaged only 12.86 inches per year over

the 43 year period. During the last 1,000 years, two other severe short-term

droughts occurred between AD 1727- 1742 and 1899 - 1904. Interestingly, the

"Great Drought" between AD 1271 - 1297 ranked tenth behind these three later

droughts and six other short-term droughts during the period AD 100 - 1000.

However, the "Great Drought" occurred when Anasazi populations were high and

after climate had been generally favorable since AD 1024. The wettest short-term

period occurred between AD 570 - 608 when rainfall averaged 16.65 inches per year

for the 39 year duration (Table 3.8). The second wettest climate episode occurred

between AD 1975 - 1992, which had the highest average annual rainfall of any short-

term period (17.66 inches). The period 1978 - 1992 was the wettest 15 year period in
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TABLE 3.7. The most severe short-term (< 50 years) droughts
in the malpais region since AD 100 weighted by both magnitude
and duration.

Period (AD) Precipitation' Duration Rank

1566-1608 12.86 in 43 yrs 1
437-474 13.14 37 2
735-760 12.96 26 3
339-350 12.64 12 4
147-154 12.62 8 5

1727-1742 12.91 16 6
556-569 12.91 14 7

1899-1904 12.72 6 8
359-385 13.31 26 9

1271-1297 13.38 27 10
1445-1465 13.23 21 11
1213-1222 12.93 10 12

257-265 12.94 9 13
1468-1480 13.07 13 14

419-432 13.10 14 15
1133-1151 13.26 19 16
1773-1789 13.24 17 17

317-333 13.27 17 18
1950-1964 13.24 15 19

658-664 13.02 7 20
921-927 13.05 7 21
972-985 13.29 14 22

1338-1352 13.35 15 23
1001-1014 13.33 14 24
1413-1423 13.27 11 25
1750-1757 13.19 8 26

390-403 13.37 14 27
1089-1099 13.29 11 28

480-488 13.27 9 29
159-169 13.33 11 30

1035-1041 13.22 7 31
704-718 13.45 15 32

1360-1369 13.33 10 33
1662-1676 13.50 15 34

903-916 13.50 14 35
811-819 13.39 9 36

94

1. Average inches per year during the specified interval. Long-
term per-year average since AD 100 is 14.57 inches.



TABLE 3.8. The most extreme short-term (< 50 years) wet
periods in the malpais region since AD 100 weighted by both
magnitude and duration.

Period (AD) Precipitation' Duration Rank

570-608 16.65 in 39 yrs 1
1975-1992 17.66 18 2
1045-1066 16.75 22 3
1301-1334 15.84 34 4
1848-1872 16.27 25 5

232-243 16.84 12 6
1905-1921 16.53 17 7

727-734 16.98 8 8
1193-1212 16.24 20 9
1226-1244 16.18 19 10
1553-1556 16.93 4 11

959-971 16.40 13 12
177-198 15.91 22 13
631-637 16.66 7 14
544-555 16.24 12 15

1927-1937 16.26 11 16
407-418 16.18 12 17

1689-1693 16.54 5 18
1812-1817 16.46 6 19
1113-1124 16.12 12 20
1162-1167 16.36 6 21
1649-1656 16.25 8 22
1629-1644 15.69 16 23
1262-1268 16.15 7 24
1830-1841 15.85 12 25

250-256 16.11 7 26
1882-1888 16.07 7 27
1383-1388 16.02 6 28

798-808 15.68 11 29
1708-1714 15.89 7 30
1790-1797 15.60 8 31

1. Average inches per year during the specified interval. Long-
term per-year average since AD 100 is 14.57 inches.
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TABLE 3.9 Long-term periods of above normal (AN) and below normal (BN)
rainfall since AD 100 in northwestern New Mexico based on the MLC reconstruc-
tion.

Period Duration Length Sample Depth 1

AN-1 AD 81-257 177 yrs 6-14
BN-2 AD 258-520 263 5-12
AN-2 AD 521-660 140 5-12
BN-3 AD 661-1023 363 11-38
AN-3 AD 1024-1398 375 38-85
BN-4 AD 1399-1790 392 85-122
AN-4 AD 1791-1992 202 18-114

1. Minimum and maximum number of measured series.

the entire 2,129 year reconstruction, emphasizing that the Southwest is currently

having an extremely wet climate period that may be unprecedented in its past histo-

ry.

The reconstruction revealed major long-term trends in climate not previously

reported (Fig. 3.10). Since AD 100, seven distinct alternating periods of above

normal (AN) and below normal (BN) precipitation occurred (Table 3.9). I estab-

lished the beginning and ending years for these periods in the same manner as for

the short-term periods. Details on changes in the mean, variance, and skewness for

each of these long-term periods, as well as comments on special features of these

periods, are given in Tables 3.10 to 3.17. Each period contained shorter periods

when rainfall was opposite the overall trend for that period. For example, drought

period BN-1 extended from AD 258 to 520. However, this extended drought actual-

ly consisted of two long-term droughts separated by a brief period of above normal

precipitation between AD 403-420.
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I found a close correspondence between long-term trends in mean climate

(Fig. 3.10) and climate variability (Fig. 3.11), supporting the observation by Dean

(1988b) that a moderate positive relationship exists between mean tree growth and

temporal variability. For example, between ca. AD 550 - 600, climate fluctuated

between a severe drought and a period of very high precipitation (AD 570 - 579)

that is clearly reflected by the highest values in variance in the last 1,900 years (the

high variability prior to AD 100 is explained by low sample depth).

The long-term trend of skewness roughly parallels the long-term trend seen

in both the 10-year spline and running variance (Fig. 3.12). For example, the brief

peak of above normal precipitation observed in the 10-year spline in the early 400s

is observed in both series for variance (Fig. 3.11) and skewness (Fig. 3.12). Similar

peaks in all three time series are observed during the latter half of the 900s and the

1000s. However, the skew coefficients revealed additional information not seen in

either the 10-year spline or the running variance. For example, the period AD 215 -

243 was characterized by very low skew coefficients (Fig. 3.12), indicating that

severe drought years occurred during a period that would otherwise have been

considered stable if assessed using only the mean and variance. The frequency dis-

tribution for this period clearly shows that the majority of the reconstructed precipi-

tation data values occurred between 15.0 and 18.0 inches, with a median value of

16.3 inches (Fig. 3.13, top). In general, this period was characterized by annual

precipitation totals well above the long-term average of 14.57 inches. However, the

period was also characterized by a few extreme drought years that caused the distri-

bution to be negatively skewed. This distribution contrasts one for the period AD

1700- 1725 in which reconstructed data values were more normally distributed (Fig.

3.13, bottom). These results show that the skewness of a distribution of reconstruct-

ed climate values reveals additional information beyond that supplied by analyzing
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Figure 3.13 Frequency distributions of reconstructed July-July rainfall totals. A. Negatively
skewed distribution for period AD 215 - 243, showing the period was dominated by years
of extreme drought during generally favorable rainfall. B. A more normally distributed
climate pattern for the period AD 1700 - 1725.

changes in only the mean and variance.

3.3.7 Spectral Analysis

Spectral analysis of the climate reconstruction indicated peaks in the

smoothed spectral density function that corresponded to periods of 16.5, 20, 25, 30,

79, and 426 years (Fig. 3.26, top). No period was found that corresponded to the 550

year cycle suggested by Euler et al. (1979) and Karlstrom (1988). The MLC recon-

struction remains too short to detect a cycle of 550 years, as only four wavelengths
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apparent in the 2,129 year record. The Fisher-Kappa test statistic for detecting a

sinusoidal component in the MLC reconstruction was 12.73. This statistic was signif-

icant (p < .01), thus rejecting the null hypothesis that the reconstruction was white

noise (i.e. accepting the alternate hypothesis that the reconstruction contained one

or more significant sinusoidal components).

To test whether these results were unique to the MLC reconstruction, I con-

ducted similar analyses on a 1,991-year bristlecone pine tree-ring chronology de-

veloped for Mammoth Creek, Utah. This chronology was also developed from very

long individual series that should retain long-term trends. The Fisher-Kappa test

statistic was 17.42 (p < .01), thus rejecting the null hypothesis that this chronology

was white noise. Spectral analysis of the climate reconstruction indicated peaks in

the smoothed spectral density function that corresponded to periods of 14, 18, 21, 71,

and 398 years. No period was found that corresponded to the 550 year cycle. These

results suggest that failure to detect the 550 year cycle was not unique to the El

Malpais data set, and that the millennium-length tree-ring chronologies developed in

the Southwest may still be too short to detect a cycle of this wavelength.

3_4 Discussion

3_4.1 2,129 Years of Climatic Change in Northwestern New Mexico

The MLC reconstruction of rainfall for northwestern New Mexico is but one

proxy of many previously used to reconstruct the palaeoenvironment for the Four

Corners area of the American Southwest The Four Corners area of the American

Southwest has a rich history of archaeological research that has employed all dating

techniques to provide detailed reconstructions of the past environment of the

Anasazi over the past 2,000 years (Schoenwetter and Eddy 1964; Schoenwetter 1970;

Cordell 1980; Petersen 1988; Dean 1988b; Cordell et al. 1994). The integrated
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findings from this research provided the necessary data for the confirmation proc-

ess: do long-term trends reconstructed using other techniques confirm trends re-

vealed by the MLC reconstruction? If so, then the benefits are two-fold. First, the

ability of tree-ring data to reliably reconstruct past long-term climate trends in the

Southwest will be confirmed. Second, reconstructions developed using other tech-

niques will be supported by independent analysis, adding additional, critical support-

ing evidence about past environmental changes in the Southwest

In this discussion, I will compare long-term trends based on the MLC recon-

struction primarily with those derived from the palaeoenvironmental reconstruction

developed by Euler et al. (1979), Dean et el. (1985), Karlstrom (1988), and Plog et

al. (1988). This reconstruction, developed for the Black Mesa area of northeastern

Arizona, is multidisciplinary, and utilized tree-ring, 14C, and archaeologically dated

alluvial units, as well as archaeological, palynological, and faunal evidence. Alluvial

stratigraphic units discussed follow the nomenclature of Euler et al. (1979). Unit W-

1 is the oldest (ca. 150 BC - 0) and Unit Z-2 (ca. AD 1725 - 1850) is the youngest.

Units W-Z are inferred to represent periods of above normal rainfall and high water

tables. These are separated by periods of soil formation and arroyo-cutting charac-

terized by low water tables, and designated as Intervals X /Y, Y /Z, etc.

3.4.1.1 Period BN-1, prior to AD 81

The period prior to AD 81 (Fig. 3.14) is represented by four measured series

from only one tree (CRE 148), and actual reconstructed values will not be reliable.

Multiple samples are preferred through all periods because calculation of the mean-

value function during standardization reduces effects of the variability in statistical

characteristics arising from individual trees. While the actual reconstructed data

themselves may not reflect true precipitation levels during this period, the overall
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long-term trends of the reconstruction (Table 3.10) may be an accurate depiction

because of the high interseries correlations evident between individual trees and the

final tree-ring index chronology (see Appendix A for interseries correlations).

3.4.1_2 Period AN-1, AD 81 - 257

The unpredictability of climate between AD 170 - 267 indicates Southwestern

climate was in a transitional phase, characterized by above normal precipitation,

variability that was continuously increasing, and rapid shifts between intervals

dominated by severe drought years and extreme wet years (Figs. 3.15, 3.16; Table

3.11). A fluvial maximum prior to ca. AD 230 is shown in the primary aggradation-

degradation curve (Fig. 3.25, bottom), represented by deposition Unit W-2 (Euler et

al. 1979). This maximum corresponds with Period AN-1 (AD 81 -257) reconstruct-

ed from the malpais samples (Table 3.9). Archaeologically, this period is less well-

known than later periods, but many sites throughout the Four Corners area, includ-

ing the Virgin River Area, Cedar Mesa, Red Rock Valley, Canyon de Chelly and

Chevelon, had their initial occupations during this period (Dean et al. 1985). Lipe

(1970) observed that initial movement into the Red Rock Plateau area of southern

Utah at this time "... may have been initiated by a prolonged period of somewhat

above-average rainfall during the last part of the second and first part of the third

centuries A. D."

3_4_1.3 Period BN-2, AD 258 - 520

After the above normal rainfall period between AD 81 - 257, a highly unusual

and unprecedented climate period began following a distinct change beginning ca.

AD 260 - 270 (Table 3.12; Fig. 3.16). Precipitation fell below normal, initiating the

long-term drought period BN-2 (Table 3.9). The palaeoenvironmental reconstruc-

tion by Euler et al. (1979) and Dean et al. (1985) showed that a first-order hydrolog-
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Figure 3.24 Mean, variance, and skewness of reconstructed precipitation, AD 1801 - 1992.

ic minimum (i.e., low water tables suggesting severe drought) occurred between ca.

AD 250 - 450 corresponding to Period BN-2. This interval was marked by an in-

crease in soil development (separating Units W-2 and X-1), low water tables, and

floodplain degradation (i.e. arroyo-cutting) (Fig. 4 in Euler et al. 1979; Figs. 3.16,

3.17). Estimates of Anasazi populations in the Four Corners area of the Southwest

showed that a decrease in population occurred between AD 300-500 in the south-

western Colorado and southeastern Utah area, while evidence from the San Juan

Basin shows no dramatic population increase until AD 550 (Dean et al. 1994). Lipe

(1970) concluded that a decline in rainfall between AD 250 - 400 may have contrib-

uted to the abandonment of the Red Rock Plateau area.

Period BN-2 was the most severe of any long-term drought period in the last

2,129 years. During crossdating, I observed that tree growth during this period was
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noticeably reduced, especially beginning ca. AD 350. I encountered more missing

rings during this period than during any other, which caused minor difficulties in

dating samples that extended through this period. I found additional supporting

evidence for the severity of this drought in the number of samples with inner dates

that extended prior to and during this period (Fig. 3.5). While five trees were

discovered in the malpais with inside dates prior to AD 200, we found no ponderosa

pine or Douglas-fir trees with inside dates between AD 200 - 500. This decrease in

samples may reflect a decrease in successful tree establishment due to severe

drought. The five trees discovered that established prior to this period are too few

to assess whether this drought had increased tree mortality as well.

3.4_1.4 Period AN-2, AD 521 -660

Beginning with the 25-year period near AD 530, an equally dramatic shift in

climate occurred (Fig. 3.17; Table 3.13). This shift was also the most rapid of any

transition period within the past 2,129 years. Period AN-2 corresponds with the

period of high water tables and stream aggradation (Unit X) reconstructed by Euler

et al. (1979), indicating a return to above normal hydrologic conditions (Fig. 3.25).

During this favorable period, the Basketmaker III stage of the Anasazi sequence

began ca. AD 550 (Euler et al. 1979; Dean et al. 1994), indicating a cultural shift

may have occurred in response to the wetter conditions, and to the shift from flood-

plain erosion to floodplain deposition. Basketmaker populations especially in-

creased in southwestern Colorado and southeastern Utah, the Kayenta area, and the

San Juan Basin area (Dean et al. 1994). Regional population estimates for the

entire greater Southwest show little change between AD 100-550, after which a

dramatic increase occurred, especially in the Colorado Plateau area. This increase

most likely reflects a change to the sedentary lifeways characteristic of the Basket-
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maker III culture (Dean et al. 1994). The reconstruction based on the MLC, howev-

er, showed this period to be somewhat more constricted than the extended period

(ca. AD 430-725) shown by Euler et al. (1979) and Dean et al. (1985). Cycle BN-

2 /AN-2 lasted ca. 403 years (Table 3.9), and corresponds with the Initiation

Period described by Cordell and Gumerman (1989).

3.4.1.5 Period BN-3, AD 661 - 1023

Climate between AD 650 - 700 was transitional (Fig. 3.18), switching between

a long-term, above normal precipitation regime (Period AN-2) to a long-term below

normal regime (Period BN-3) (Tables 3.9, 3.14). The 10-year and 100-year splines

both indicate that precipitation was at or below normal for much of Period BN-3

(Figs. 3.18, 3.19). Based on the MLC reconstruction, the onset of this period oc-

curred prior to the onset of the next period of soil formation and arroyo-cutting ca.

AD 750 (Euler et al. (1979). However, both the MLC and the southern Colorado

Plateau reconstructions confirmed that first-order hydrologic minima occurred

during this interval. Both reconstructions also confirmed results from previous

studies. Eddy (1974) analyzed palynological, alluvial, and faunal evidence from

prehistoric sites in the Navajo Reservoir District in northwestern New Mexico, and

found that increasing aridity occurred after AD 775 and lasted until ca. AD 1000.

Palynological evidence from Hay Hollow Valley and Black Mesa (Euler et al. 1979)

and the Navajo Reservoir District (Schoenwetter 1970) revealed decreased percent-

ages of pine species, indicating lower effective moisture during the period AD 750 -

1050. Larson and Michaelsen (1990) observed that the period AD 966 - 1020, the

earliest in their reconstruction, was particularly dry in the Virgin Branch Anasazi

area around southern Nevada and northwestern Arizona.

Despite the below normal rainfall regime, the greatest expansion of Anasazi
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populations occurred during Period BN-3 (Euler et al. 1979). Nearly all parts of the

Four Corners region deemed habitable were occupied, especially the Virgin Branch

area, the Kayenta area, sites in southwestern Colorado and southeastern Utah, and

the San Juan Basin and Chaco Canyon areas (Dean et al. 1985; Dean et al. 1994).

Long-term, low-frequency environmental trends appeared to have little influence on

regional population (Dean et al. 1985). Rather, the Anasazi adapted to these

changes by adopting changes in subsistence strategies, such as a reliance on both

upland and lowland agriculture, and exploitation of unlimited space in which to

absorb expanding communities (Dean et al. 1994). This period corresponds with the

Expansion Period (ca. AD 770 - 1050) described by Cordell and Gumerman (1989).

However, the primary hydrologic curve for the Black Mesa area (Euler et al. 1979;

Dean et al. 1985) showed this period ending slightly earlier (ca. AD 950) than the

MLC reconstruction (Fig. 3.25).

14_1.6 Period AN-3, AD 1024 - 1398

Period AN-3 corresponds with Unit Y (Euler et al. 1979) when a return to

wetter conditions produced high water tables (Table 3.15). Larson and Michaelsen

(1990) also found a shift to wetter conditions for the period AD 1061 - 1120.

However, atypical climatic conditions occurred beginning ca. AD 1135 (Fig. 3.20).

Precipitation fell to very low values, and remained below normal until AD 1160.

The intensity and duration of this drought period rank it as one of the worst

droughts in the last 2,129 years (Table 3.7). However, the actual reconstructed

values themselves tell only part of the story.

Year-to-year variability had been slightly higher than usual preceding AD

1140. Between AD 1141 - 1150, precipitation fell to very low annual levels, re-

mained low, and fluctuated little as indicated by low values for variance. In addi-
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tion, skewness had been steadily rising prior to AD 1141, indicating an increase in

the number of extremely wet years as opposed to very dry years. Beginning AD

1141, skewness dropped rapidly to near normal levels, indicating extremely wet

years no longer occurred as they had previously. Therefore, the period AD 1133 -

1160 was characterized by very low levels of precipitation, little variability about

these totals, and by a rapid and pronounced decrease in the number of very wet

years.

Based on 14C-dated alluvial units and archaeological evidence, a brief,

second-order hydrologic minimum was confirmed between Units Y-1 and Y-2 cen-

tered near AD 1150 (Fig. 3.25). Dean et al. (1985) observed that this second-order

drought, combined with the deteriorating hydrologic conditions and high local

population densities, played an important role in Anasazi population shifts and

abandonment Cultural centers at the Virgin Branch area, Grand Canyon, northern

Black Mesa area, Red Rock Valley, and Chaco Canyon were all depopulated ca. AD

1150. The first half of this period (AD 1000 - 1150) agrees well with the Differentia-

tion Period described by Cordell and Gumerman (1989).

Another atypical climate situation occurred 100 years later, set up by climatic

events between AD 1213 - 1260 (Fig. 3.21). After a brief, but severe drought be-

tween AD 1213 - 1222 (Table 3.7), overall climate was characterized by above

normal precipitation that lasted until ca. AD 1270. Variability during this interval

remained at near normal levels, except for a brief period between AD 1234 - 1237

when variability was very low. However, skewness continued to decrease after AD

1213, reaching unprecedented levels in the entire 2,129-year reconstruction, cen-

tered on the interval AD 1239 - 1243. Therefore, climate was generally favorable

during this period except for occasional severe droughts that caused the negatively

skewed distributions.
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Beginning ca. AD 1271, climate changed dramatically. The variance of rain-

fall plunged, reaching its lowest levels in over 500 years (since the AD 740s), indicat-

ing that year-to-year rainfall fluctuated very little about the very low annual totals.

Prior to AD 1280, skew coefficients had reached above normal levels, almost reach-

ing the 1.1 sd level. Following AD 1280, however, skew coefficients dropped rapid-

ly, surpassing the -1.1 sd level during the interval AD 1283 - 1288. This indicates a

rapid shift from a climate regime dominated by more extreme wet years to one

dominated by more severe drought years. This period was the so-called "Great

Drought" (Douglass 1931; Baldwin 1935; Jett 1964; Dean et al. 1985), which ranked

as the 10th most severe drought during the last 2,219 years (Table 3.7). During the

period AD 1271 - 1297, precipitation per year averaged 1.2 inches below the 2,129-

year long-term average of 14.57 inches.

Prior to AD 1270, the Anasazi had made important cultural advances and

achievements during the Reorganization Period (Cordell and Gumerman 1989).

Water control for both irrigation farming and domestic use to take advantage of this

increased rainfall expanded at six cultural areas throughout the Southwest (Dean et

aL 1985). Population densities, based on the number of sites, habitation units, or

artifacts within the ruins, peaked in nearly all areas ca. AD 1250. However, climate

between AD 1271 - 1297 was very unfavorable. Rainfall was very low, fluctuated

little about these low values, and was characterized by more severe drought years

than wet years. According to Dean et al. (1985), this drought "... undoubtedly con-

tributed substantially to the widespread abandonment and population redistribu-

tions of the late thirteenth century." High population densities, agricultural intensi-

fication, lack of mobility, and a decrease in exchange capabilities, coupled with

deteriorating hydrologic conditions and below normal rainfall towards the late
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1200s, combined to cause depopulation around AD 1300 of major Anasazi occupa-

tion areas (e.g., the Kayenta area, the Little Colorado area, the northern Rio Grande

area, and the Mogollon Highlands area) (Dean et al. 1985; Plog et al. 1988; Dean et

al. 1994).

3.4.1.7 Period BN-4, AD 1399- 1790

After Period AN-3, the longest of the seven long-term climate episodes

occurred, Period BN-4 (392 years) (Table 3.16). During this period, the most severe

and longest lasting short-term drought (< 50 years) in the entire 2,129-year climate

reconstruction occurred (Fig. 3.22), a drought that appropriately earns the distinc-

tion as the "Great Drought B." This drought began ca. AD 1558, but did not reach

the -1.1 sd level until AD 1566. Rainfall levels during this drought remained well

below the -1.1 sd level until AD 1608, a 43 year duration. During this period, mean

rainfall fell below the -2.0 sd level for an extended period between AD 1579 - 1587,

the lowest levels in over 800 years, since the AD 740s. Variance of the reconstruct-

ed climate fell dramatically to very low levels beginning ca. AD 1567, indicating that

rainfall was both very low and fluctuated very little about these low values. Skew-

ness also fell rapidly beginning ca. AD 1567, shifting between a climate regime

characterized by more extremely wet years to one characterized by more extreme

drought years in only a two year span.

Period BN-4 covers the Aggregation Period that lasted ca. AD 1300 - 1540

(Cordell and Gumerman 1989) when widespread abandonment of Anasazi areas

occurred. However, large settlements in the Mogollon Highlands area, Hopi Mesas,

Middle Little Colorado area, Zuni, and Rio Grande areas became established or

increased in size, perhaps as a means for local populations to cope with unfavorable

environmental conditions. This period corresponds to not one, but several alluvial
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units and intervals (Euler et al. 1979): Interval Y /Z (ca. AD 1300- 1550), a first-

order fluvial minimum in which pronounced soil development occurred; Unit Z-1

(ca. AD 1550 - 1675), a period of aggradation and rising water tables; and, Interval

Z-1/2 (ca. AD 1675 - 1750), a brief, second-order minimum separating Units Z-1

and Z-2 (Fig. 2.25).

The timing, magnitude, and duration of long-term trends in the MLC recon-

struction and the Black Mesa aggradation-degradation curve differ during the period

AD 1300 - 1800 (Fig. 3.25). The MLC curve showed below normal rainfall after ca.

AD 1300, as did the Black Mesa primary curve. However, the MLC curve showed

deteriorating conditions lasted well into the latter part of the sixteenth century when

the worst short-term (< 50 years) drought in the last 2,129 years occurred between

ca. AD 1570- 1600 (Douglass 1931; D'Arrigo and Jacoby 1991). In contrast, the

Black Mesa primary curve showed increasing deposition during the last half of the

sixteenth century associated with high water tables. Both curves showed a peak

centered near AD 1630 that indicated rainfall increased relative to the previous

century. Both curves also revealed a second-order hydrologic minimum in the early

to mid-1700s (Fig. 3.23), though this drought as reconstructed by the MLC lasted

longer than the reconstructed hydrologic minimum indicates.

Discrepancies begin to arise between the two reconstructions during this

period for several reasons. First, the primary hydrologic curve for Black Mesa is a

highly idealized model of stream aggradation-degradation based on a periodic return

interval of ca. 550 years (Euler et al. 1979; Karlstrom 1988). However, such exact

periodicity is not expected in terrestrial systems. It is more likely that alternating

periods of high and low water tables occur aperiodically, as seen in the MLC recon-

struction. Second, lags between the two curves are evident, perhaps indicating dif-

ferential response times to changing environmental conditions. Changes in the MLC
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reconstruction appear to lag behind changes observed in the Black Mesa hydrologic

curve. This lagged response by the Malpais trees may occur because of the unique

hydrologic characteristics of the lava substrate in which the trees grow, although

additional studies would be needed to confirm this observation.

3.4.1.8 Period AN-4, AD 1791 - 1992

Period AN-4 (AD 1791 - 1992) was the wettest of the long-term periods (Fig.

3.24; Table 3.17). Based on the malpais reconstruction, the 19th century has the

distinction of being the only century during the last 21 centuries when short-term

drought (determined by the 10-year spline) never fell below the -1.1 sd threshold.

This does not imply individual drought years never occurred, because below normal

precipitation occurred in 1806, 1808, 1819 - 1820, 1822, 1829, 1847, 1880, and 1899

(see reconstructed values in Appendix C). However, these droughts were short-

lived. Towards the end of 19th century, climate became erratic beginning ca. AD

1891 when rainfall fell below normal for 15 years until AD 1904. Variance only

slightly decreased. However, skewness dropped rapidly, indicating that the number

of extreme drought years exceeded the number of extremely wet years during this

period. Beginning ca. 1905, rainfall levels dramatically recovered. The extremely

dry year of 1904 (11.23 inches) was followed by the wettest period in northwestern

New Mexico since the period AD 1200- 1210. Many annual rainfall totals far

exceeded the long-term average of 14.57 inches, especially during the 1910s (see

values in Appendix C). At the same time, climate variance increased to levels not

encountered since the AD 560s, indicating precipitation fluctuated rapidly between

normal and very high annual amounts.

The growth of malpais trees during the 15 year period 1978 - 1992 was un-

precedented in the entire 2,129 year reconstruction. Beginning ca. AD 11960, precipi-
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tation began to increase, surpassing the 0.0 sd level in 1975, the +1.1 sd level in

1979, the +2.0 level in 1982, the +3.0 level in 1984, and even the +4.0 sd level in

1985. Actual average annual total precipitation for the period 1978 - 1992 was 18.0

inches (compared to 18.16 inches based on predicted values from the calibration

equation), well above the long-term average of 14.57 inches. This 15-year period

received more precipitation than any other 15-year period during the last 2,129

years. Similar unprecedented growth increases during the same period have been

reported for ponderosa and southwestern white pine and Douglas-fir trees growing

in the Jemez Mountains, Sandia Mountains, and Red River areas of north-central

New Mexico, the Animas Mountains of southwestern New Mexico, and the Pinalerio

Mountains of southeastern Arizona (Grissino-Mayer and Swetnam 1992; T.W.

Swetnam and C.H. Baisan, pers. comm.). This wide areal extent further suggests this

unprecedented increase in precipitation is regional in scale, and not limited to the

malpais region.

The Black Mesa hydrologic curve shows Period AN-4 beginning two cen-

turies sooner, ca. AD 1600, and lasting until ca. AD 1880, corresponding to Unit Z.

The greatest discrepancy between the two reconstructions occurred during the last

400 years. The Black Mesa curve showed a return to low water tables and flood-

plain degradation beginning ca. AD 1880 as noted by dated soil horizons and tree

germination dates (Euler et al. 1979). The MLC reconstruction showed that two

short-term drought periods occurred during AD 1890 - 1904 and AD 1945 - 1958, the

first being associated with a major episode of arroyo-cutting that occurred through-

out the Southwest In general, however, rainfall during the last 200 years has been

above normal, and has been steadily increasing since the early 1700s. The 1830s are

acknowledged as being the wettest decade since AD 1600, while historical and tree-
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ring records show that the periods AD 1870 - 1890, 1911 - 1920, and the 1940s were

very wet (Fritts 1991). Following the drought period of the 1950s, tree growth has

steadily increased to levels not exceeded since ca. AD 600. This large body of

evidence does not support the observation that, based on the regularity of the Black

Mesa aggradation-degradation curve, a first-order hydrologic minimum began ca.

AD 1880.

3.4.2 Comparison of Temporal Variability

Dean et al. (1985) observed specific periods of high temporal variability in

the southern Colorado Plateau palaeoenvironmental reconstruction occurred

between AD 310 - 380, 750 - 1000, 1350 - 1560, and 1730 - 1800. The MLC recon-

struction, however, revealed the period AD 310 - 380 was marked by extremely low

climate variability that corresponded with the first half of Period BN-2 (Table 3.18;

Fig. 3.11). The interval AD 750 - 1000 was also marked by extremely low climate

variability, some of the lowest levels in the entire 2,129 year reconstruction.

However, climate variance did increase to very high levels during the latter 50 years

of this interval. Climate variability was also very low between AD 1350 - 1560,

while only near normal variance levels occurred between AD 1730 - 1800.

Two factors may cause these differences. First, two very different methods

were used for developing the time series of temporal variability. Euler et al. (1979)

and Dean et al. (1985) used calculations of variance for grouped decadal intervals,

while this study used running calculations for 25 year overlapping periods. As I

discussed previously, Parkinson (1989) warned against multiyear groupings, because

trends could be either monotonically increasing, decreasing, or stable, depending on

which year the grouping began. The groupings used in previous studies may have

created nonexistent trends in past climatic variability. Second, the sample size used
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TABLE 3.18. The most extreme periods of high and low tempo-
ral variability in the malpais region since AD 100.

High Variability Low Variability

227 - 293
309 - 395

400 - 426
428 -491

534 - 590
624 - 668

691 -706
716 - 743

746 - 801
850 - 953

955 - 984
1001 - 1035

1040- 1094

1203 - 1213

1272 - 1292

1804- 1828

1867- 1881
1902 - 1932

1177- 1187

1231 - 1241

1407- 1451
1508 - 1542
1569 - 1598
1664 - 1679

1833- 1855

in the calculations of variance differs. The fewer number of years in the grouped

intervals used in the archaeological tree-ring data set (10 years) perhaps caused

calculations of variance to be greatly influenced of only one or two outlier observa-

tions, whereas the sample size used in the MLC reconstruction (25 years) was less

influenced by these same outliers. Resolving this disagreement will depend on

(1) comparing similarities and/or differences in temporal variability observed in

future palaeoenvironmental data sets, and (2) re-examining temporal variability

characteristics in the archaeological tree-ring data set.
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3.4.3 Climate During the Medieval Warm Period and Little Ice Age

Many researchers have presented convincing evidence regarding the exist-

ence of the Medieval Warm Period (MWP) and Little Ice Age (LIA) climate epi-

sodes, and how these episodes varied both temporally and spatially (Mikami 1992;

Hughes and Diaz 1994). Researchers acknowledge that both phenomena were not

globally synchronous, perhaps differed in the climatic variable expressed, and

perhaps operated on different spatial scales (Bradley and Jones 1992; Hughes and

Diaz 1994). One region may have experienced an increase or decrease in tempera-

ture, while another may have experienced an increase or decrease in precipitation.

Yet another may have experienced long-term changes in both precipitation and

temperature (Sweda 1992). The climate variable expressed during any long-term

climate period itself depends on the accuracy and sensitivity of the proxy record

used to infer or reconstruct these long-term climate episodes (Bradley et al. 1991).

Period AN-3 began ca. AD 1000 and ended ca. AD 1400 (Table 3.9). This

duration is remarkably similar to the duration of the MWP, generally acknowledged

as having occurred between AD 950 to 1300 (Lamb 1977). Hughes and Diaz

(1994) suggest onset as early as the ninth century. Dean (1994) previously conclud-

ed available evidence in the Southwest failed "... to exhibit consistent patterns that

can be attributed to either global or regional expressions of the MWP." D'Arrigo

and Jacoby (1991, 1992) concluded that a climate reconstruction developed for

northwestern New Mexico showed precipitation was average during the MWP. This

reconstruction was developed using archaeological tree-ring data comprised mostly

of short (< 200 years) segments that precluded analysis of long-term climate, so this

finding was expected. The MLC based climate reconstruction, however, offers

significant evidence that a long-term climate episode coincident with the MWP did
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occur in the American Southwest

Information on temperature in the Southwest during the MWP can not be

inferred from the MLC. However, other researchers have suggested that above

normal rainfall occurred during the MWP in the Southwest Petersen (1988, 1994)

inferred past climate based on high resolution analysis of pollen from lake sediments

in the La Plata Mountains of southwestern Colorado. Based primarily on the abso-

lute amount of pinyon pollen, Petersen found both winter and summer precipitation

were greater during the period coinciding with the M'WP. Davis (1994) found in-

creased lake levels between AD 700 - 1350 at three locations in Arizona based on

pollen analysis, supporting the hypothesis of increased summer rainfall during the

MWP. Leavitt (1994) found that a period of above normal precipitation occurred

between AD 1080 - 1129 in California based on carbon isotope ratios obtained from

bristlecone pine (Pinus longaeva D.K. Bailey) tree rings. These studies, together

with the MLC based climate reconstruction, provide convincing evidence for a wet

WMP in the southwestern U.S. Obtaining long-term records from long-lived tem-

perature-sensitive trees, such as limber pine (Pinus flexilis James) and bristlecone

pine (Pinus aristata Engelm.) (Swetnam and Brown 1992), may help clarify whether

a temperature expression exists during the MWP in the American Southwest

The duration of the following climate period (Period BN-4, ca. AD 1400 -

1800) corresponds to the duration of the Little Ice Age (LIA) climate period, gener-

ally acknowledged as having occurred between AD 1300 and 1850 (Grove 1988;

Bradley and Jones 1992). However, the onset and duration of the LIA differ de-

pending on the geographic region investigated. Grove (1988) places the onset near

AD 1600 in Iceland, but places the onset in the mid-1300s in Scandinavia. Bradley

and Jones (1992) observed that "... there is little agreement on when the 'Little Ice

Age' occurred, other than a general feeling that it took place within the last 500-700



years."

Several dendroclimatic studies have provided convincing evidence for this

climate episode in the western U.S. (Graumlich 1993; Scuderi 1993; Haston and

Michaelsen 1994). As expected, however, the majority of paleoclimatic studies

investigated past temperature variations during the LIA. Few studies have analyzed

precipitation during this period. The MLC based climate reconstruction provides

important evidence that conditions during the LIA were not only colder when

compared to 20th century levels, but also more arid. D'Arrigo and Jacoby (1991,

1992) also found below normal precipitation during the LIA, especially between AD

1400- 1600. Petersen (1988, 1994) noted that dry conditions that began in the late

1200s "... lasted for hundreds of years - without much change - to about the A. D.

1850s." A convincing argument for an arid LIA was found in a high-resolution

reconstruction of salinity fluctuations for Devil's Lake in North Dakota based on

fossil diatoms, ostracode shells, and bulk-carbonate chemistry. Fritz et al. (1994)

observed higher levels in all three indicators, suggesting more saline conditions due

to an arid climate. These studies, along with the MLC precipitation reconstruction,

provide a strong argument that the LIA was both colder and drier in the American

Southwest.

Many hypotheses have been proposed to explain temperature fluctuations

during the MWP and LIA, including solar variability (Eddy 1977), volcanism (Grove

1988; Fritts 1991), and changes in synoptic scale oceanic and atmospheric circulation

(Lamb 1977; Broecker et al. 1985). While an external (i.e. existing outside the

terrestrial system) factor, such as solar variability, could be the triggering

mechanism for such fluctuations, the most important internal mechanism is the

interaction between atmosphere and ocean. An increase in global temperatures
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(e.g., during the MWP) would shift atmospheric circulation patterns poleward, and

increase the intensity of both high and low pressure systems in the mid-latitudes.

This intensification would increase gradients between these systems, and increase

cyclonic activity.

In the Southwest, the poleward shift of pressure systems and Hadley cell

circulation patterns could shift mechanisms that regulate summer monsoonal rain-

fall more northerly. Increased temperatures would also increase rates of evapotran-

spiration, thus increasing atmospheric moisture levels (Gates 1993). These higher

levels together with stronger surface heating would increase convectional rainfall

activity. The increased cyclonic activity, poleward shift of circulation, increased

moisture levels, and increased convectional rainfall would result in increased

summer rainfall during the MWP. This increased summer rainfall would foster a

move to upland farming while decreasing floodplain farming, likely increase the area

of the dry-farming belt in the Four Corners region, and perhaps cause unprecedent-

ed increases in local populations (Petersen 1988). Opposite conditions would occur

during periods of decreased temperatures, such as during the LIA. While this model

is simplistic, it nonetheless provides an explanation of possible synoptic scale

changes in atmospheric circulation that would have affected large populations living

in marginal environments.
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CHAPTER FOUR 

THE FIRE HISTORY OF EL MALPAIS NATIONAL MONUMENT

"Wildfires are bad, a scourge to man and beast."

- R.F. Hammatt, forester, 1949

4.1 Site Descriptions

The malpais is a highly diverse landscape of many habitats of varying size,

isolation, and land-use history (Mangum 1990; USDI National Park Service 1990;

Carroll and Morain 1992). The heterogeneity of the landscape suggests fire ignition

and spread patterns were probably highly variable, depending on physical and

biological characteristics of the individual habitat. To fully characterize fire regimes

within the monument, we sampled as many representative habitat types as possible,

conducting field surveys in most portions of the monument supporting ponderosa

pine forests. The most abundant, best preserved fire-scarred samples were found at

sites on the northwestern and western peripheries of the malpais (Fig. 4.1) in forests

that could be considered an extension of forests of the Zuni Mountains. These sites

are described in Table 4.1.

We found no fire-scarred samples on the kipukas in the northern and eastern

portions of the malpais, and found few samples in the southern portions. These

areas contained ponderosa forests that appeared younger than elsewhere, perhaps

due to more recent, intense stand-replacing fires, such as the Collapse (1174 ha) and

Hoya (809 ha) Fires in 1989. In addition to the sites sampled, we found additional

sites that contained fire-scarred material (such as the El Calderon and Big Hole-in-

the-Wall areas), but could not sample these due to time and labor constraints.

Habitat type designations currently in use by the USDA Forest Service are

based on the potential vegetation climax association an area can support (Dauben-
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Figure 4.1 El Malpais National Monument, showing the locations of the
nine sites sampled for fire history.
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TABLE 4.1. Information for all nine sites collected for fire history analyses. Areas
were convex hull perimeters defined by sample locations. Area determined by dot
planimetry. PIPO = ponderosa pine type, MC = mixed-conifer type, and Pi =
pinyon-juniper type.

Site Name Latitude Longitude Area Elev (m) Vegetation
(ha) (range) Type

Cerro Bandera East 34°59'36" 108°05'30" 12.31 2423 PIPO /MC
(CBE) 2545
Cerro Rendija 34°57'02" 108°07'38" 8.2 2420 PIP 0 /MC
(CER) 2493
Lost Woman 34°57'57" 108°04'46" 10.6 2335 PIPO
(LWN) 2438
Cerro Bandera North 35°00'01" 108°05'34" 14.0 2414 PIPO
(CBN) 2469
La Marchanita 34°58'04" 108°03'28" 42.9 2335 PIPO
(LAM) 2402
Candelaria 34°59'17" 108°04'17" 8.5 2371 PIPO
(CAN) 2408
Hoya de Cibola 34°53'39" 108°08'47" 12.6 2283 PIPO
(HFL) 2289
Mesita Blanca 34°53'22" 10800425" 54.82 2243 PIPO /PJ
(MES) 2262
Hidden Kipuka 34°53'56" 108°03'53" 28.9 2250 PIPO /PJ
(KIP) 2262

1 , Two 4.0 ha subsites separated by an equivalent area.
2. Includes the small kipuka to the south of Mesita Blanca.

mire and Daubenmire 1964; Alexander et al. 1987). In the malpais area, the com-

plex geology is the dominant factor influencing vegetation characteristics and asso-

ciations, because different periods of volcanism created unique habitats in different

successional stages. For this reason, habitat type designations for the fire history

portion of this study were predominantly based on geologic characteristics and
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stages of soil development rather than potential vegetation climax associations (see

e.g. Smathers and Mueller-Dombois 1974).

4_1.1 Cinder Cones and Shield Volcanoes

This habitat type consists of ponderosa pine forests located on the two types

of volcanic vents in the malpais area, cinder cones and shield volcanoes (Fig. 4.2).

Collections for fire history were made at: (1) Cerro Rendija, a highly-eroded, low-

lying shield volcano on the western periphery of the monument; (2) the eastern

flank of Cerro Bandera, a slightly eroded cinder cone in the northwest corner of the

malpais; and, (3) Lost Woman, a cinder cone in the northwest portion of the malpais

separated from the other two sites by the Bandera Lava Flow. Aspect largely

determines vegetation characteristics on these vents (Bleakly 1994; Lindsey 1951).

Ponderosa pine and mixed-conifer forests dominate northern and northeastern

facing slopes, while pinyon-juniper forests dominate southern and western slopes.

Cerro Rendija has a well-developed soil, while Lost Woman and Cerro Bandera

have weak soil development due to their steepness.

All three sites are adjacent to surrounding grasslands with a long history of

grazing (Mangum 1990) that may have affected fire spread to the vents. The ponde-

rosa forests at these sites were logged of most larger trees, and the numerous stumps

contained well-preserved fire scars. Occasional dense thickets of ponderosa pines

occur on the slopes of Cerro Rendija and Cerro Bandera. Lost Woman presents a

striking contrast in vegetation. Ponderosa forests on this cinder cone are open and

park-like, with no understory and a thick grass cover. This evidence, along with

abundant charred wood, indicated a recent fire, perhaps within the last 20 years.
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Figure 4.2 Ponderosa pine forests at the Cerro Bandera East site. On steeper slopes, the
forests are more open (top), but thickets of younger ponderosa pines occur at lower
elevations (bottom).
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Figure 4.3 Ponderosa pine forests on the highly weathered ancient basalt flows that
surround the malpais region. The La Marchanita site exists at the lower elevations near the
northern extension of the Bandera Lava Flow (middle foreground).
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4.1.2 Ancient Basalt Flows

We collected samples at three sites that typify open ponderosa pine forests on

highly-eroded, early Quaternary basalt flows surrounding the malpais (Fig. 4.3): (1)

between Cerro Bandera and Highway 53 (called Cerro Bandera North); (2) the area

surrounding La Marchanita Ice Cave; and, (3) a site north of the Bandera Lava Flow

on the Candelaria property. Soils at all three sites are more highly developed and

deeper than soils on younger basalt flows, and support abundant grasses and open

ponderosa pine forests. Logging was extensive at these sites. The largest pines, up

to 1.5 meters in diameter, were selectively cut, leaving numerous stumps with well-

preserved fire scars at all three sites. Grazing and fire suppression occurred at these

sites because of their proximity to springs, major roadways, trails, and rail systems.

4.1.3 Younger Basalt Flows

We sampled one site typifying ponderosa pine forests on moderately-eroded

basalt flows (Fig. 4.4). The Hoya de Cibola shield volcano and its lava flow are

geologically younger than most vents in the Zuni-Bandera lava field (Ander et al.

1981; Maxwell 1986). The lava flow on which samples were collected is predomi-

nantly pahoehoe (i.e., "ropey") lava, creating a broken topography with numerous

fissures. These fissures may facilitate fire spread due to accumulation of forest lit-

ter. The lava flow supports a low-density, open ponderosa pine forest on shallow

soil with patchy grass cover. This site is immediately adjacent to grasslands with a

long history of grazing. The broken topography and rough terrain prevented grazing

directly on the lava flow, but fire spread to the flow from adjacent grasslands may

have been altered. Fire suppression has occurred here up to the present because of

its easily accessible location (USDI National Park Service 1992). We found no

evidence of logging.



Figure 4.4 Ponderosa pine forests at the Hoya de Cibola site. This site exists on a
moderately eroded basalt flow. Forests here are less dense with large areas of
non-vegetated surfaces.
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Figure 4.5 Forests on the kipuka habitat type are atypical of forests elsewhere in the
malpais region. Ponderosa pines exist at lower elevations around the periphery,
while pinyon-juniper forests exist at slightly higher elevations. Mesita Blanca has
younger ponderosa pines encroaching (top). In the bottom photograph, the interface
between lava (at right in photo)and kipuka is shown for Hidden Kipuka.



145

4.1.4 Isolated Kipukas

We collected samples from two isolated kipukas (Fig. 4.5). Mesita Blanca is

located north of Big Hole-in-the-Wall, and is completely surrounded by the Hoya de

Cibola lava flow. Hidden Kipuka is located 0.5 km to the northeast of Mesita

Blanca, bounded by the Hoya de Cibola Lava Flow to the west and the Bandera

Lava Flow to the east. Both kipukas support open ponderosa pine forests around

their perimeter and pinyon-juniper forests on their crests. The kipukas support

excellent grass cover, while shrub cover is negligible. Because of their inaccessibili-

ty, logging and fire suppression have not occurred directly on the kipukas. The

surrounding rough terrain, lack of water source, and limited forage prevented exten-

sive grazing.

4.2 Methods

4.2_1 Field Methods and Sample Preparation

At each site, we collected cross-sections from stumps, logs, and snags showing

evidence of repeated scarring by fire (Fig. 4.6). Small wedges were cut from a few

fire-scarred living trees at each site to obtain dates of the most recent fire years

(Arno and Sneck 1977). Samples were selected to provide a fairly even spatial dis-

tribution throughout the site given the constraint that well-preserved multiple-

scarred samples were specifically targeted for sampling. All sections were labeled

and wrapped with strapping tape to prevent breakage and loss of samples during

transport back to the laboratory. Drawings were made of each section to facilitate

reassembly. All relevant information, including specific location, dbh, crown condi-

tion, lean degree and direction, and state of preservation, was recorded on a stand-

ard specimen form.

To test differences in fire patterns at smaller spatial scales, I chose three sites



Figure 4.6 A stump (top, CBE 32) left over from previous logging operations
in the malpais area, and a log (bottom, LAM 28), both showing basal wounds
and ridges characteristic of repeated scarring by past fires. Such stumps and
logs are numerous in the monument.
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for more detailed analyses. At Cerro Bandera East, 19 samples were collected from

the higher elevations near the crest of the cinder cone, while 13 samples were col-

lected near its base. Both areas were equal in size, approximately 4.0 hectares,

separated by an equivalent area. At La Marchanita, 24 samples were collected from

low-lying areas around La Marchanita Ice Cave (representing an area of ca. 25 hec-

tares), and another 15 from the steeper slopes of the adjacent Candelaria cinder

cone (representing an area of ca. 18 hectares). Although separated by ca. 50 meters,

both sub-sites are essentially contiguous with no intervening barriers.

The north-south trend, large area, and unique shape of Mesita Blanca pre-

sented another unique opportunity to examine within-site spatial variability of fires.

Intervening lava flows divide the kipuka into a northern half, southern half, and a

small isolated kipuka 0.5 km to the south. Because all sub-sites are contiguous

within the larger site, fire intervals and fire years should be similar. Any differences

must be explained by topography, fire ignition and spread patterns (e.g., high versus

low elevation ignition sources), and land-use history.

In the laboratory, cross-sections were reassembled and, if necessary, mounted

on plyboard. All surfaces were sanded using a 4" X 24" belt sander, beginning with a

coarse grit size (usually 40 grit) to plane the surface, then progressively using finer

sandpaper until eventually using 320 or 400 grit (Fig. 4.7). This technique produces

a surface on which the cellular structure of the wood is readily visible under 20-30X

magnification.

4.2.2 Crossdating

All tree rings and fire scars were crossdated to their exact year of formation

(Fritts 1976; Holmes 1983; Swetnam et al. 1985). I used both graphical and statisti-

cal techniques in crossdating. Graphical techniques involved: (1) visual recognition



Figure 4.7 After sanding, fire scars (arrows) were
prominently featured on the cross-sections, which aided
crossdating and seasonal identification.
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of specific "signature" patterns of tree rings, such as the 1900-1902-1904 pattern of

narrow rings, or the 1816-1817 very wide tree rings followed by the 1818-1819 very

narrow rings; (2) creating skeleton plots of the more difficult samples, and matching

these patterns against a skeleton plot for the Malpais Long Chronology; and/or (3)

matching event plots of fire years against a master event plot created from previous-

ly dated samples, then confirming the match by crossdating using signature patterns

and marker rings.

If samples could not be graphically crossdated, I then measured all ring

widths, and entered the measurement series as an undated series in program

COFECHA. Because ring patterns are often erratic around areas of wounding,

measurements were taken as far from the actual fire-scarred surface as possible.

COFECHA correlated 50-year segments of the undated series overlapped by 25

years against the Malpais Long Chronology. Significant correlations for the majority

of 50-year segments indicated the most probable dating position, which was always

visually checked with the master chronology. To confirm crossdating, fire dates

obtained from the suggested position were compared to known fire dates from other

samples. Samples that could not be conclusively and accurately crossdated were

excluded from further analyses.

4.2.3 Fire Seasonality

The season of fire occurrence was determined by noting the intra-annual posi-

tion of the fire scar within the tree ring (Dieterich and Swetnam 1984; Baisan and

Swetnam 1990). In the Southwest, the following convention has been adopted for

denoting the position of fire scars within the annual ring:

• dormant season fire (D): Scar positioned between the latewood of the previous

year and the earlywood of the current year. Dormant season fires could have
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occurred in either of two calendar years, extending from the end of the previ-

ous year's growing season to the beginning of the current year's growing season

(Dieterich 1983). In the Southwest, dormant season fires are ordinarily inter-

preted as having occurred just prior to the growing season (i.e., in spring) when

adjacent earlywood cells were formed rather than during the previous year

(i.e., in fall), because fall fires would be relatively rare based on modern cli-

matic and fire occurrences records (Baisan and Swetnam 1990). Extensive

observations of thousands of scars in many Southwestern U.S. sites, including

fires of known dates, indicate this dating convention is correct in all but rare

circumstances.

• early season fire (E): Scar located in the first one-third portion of the early-

wood.

• middle season .fire (M): Scar located in the middle one-third portion of the

earlywood.

• late season fire (L): Scar located in the latter one-third portion of the early-

wood.

• end of growing season fire (A): Scar located within the latewood.

Assigning actual seasonal periods to the intra-annual designations of fire

scars is problematic because: (1) little information exists for ponderosa pines grow-

ing in the Southwest on initiation and cessation of cambial activity to delimit the

length of the growing season, and (2) the length of the growing season itself varies

depending on a unique set of climatic conditions during any given year (Fritts 1976).

Variability in tree-ring widths due to climate variability should be considered when

assigning seasonal designations to fire scars. Assigning an "M" designation to a fire

scar in a tree ring of average width may be similar to assigning an "L" designation to

a fire scar in a narrow tree ring when, in fact, both fires occurred during the same
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calendar week, only in different years.

Although the range and variation of cambial growth of ponderosa pine at El

Malpais is not known, reasonable extrapolations can be made from previous studies

on cambial phenology conducted in the Southwest Fritts et al. (1965) found Doug-

las-firs in Mesa Verde, Colorado, began radial growth as early as March and ended

in June, while pinyons began growth in early June and ended in late July or August

In southeastern Arizona, Fritts (1976) reported growth of ponderosa pines began

near mid-April and ended by early August Baisan and Swetnam (1994) reported

four conifer species in the Chiricahua Mountains of southeastern Arizona began

radial growth in late March and ended in mid-September.

Based on these studies, the following estimated seasonal periods are most

appropriate for fire-scar positions in malpais trees: (1) dormant season scar: before

May; (2) early season scar: early May to mid-June; (3) mid-season scar: early June

to late July; (4) late season scar: mid-July to early August; (5) latewood scar: late

July to September. These seasonal designations reflect the most probable length of

the growing season for the malpais area. The overlap among designations occurs

because the window varies depending on the specific climate conditions to which the

trees are responding during any particular year. A fire scar in the early portion of a

narrow tree ring would have a wider possible window of occurrence than a fire scar

in the early portion of a very wide tree ring (Baisan and Swetnam 1994). To evalu-

ate the accuracy of intra-annual seasonal designations given to fire scar positions, I

compared known dates of fires during the historical record to the seasonal designa-

tions assigned to scars created during these fires. Dates of historic fires were not

known prior to their visual assessment in the fire-scar record.
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4.2.4 The FHX2 System for Analyzing Fire History from Tree Rings

The volume of data generated in this study (nearly 3,000 crossdated fire

events from 217 trees across nine sites in and around the monument) emphasized a

need in tree-ring based fire history research for software to process and analyze such

large volumes of data. I therefore developed an integrated software package for

dendroecologists and fire ecologists to easily and quickly analyze fire history infor-

mation from tree rings. The result was the FHX2 software package, a suite of

menu-driven programs for: (1) entering and editing fire history information; (2)

creating screen and hardcopy graphs of individual site and composite fire chronolo-

gies; and (3) performing a range of statistical tests and functions. Details about the

FHX2 data format and operation of the data entry, graphics, and statistical proce-

dures are provided in Appendices D1 through D5, which contain complete docu-

mentation for the software.

4.2.5 Percentage-Scarred Classes

Calculating percentage of trees scarred in any given fire year objectively

identifies fire years that were more widespread, assuming higher percentages indi-

cate progressively greater areas burned within an individual site (Swetnam 1990;

Grissino-Mayer et al. 1994; Touchan and Swetnam 1995; Grissino-Mayer and

Swetnam 1995; Swetnam and Baisan, in press). A tree is considered fire-susceptible

when previously scarred by fire (Romme 1980), thus becoming a "recorder" tree.

Percentage scarred is calculated using only these recorder trees. However, fire-

scarred trees sometimes revert back to non-recorder status for various reasons

(Swetnam 1983). For example, a tree may completely seal the fire wound, and many

decades, even centuries, may pass before the tree once again is sufficiently scarred

by fire to once again become a recorder tree. The most common problem encoun-
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tered with fire-scarred Southwestern pines is an obscured surface (e.g., from beetle

galleries, decay, or burning from subsequent fires), making it impossible to deter-

mine whether the tree continued to record fires. Areas where the tree-ring record of

fires is obscured should not be considered part of the sample depth used in calculat-

ing percentage scarred. For this study, I observed and recorded whether fire-scarred

surfaces were recorders or non-recorders, thus providing a more realistic calculation

of percentage scarred.

All analyses were conducted using (1) all fire dates, regardless of how many

trees were scarred in any given fire year, (2) only those years in which at least 10 %

of all sampled trees were scarred, and (3) only those years in which at least 25 %

were scarred. In this study, an additional filter was applied to the 10% and 25 %

scarred classes because, in certain years, use of percentages would still allow specific

years to enter the analyses when fire was perhaps relatively small (e.g., a year in

which only one tree was scarred out of a total sample depth of ten trees would satis-

fy the 10 % cutoff). Therefore, at least two trees had to be scarred in any given fire

year for that year to be included in the analyses for the 10% and 25 % scarred class-

es.

4.2_6 Graphical Analyses

Initial examination of temporal and spatial patterns of fires within and

between sites used charts depicting master fire chronologies constructed for each

site displaying spatial and temporal patterns of past fires recorded by sampled fire-

scarred trees (Dieterich 1980a). I noted changes in temporal (i.e., changes in fire

intervals) and spatial (i.e., widespread versus patchy fires) patterns of fire within

each site. To visually assess similarities and/or differences between sites, informa-

tion from all samples per site was condensed into a composite fire chronology
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(Dieterich 1980a, 1983; see Appendix D3 for additional information about compos-

ite chronologies). All nine composites were then combined in single graphs for each

percentage scarred class to display spatial patterns of fires between sites.

4.23 Statistical Analyses

4.23.1 Period of Reliability

The range of years considered suitable for statistical analyses, known as the

"period of reliability," is based on the first and last occurrence of a minimum number

of fire-scarred samples in any given fire year (Touchan and Swetnam 1995). The

minimum number required differs depending on total number and quality of sam-

ples collected and habitat type. In this study, beginning and ending years were years

when fire was first and last recorded on three or more samples (see e.g. Grissino-

Mayer et al. 1994; Touchan and Swetnam 1995). Although somewhat arbitrary, this

range of years nonetheless delimits the period when fire dates are best replicated

among sampled trees.

4.2.7.2 Analyzing Fire Seasons

The dominant mode of fire seasonality was determined for each site by creat-

ing frequency distributions of the five fire-scar positions. Seasonal information for

all fire scars from all nine sites was then combined, and a frequency distribution

developed to determine the dominant season of fires for the malpais region as a

whole.

4.2.7.3 Analyzing Fire Intervals

Descriptive statistics for fire intervals provide basic information needed to

establish the historical range of variability in past fire regimes. Although the Mean

Fire Interval (MFI) is most often reported, essential information on presettlement
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fire regimes is also provided by analyzing the variability of data about the mean, the

range of fire intervals, and the shape of the overall distribution. In this study, I used

the FHX2 software to compute statistics in three categories (individually listed at

the end of this section): (1) measures of central tendency, (2) measures of range and

dispersion, and (3) measures of shape (e.g. skewness and kurtosis). These were

calculated for all three percentage scarred classes for each individual site, and for

the malpais as a whole based on combined composite information.

The occurrence of aperiodic fires during the presettlement period has and

will continue to be used as one of the underlying rationales for reintroducing fire

back into altered ecosystems (Weaver 1951; Dieterich 1983; Sackett et al. 1994).

The MFI for these presettlement fires can be used to help formulate goals for pre-

scribed fire programs. Derivation and use of the MFI, however, assumes fire inter-

val data being modeled represent a symmetric distribution, although not necessarily

a normal distribution (Fig. 4.8A). In many fire regimes, especially those in the

Southwest, fire interval data are seldom symmetrically distributed, because no upper

bound exists for the maximum interval while the lowest possible fire interval is one

year (Grissino-Mayer et al. 1994; Swetnam and Baisan, in press). Therefore, fire

interval data are usually positively skewed (Baker 1992) (Fig. 4.8B). Skewed distri-

butions diminish the usefulness of the MFI as a robust measure of central tendency,

and bias estimates of confidence intervals for delimiting significantly short and long

fire intervals.

Fire ecologists have recommended more flexible distributions, other than the

normal distribution, for statistically modeling fire interval data (Johnson and Van

Wagner 1985; Johnson 1992; Baker 1992). In this study, I used the Weibull distribu-

tion (Weibull 1951; Berrettoni 1964) to model fire interval data, because this distri-
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Figure 4.8 A near-symmetric distribution of fire interval data (A), and
more typical positively skewed, asymmetric distribution (B). The mean
as a measure of central tendency is least biased in symmetric (e.g.,
normal) distributions.
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bution is highly flexible, able to model a variety of negatively and positively skewed

distributions, and often provides a superior fit than the normal distribution (Clark

1989; Johnson 1992; Baker 1992; Hallinan 1993). The superior fit provides a more

robust measure of centrality than the MFI, and provides the necessary probabilistic

framework for establishing significantly short or long intervals. I compared the

goodness-of-fit between the fire interval data and both the empirical and Weibull

distributions using the one-sample Kolmogorov-Smirnov (K-S) test (Govil 1984;

Barber 1988). The empirical distribution function is a step function that approxi-

mates the sigmoidal curve of the cumulative distribution function for the normal

distribution. Superior fits were confirmed by lower values of the K-S d-statistic.

The cumulative distribution function F(t) for the Weibull distribution is:

F(t) = 1 - expkt /b)1, t> 0, b > 0,	 (4.1)

(Johnson and Kotz 1970; Johnson 1992), where t represents fire interval data (in

years), b the scale parameter, and c the shape parameter. In ecology, this is the

cumulative mortality function (Somers et al. 1980; Johnson 1992). Substituting

values for t provides the cumulative probability level that other fire intervals will

not exceed this interval (i.e., the level of non-exceedance). In fire history studies,

the complement, A(t), is perhaps more useful:

A(t) = 1-F(t) = expr-t/b)1, t > 0, b > 0,	 (4.2)

also known as the survivor function (i.e.,1 - mortality) in ecological studies (Pinder

et al. 1978). In fire history studies, this represents the probability of having fire

intervals greater than t (i.e., the exceedance probability).

The fire interval associated with the 50 % exceedance probability level is

termed the Weibull Median Probability Interval (WMPI) (Fig. 4.8B), and is used in

this study as the best, unbiased measure of central tendency in fire interval distribu-

tions. Fire intervals delimiting significantly short or long intervals were identified by
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calculating the theoretical fire interval associated with the .95 and .05 exceedance

probability levels, respectively (one-tailed tests). These are termed the 95 % and 5 %

exceedance intervals.

The Weibull hazard function, h(t), is stated as

h(t) = cte -1 /bc, t> 0, b > 0,	 (4.3)

and is the hazard of burning during interval t (Johnson 1992). By substituting 1.0 for

h(t), and using the Weibull-derived shape (c) and scale parameters (b), the fire

interval t associated with the 100% probability level can be calculated, representing

the theoretical fire-free period an ecosystem can sustain before burning. The

Maximum Hazard Fire Interval (MaxHI) is therefore a measure of range, delimiting

the theoretical absolute maximum interval in presettlement fire regimes.

The Weibull shape parameter, c, is unique for each fire interval data set, and

is used in this study to characterize the overall shape of fire interval distributions. A

value of 1.0 indicates a negative exponential distribution (Johnson and Kotz 1970),

characteristic of time-since-fire distributions in the northern boreal forests of

Canada (Johnson and Van Wagner 1985; Johnson 1992). Values that approach 1.0

indicate highly skewed, leptokurtic distributions, while values that approach 3.6

indicate distributions that approximate normality (Johnson and Kotz 1970).

In summary, the following descriptive statistics were calculated:

(1) Central Tendency

• Mean Fire Interval (MFI), or the average of all intervals between fires;

• median fire interval, the interval associated with the midpoint observation of

ordered intervals;

• Weibull Median Probability Interval (WMPI), the interval associated with the

50% exceedance level;
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(2) Dispersion and Range

• maximum and minimum fire intervals;

• standard deviation, a measure of variability about the MFI;

• coefficient of variation, a standardized statistic combining the MFI and stand-

ard deviation, allowing comparisons of fire intervals between sites;

• fire intervals associated with the .95 and .05 Weibull exceedance probability

levels;

• the Weibull-derived Maximum Hazard Fire Interval.

(3) Measures of Shape

• skewness, a measure of the influence of a few extremely large or small fire

intervals upon the overall shape of the distribution;

• kurtosis, a shape measure describing the "peakedness" of the fire interval dis-

tribution;

• the Weibull shape parameter, c, used to describe the overall shape of the

Weibull-modeled interval data.

4.2_7.4 Analyzing Changes in Temporal Patterns of Past Fires

Temporal changes in fire seasonality were detected by noting shifts in the

dominant mode of seasonal occurrence (Swetnam 1992; Grissino-Mayer and Swet-

nam 1995) using fire seasonality charts depicting early season (D and E scars) and

middle/late season fires (M, L, and A scars). Temporal changes in fire occurrence

were examined by plotting the total number of fires occurring in running 25 year

periods during the period of reliability (Swetnam 1992; Touchan and Swetnam

1995). To detect changes in fire spread patterns over time, percentages of trees

scarred during fire years were also plotted for running 25 year periods. Changes in

any of these three properties could indicate changes in external mechanisms that
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regulate fire regimes.

Temporal changes in fire intervals were examined visually using composite

information developed for each site. To determine whether observed changes were

statistically significant, the period of reliability was divided into control and test

periods. The year in which this division occurred was selected based on one or more

visually obvious changes in overall fire patterns (e.g., after a large gap in the fire

record). Three tests were conducted under the null hypothesis of no difference

between periods: (1) the Student's t-test to test differences between means; (2) the

folded f-test to test differences between variances; and (3) the two-sample Kolmo-

gorov-Smirnov test to test differences in cumulative frequency distributions (Govil

1984; Barber 1988).

Robustness of these tests was increased by ensuring that (1) data used in each

period were independent of the other period, (2) the two independent data sets were

similarly distributed, and (3) sample sizes were adequate (> 20 samples). For prac-

tical purposes, the first assumption was satisfied by choosing non-overlapping peri-

ods. However, the length of the first fire interval (or intervals) in the latter period

may be related to the length of the last fire interval (or intervals) in the earlier

period. The second assumption was more difficult to address because fire interval

data are rarely similarly distributed. Because absolute values were not necessary for

these tests, I transformed fire interval distributions to approximate normality by

using a method of moments transformation based on the third and fourth moments

about the mean (Box and Cox 1964; Draper and Cox 1969). The transformed data

were then converted to standard normal distributions for direct comparisons. At the

site level, the third assumption was slightly problematic, because fewer fire years

entered into the analyses as data sets became filtered in the 10% and 25 % scarred

classes. However, sample size was not a factor after composites from all sites were
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combined to assess changes at the subregional level.

I analyzed possible impacts of postsettlement human-related disturbances to

fire regimes by comparing presettlement and postsettlement fire intervals. Fire

interval statistics were calculated for the postsettlement period, then compared with

the WMPI, the Weibull-derived 5 % exceedance intervals, and the Maximum Hazard

Interval calculated for the presettlement period. Any 20th century intervals that

exceeded these threshold intervals would suggest fire regimes in malpais forests

were severely disrupted after Euro-American settlement.

The three tests discussed earlier were also used to analyze temporal changes

in percentage of trees recording fire. Such changes may establish whether fuel

conditions during certain periods caused fires to be widespread (i.e., spatially

homogeneous) or patchy (i.e., spatially heterogeneous). The null hypotheses state

that no differences existed between periods for the mean percentage of trees

scarred, the variance about the mean percentage, or the distributions of the percent-

age-scarred data sets. For each period, the percentage of trees scarred was calculat-

ed for each fire year and placed in identical arrays used for the fire interval data,

from which the mean, variance, and cumulative distribution functions were derived.

4.2.7.5 Analyzing Differences in Spatial Patterns of Past Fires

Spatial patterns of fire at the regional scale are influenced by climate, creat-

ing similar vegetation characteristics, similar fuel conditions, and therefore similar

fire regimes. If climate is the primary mechanism regulating malpais fire regimes,

no differences in fire regimes should be observed among the various sites. If differ-

ences are observed, these must be explained by factors other than climate, such as

geologic substrate and topography. In this study, I applied the three tests described

earlier to both fire interval and percentage-scarred data sets to test differences over
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the common period 1700 - 1880 under the null hypothesis of no differences between

sites. Differences at smaller spatial scales were analyzed at Cerro Bandera East, La

Marchanita, and Mesita Blanca both graphically and statistically.

The close proximity of the sampled sites to each other further increases the

probability of fires being synchronous between sites. All sites, including the two

kipukas, are essentially contiguous, occupying forested areas within and around the

periphery of the lava flows. While separated by many kilometers, it is nonetheless

hypothetically possible for past fires to have spread between sites along the entire

north-south gradient represented by all sampled sites, thus causing fire years to be

synchronous. To test the statistical independence of fire years between sites, I used

the chi-squared test (Govil 1984; Barber 1988), first used by Swetnam (1992, 1993)

to test the synchroneity of fire chronologies between five giant sequoia groves. The

chi-squared statistic was calculated from the expected joint probabilities from a

2 X 2 contingency table using binary fire information (i.e., presence-absence of fire

in any year). The null hypothesis stated that fire and non-fire years were statistically

independent between sites.

I also investigated three alternative methods for testing fire synchroneity

(more fully described in Appendix D4), using: (1) the chi-squared test based on a

2 X 1 contingency table; (2) the Ochiai Index, a measure of association; and, (3) the

Wald-Wolfowitz runs test (Downie and Heath 1959; Hubalek 1982; Govil 1984;

Ludwig and Reynolds 1988). These three methods share a common trait in that only

fire years are considered in the analyses. Fire years can be synchronous, occurring

at both sites being tested, or asynchronous, occurring at only one of two sites.

Unlike the 2 X 2 chi-squared test, however, non-fire years were not considered.

While all three tests measure synchrony in some manner, each has unique properties
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useful for interpreting fire patterns between sites.

The 2 X 1 chi-squared test is analogous to tossing a coin: results can be either

heads (synchronous) or tails (nonsynchronous) (Downie and Heath 1959), assuming

both conditions have an equal chance of occurring during a fire year. (Similarly, the

2 X 2 test is analogous to tossing two coins.) Therefore, the null hypothesis states

that no difference exists between the number of synchronous and asynchronous fire

years between sites. Rejection of the null hypothesis for the 2 X 1 chi-squared test

would indicate which condition (synchronous or nonsynchronous) occurred more

often. It is important to note the difference between what is being tested in the

2 X 2 and 2 X 1 chi-squared tests: the former tests statistical independence (i.e.,

association) between actual and hypothesized patterns of fire and non-fire years,

while the latter tests association (i.e., synchrony) between fire years only. The 2 X 1

chi-squared test does not consider non-fire years (fire absent from both sites) in its

calculation.

The Ochiai Index is also calculated based on presence-absence (i.e. binary)

data. Like the 2 X 1 chi-squared test, the Ochiai Index uses only fire years in its

computation, and ranges between zero (no association between data sets) and one

(perfect association between data sets), as do most indices of association (the FHX2

system calculates and reports six different measures of association). Indices of

association are also able to discriminate between positive and negative associations

(Ludwig and Reynolds 1988). Therefore, values above .5 generally indicate more

synchronous years, while values below .5 indicate more asynchronous fire years.

The Wald-Wolfowitz runs test is simply another nonparametric test of associ-

ation that uses binary data. Unlike the other tests, however, the Wald-Wolfowitz

runs test considers the sequential pattern of runs in synchronous and asynchronous

fire years in its computation. These runs consist of sequential years when fire was
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synchronous (both positive binaries = fire present at both sites) or asynchronous

(one positive and one negative binary = fire present at one site but absent from the

other). The null hypothesis states the temporal pattern of synchronous and nonsyn-

chronous runs in fire years was generated by a random process. As with the 2 X 1

chi-squared test, rejection of the null hypothesis (i.e., the sequence of

synchronous/asynchronous runs was not randomly generated) would indicate which

condition (synchronous or asynchronous) occurred more often.

4.2.7.6 Analyzing the Fire /Climate Relationship

Superposed epoch analysis (SEA) is used to study mean responses of biologi-

cal or physical systems to possible external factors (Kelly and Sear 1984; Lough and

Fritts 1987; Prager 1992; Cleaveland et aL 1992; Taylor 1994). SEA has been used

extensively to study effects of climate on fire occurrence in both the Southwestern

U.S. and the Sierra Nevada (Baisan and Swetnam 1990; Swetnam and Betancourt

1992; Swetnam 1993; Grissino-Mayer et a/. 1994; Touchan and Swetnam 1995). The

null hypothesis states that no short-term (< 10 years) relationship exists between

fire and climate prior to and during years when fire occurred. In SEA, average

climate conditions in years preceding and during fire years are calculated after all

fire event years have been "superposed" (i.e., stacked one on top of another and set

to year zero).

In this study, SEA was used to compare fire events with reconstructed rainfall

during and five years prior to the year of fire (details on the development of the

precipitation reconstruction are given in Chapter 3). To indicate departure from

mean climate, reconstructed rainfall values were converted to z-scores by subtract-

ing the long-term mean and then dividing by the long-term standard deviation for

each period analyzed. A Monte Carlo simulation of 1000 runs provided boot-



165

strapped 95 % confidence intervals for mean values of reconstructed precipitation

based on the normal approximation and percentile-rank methods (Mooney and

Duval 1993). I conducted separate analyses for all three percentage-scarred classes

(all scarred, 10%, 25 %) to assess differences in climate conditions prior to and

during fire years of differing areal extent and/or severity (Grissino-Mayer et al.

1994). Analyses were conducted over the full presettlement period, determined by

the common interval for periods of reliability for each site.

Finally, I compared any observed changes in fire seasonality, fire intervals,

and percentage of trees scarred with the long-term reconstruction of precipitation

developed for this study (see Chapter 3). The hypothesis tested states no association

existed between long-term changes in amounts of rainfall and long-term changes in

fire regimes. No statistical tests have been formalized for testing the long-term

relationship between climate and fire occurrence, in contrast to the short-term rela-

tionships tested with SEA. Therefore, I will simply graphically compare overall

trends in both series to determine whether or not changes were concurrent If long-

term changes between climate and fire were concurrent, this finding will further

refine our knowledge concerning factors that influenced the range of natural varia-

tion in presettlement fire regimes of the Southwest

4.2.7.7 Summary of Statistical Analyses

1)Establish the period of reliability for each site.

2) Seasonal analyses:

• Create frequency distributions of fire-scar positions for all sites, and for the

malpais as a whole after combining information from all nine sites.

3) Fire interval analyses:



166

• Model fire interval data with the Weibull function, and compare goodness-of-

fit.

• Describe patterns of fire intervals using descriptive statistics, including the

WMPI, the 95 % and 5 % exceedance intervals, and the Maximum Hazard

Interval.

4) Temporal changes in fire patterns:

• Analyze changes in the seasonality of past fires.

• Investigate changes in fire intervals by analyzing changes in the means, vari-

ances, and overall distributions.

• Investigate changes in the percentage of trees scarred between periods using

the same tests.

• Compare the 20th century fire regime with reference conditions established for

the presettlement period.

5) Spatial differences in fire patterns:

• Investigate differences in fire intervals between sites by analyzing differences

in the means, variances, and distributions.

• Investigate differences in percentage of trees scarred between sites using the

same tests.

• Investigate fire synchrony between sites using chi-squared tests, the Ochiai

Index of association, and the runs test

6) Fire/climate relationship:

• Use SEA to compare fire events with short-term trends in precipitation prior to

and during the year of fire.

• Compare long-term trends in climate with changes in fire seasonality, fire

intervals, and percentage scarred.
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TABLE 4.2. Summary information on fire scars over the full period of record for
each site.

Site Name	 Number	 Fire	 Scars per Tree 
Samples	 Years	 Min	 Max	 Avg

Cerro Bandera East 32 55 7 29 16.1
Cerro Rendija 11 37 1 23 10.2
Lost Woman 20 47 1 16 7.1
Cerro Bandera North 35 87 1 37 12.9
La Marchanita 37 71 5 28 13.0
Candelaria 20 46 4 19 13.0
Hoya de Cibola 23 52 1 15 9.1
Mesita Blanca 26 52 3 20 8.3
Hidden Kipuka 13 26 8 34 5.4

Malpais Total /Average 217 473 1 37 11.3

4.3 Results

4.3.1 Crossdating

Nearly 3,000 fire scars recorded on over 700 specimens from 217 trees were dated at

the nine sites (Table 4.2). The strong regional climate signal ensured similar ring-

width signature patterns and marker rings were found in fire-scarred ponderosa

pines as they were in Douglas-firs used for the climate reconstruction. Particularly

useful signature patterns included the 1900-1902-1904, 1842-1847-1851, 1748-1750-

1752-1773, and 1679-1685-1691 sequences of narrow rings. If a sample appeared

particularly old, I keyed on the markedly suppressed growth of the 1580-1605 peri-

od, particularly the 1573-1576-1580-1585-1590-1592-1593 pattern of extremely

narrow rings. Particularly wide rings that aided crossdating were formed in 1594,

1610, 1675, 1710, 1747, 1771, 1793, 1815, 1816, and 1869.
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4.3_2 Fire Scars and Other Fire Event Indicators

Fire scars are considered the best and only direct, datable evidence of past

fire occurrence (Fig. 4.7), although other visible features within the annual ring or

sequence of rings (e.g., excess resin ducts, expanded latewood, and "fire rings")

usually associated with fire events have been observed (Swetnam 1992; Brown and

Swetnam 1994). In the malpais collections, the most common fire-associated fea-

tures, other than fire scars, were growth releases, growth suppressions, and "trauma

rings." These features were almost always associated with a fire scar on the sample

itself, or on one or more other sampled trees from the same site. Increased growth

rates were attributed to reductions in competing vegetation and changes in nutrient

availability (e.g., an increase in nitrates) following fire (Pearson et al. 1972; Wright

and Bailey 1982; Agee 1993; Mutch 1994). Growth suppressions following fire were

attributed to foliar and/or root damage during fire that reduced nutrient uptake,

photosynthetic rates, and amounts of fixed carbon (Sutherland et al. 1991; Peterson

et al. 1994).

Trauma rings were the most ubiquitous of fire-associated features, character-

ized by abundant resin within the earlywood, forming a distinct band of resin that

often extended far from the actual injury. These rings were rarely associated with

production of resin ducts. Unlike false rings, trauma rings were never associated

with changes in cell features, such as cell wall thickness and lumen area. The exact

physiological mechanism behind trauma rings is unknown; however, resin produc-

tion is a common response of conifers to injuries, including fires (Lachmund 1921;

Verrall 1938). Their formation may be a response by conifers at the cellular level

(i.e. at the vascular cambium) to high temperatures caused by surface fires, because

these features were almost always associated with actual fire scars, either at other
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locations on the same tree or on different trees from the same site (see e.g. Brown

1991). Because they occurred throughout the entire annual ring, their formation

may also be related to the "compartmentalization" process, whereby injured trees

create "compartments" to localize and contain effects due to injuries (Shigo 1985).

4.3.3 Long Fire Records

Master fire chronology charts for all nine sites graphically displayed both

temporal and spatial patterns of past fire in malpais forests (Figs. 4.9 - 4.17). Most

malpais ponderosa pine samples contained numerous fire scars (Fig. 4.7). Sampled

trees at Cerro Bandera East averaged over 16 scars per sample, while five sites

averaged 10 scars per sampled tree or higher (Table 4.2). Hidden Kipuka contained

the least number of scars per sample (5.4). Although all sites yielded many high-

quality specimens, the degree of quality varied between sites. At Mesita Blanca and

Hidden Kipuka, samples were more difficult to crossdate because extensive insect

galleries obscured the tree rings around the fire-scarred surfaces. I crossdated these

samples by crossdating "inter-fire" ring patterns with similar ring patterns from

other, more easily datable samples.

Well-preserved specimens were located at all nine sites, but the best pre-

served specimens were those found at Cerro Bandera East and Cerro Bandera

North (Table 4.2). Both sites were extensively logged prior to 1950, and numerous

stumps remained with well-preserved fire-scarred surfaces. Fire exclusion ensured

these stumps were not consumed by subsequent wildfires. Logging and fire exclu-

sion also occurred at the Candelaria, La Marchanita, and Lost Woman sites where

many stumps were found with well-preserved fire-scarred surfaces. Although these

disturbances have likely changed the vegetation structure and fuel components of

malpais forests, they also helped preserve numerous fire-scarred samples by ensur-
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TABLE 4.3. Information on the periods of reliability established in this study.
These periods delimit the first and last years in which fire was recorded on at least
three trees, with a minimum sample depth of six trees.

Site Name Begin End Earliest Latest
Year	 Year	 Fire	 Fire

Period of Reliability
Begin	 End Length (yrs)

Cerro Bandera East 1563 1991 1598 1939 1653 1880 228
Cerro Rendija 1548 1992 1589 1932 1684 1880 197
Lost Woman 1467 1992 1516 1976 1684 1861 178
Cerro Bandera North 1361 1993 1387 1964 1656 1880 225
La Marchanita 1342 1991 1367 1900 1625 1879 255
Candelaria 1471 1992 1616 1955 1703 1870 168
Hoya de Cibola 1333 1991 1367 1989 1653 1877 225
Mesita Blanca 1407 1991 1447 1989 1658 1933 276
Hidden Kipuka l 1570 1991 1624 1976 1695 1935 241

1. Period of reliability determined using minimum sample depth of five trees to
accommodate for the fewer samples collected.

ing fires would occur less often, and be confined to smaller areas.

The oldest specimens were found at the La Marchanita, Hoya de Cibola, and

Cerro Bandera North sites, all containing fire scars dating to the 1300s (Table 4.3).

These are three of the longest continuous fire chronologies yet developed in the

Southwestern U.S. Preservation of fire-scarred material at the Hoya site is partially

explained by the broken topography and bare lava surfaces devoid of fine fuels.

Wood on these bare surfaces is therefore protected from subsequent fires. In addi-

tion, fires at the Hoya site are likely confined to lava fissures where fuels accumu-

late, further protecting wood on the lava surface. The fire chronologies at La

Marchanita and Cerro Bandera North sites are especially long due to the exception-

al longevity of ponderosa pines at both sites. Many fire-scarred individual pines

exceeded 600 years in age, exceptional for this species.

At Mesita Blanca and Hidden Kipuka, the oldest samples were found along
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TABLE 4.4. Summary information for fire scars on which season could be deter-
mined.

Site Name	 Total Scars	 Number with Season	 Percent

Cerro Bandera East 514 336 65.4
Cerro Rendija 112 83 74.1
Lost Woman 141 106 75.2
Cerro Bandera North 452 287 63.5
La Marchanita 480 310 64.6
Candelaria 260 186 71.5
Hoya de Cibola 209 147 70.3
Mesita Blanca 217 123 56.7
Hidden Kipuka 70 45 64.3

Malpais Total 2455 1623 66.1

the periphery of each kipuka. At these and other kipukas, ponderosa pines tend to

grow along the edges of kipukas, where the water table is closest to the surface,

while pinyons and junipers occupy the crests. The best preserved fire-scarred

samples invariably came from pines that had grown along the lava edge, and, after

dying, fell unto a bare lava surface, protected from subsequent surface fires. Future

fire history research should target samples found along the periphery of kipukas to

further extend the fire record back in time.

4.3.4 Seasonal Analyses

Of 2,455 fire scars dated from all nine sites, intra-annual position was ob-

tained from 1,623 (66.1 %) (Table 4.4). The percentage of scars for which intra-

annual position could be obtained was a function of sample preservation. At sites

where samples were well-preserved, such as Cerro Rendija and Lost Woman, the

probability of determining intra-annual position was high. In contrast, intra-annual
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position was obtained on only 56.7 % of scars from samples collected at Mesita

Blanca, where ring patterns were often obscured by insect galleries. While most fire

dates could be obtained, scar position sometimes could not be confidently identified.

Frequency distributions revealed the seasonal timing of fire varied by site

(Fig. 4.18). Dormant season fire scars dominated at Cerro Rendija and Lost

Woman, but were only slightly more prevalent at Cerro Bandera East. Scars located

in the early portion of the earlywood wood were highest at the Hoya de Cibola and

Hidden Kipuka sites, while middle earlywood scars occurred most often at the Cerro

Bandera North, Hoya de Cibola, and Hidden Kipuka sites. Scars located in the late

portion of the earlywood were highest at the Candelaria and Lost Woman sites,

giving the latter a bimodal distribution. Latewood scars were rare due to either (1)

the very thin latewood of ponderosa pines in the malpais, or (2) because fires occur-

ring at the end of the growing season were rare. The frequency distribution for all

1,623 fire scars from malpais trees for which season could be determined revealed a

fairly uniform distribution among the dormant, early, middle, and late earlywood

designations (Fig. 4.19), although middle earlywood scars comprised the majority

(nearly 30%) of all scar positions.

The lack of a dominant scar position for the malpais in general contrasts with

the findings of other Southwestern studies, where the majority of past fires usually

occurred early in the growing season (i.e., the majority of scars were D or E) (Baisan

and Swetnam 1990; Grissino-Mayer et al. 1994; Touchan and Swetnam 1985). The

lack of dominance may be due to two reasons. First, the timing and intensity of the

Southwestern summer monsoon is variable year to year. During years when the

monsoon is weak, late, or nonexistent, fires may occur throughout the growing

season. Second, the monsoon may display temporal variability on much longer
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Figure 4.18 Seasonality of fires for the nine fire history sites. At some sites, fires occurred
predominantly in the early portion of the growing season (e.g., Cerro Rendija), but occurred
later in the growing season at others (e.g., Cerro Bandera North).
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Figure 4.19. No general pattern of a dominant season for past fires emerged based on nearly
1,700 fire scars on which season could be determined.
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decadal and centennial time scales. During periods when annual precipitation is

dominated by summer monsoonal rainfall, fires may occur predominantly in the

early portion of the growing season. During periods when summer rainfall weakens,

or when the timing of the summer monsoon is shifted later, fires may occur through-

out the growing season. This finding suggests either fires were common throughout

the entire growing season, or shifts in the seasonality of fire between early and

middle/late season fires occurred that "masked" any dominant seasonal signal. If

such shifts occurred, these may be related to concurrent shifts in the seasonal distri-

bution of rainfall throughout the growing season.

To confirm seasonal designations of fire-scar positions, I used fire records

obtained from the Boise Interagency Fire Center, the Bureau of Land Management,

and the National Park Service. Between 1973 to 1992, several major (> 800 ha)

fires occurred, such as the A-Rock Fire in 1990 (7,325 ha), the Collapse Fire in 1989

(1,133 ha), and the Lava Fire in 1985 (1,619 ha). However, only two fire years, 1976

(unnamed fire, 4,155 ha burned) and 1989 (Hoya Fire, 809 ha burned), were evident

in the fire-scar record for El Malpais with which to confirm seasonal designations.

The 1976 fire was recorded at Lost Woman, Mesita Blanca, and Hidden Kipuka, and

was largely an early season fire (57 % D and E scar positions), although scars were

also recorded in the latter portions of the earlywood. Fire records show this fire

began June 7, 1976, confirming the seasonal designations. Fire scars for the 1989

fire occurred predominantly at the Hoya de Cibola site, exclusively in the latter

portion of the earlywood for the 1989 ring. Fire records showed this fire began July

5, 1989, and lasted until August 2, once again confirming the seasonal designations.
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4.3.5 Fire Interval Analyses

4.3.5.1 Period of Reliability

The beginning year for the period of reliability generally ranged between

1650 and 1700 (Table 4.3). The La Marchanita site record begins slightly earlier

(1625), while the Candelaria site extends somewhat later (1703). The ending year

for this period extended into the 20th century for eight of the nine sites, because

major fires occurred at most sites in 1909, the mid-1920s, the early 1930s, 1976, and

1989. However, very long fire intervals occurred after ca. 1880, marking the onset

of Euro-American settlement and the beginning of human-related disturbances (e.g.

grazing). For this reason, the period of reliability was terminated at the last fire year

prior to 1881 when fire last scarred at least five trees. The beginning and ending

years for this period were therefore defined by two separate criteria, sample depth

(i.e. minimum number of trees scarred) and human disturbances to fire regimes.

Both criteria must be considered when determining an acceptable period for statisti-

cal analyses. It should be noted, however, that the period of reliability for the two

kipuka sites could be extended into the 20th century, ending in the early to middle

1930s (Table 4.3), the first evidence suggesting fire regimes at these two sites are

significantly different from the other seven fire regimes.

43.5.2 Modeling with the Weibull Function

In virtually all cases, the Weibull function provided a superior fit to fire

interval data than did the empirical distribution, as indicated by smaller values for

the Kolmogorov-Smimov d-statistic (Table 4.5). In some situations, the d-statistic

was significantly small when data were modeled with the empirical distribution, such

that the null hypothesis (i.e., the data represented an empirical distribution) could

not be rejected. However, the superior fit provided by the Weibull model in all
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TABLE 4.5. Comparison between fits provided by the empirical and Weibull distri-
butions to fire interval data, measured by the Kolmogorov-Smirnov d-statistic.
Small values for d indicate a better fit.

Site
Name

Percent Scarred Class
All Scarred

Empirical Weibull
� 10% Scarred

Empirical Weibull
�25% Scarred

Empirical Weibull

CBE 0.142 0.099 0.170 0.114 0.212 0.166
CER 0.242 0.162 0.426 0.159 0.426 0.159
LWN 0.487 0.209 0.262 0.182 0.256 0.170
CBN 0.340 0.150 0.295 0.177 0.284 0.169
LAM 0.301 0.118 0.238 0.087 0.143 0.118
CAN 0.225 0.149 0.189 0.080 0.201 0.082
HFL 0.276 0.131 0.187 0.154 0.246 0.163
MES 0.423 0.141 0.210 0.125 0.241 0.135
KIP 0.528 0.205 0.280 0.206 0.280 0.206

cases, attributable to its greater flexibility, suggests all probabilistic values (i.e., the

95 % and 5 % exceedance intervals) will be more robust

4.3.5.3 Descriptive Statistics

Descriptive statistics for all three categories (measures of centrality, disper-

sion and range, and shape) during the period of reliability were calculated for all

trees scarred (Table 4.6), � 10% of sampled trees scarred (Table 4.7), and .�25 % of

sampled trees scarred (Table 4.8). Distributions are shown in Figures 4.24 -4.26.

Measures of Central Tendency

In most cases, measures of central tendency (mean, median, and WMPI)

closely approximated each other within one to two years. Large differences were

few, and were usually associated with sites with longer fire return intervals (e.g.,

Cerro Rendija, Hoya de Cibola, and Hidden Kipuka). However, the dissimilarity of
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these measures indicated these fire interval data were not symmetrically distributed,

as measures of central tendency coincide in symmetrically distributed data sets. In

nearly every case, the median fire interval was less than the MFI, while the WMPI

fell between the median and mean fire intervals. Measures of central tendency in-

creased in the higher percentage scarred classes (Fig. 4.20), because years when fire

was less widespread (i.e., scarring few trees) did not satisfy the criteria for entry into

the analyses. The lowest WMPI values (i.e., highest fire frequencies) in all percent-

age scarred classes were found for Cerro Bandera East and Cerro Bandera North.

Although the two sites are separated by approximately one kilometer, no topograph-

ic barriers exist to prevent fire from spreading between both sites. Hence, WMPI

values for both sites were similar.

Measures of Range and Dispersion

The minimum fire interval at most sites was 1-2 years (Table 4.6), similar to

the minimum interval observed at other Southwestern sites (Swetnam 1983; Grissi-

no-Mayer et al. 1994; Touchan and Swetnam 1995; Swetnam and Baisan, in press).

A one year interval often was observed within the same site on different trees (e.g.,

1751 on sample CBL29 and 1752 on sample CBL23, Fig. 4.9). In one instance, fire

years were unmistakingly observed on a specimen from a single tree in consecutive

years (1616 and 1617, sample LML19, Fig. 4.11). These short return intervals high-

light the importance of fuel availability. If fuels were not consumed during a partic-

ular fire year, there was a high probability the site would burn within one or a few

years (Swetnam and Dieterich 1985). Even if fuels were not consumed in a particu-

lar fire year, the following year's production could ensure sufficient fine fuels for the

site to re-burn.

Maximum intervals ranged between 12 (Cerro Bandera East) and 55 years

(Hidden Kipuka) based on all fire dates regardless of number of trees scarred



CBE CER LWN CBN LAM CAN HFL MES KIP

E15211 All Scarred 	 10% Scarred =25% Scarred

Figure 4.20 The WMPI, a measure of central tendency in fire interval
distributions, increased in higher percentage scarred classes. The three sites
on ancient weathered basalt flows (CBN, LAM, and CAN) had the highest
overall fire frequency (i.e., lower values of centrality).

1.0

CBE CER LWN CBN LAM CAN NFL MES

All Scarred 	 10% Scarred =25% Scarred

Figure 4.21 The coefficient of variation, a measure of dispersion about the
central measure, decreased in higher percentage scarred classes, suggesting
major fire years were more periodic compared to all fire years.
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TABLE 4.9. Periods containing the maximum fire interval at each of the malpais
fire history sites. Italicized, underlined periods emphasize periods when maximum
intervals occurred in the late 1700s, suggesting a subregional change in factors that
affected fire regimes.

Site Name
Percent Scarred Class

All � 10 �25

Cerro Bandera East 1703-1715 1 782- 1 795 1824-1841
Cerro Rendija 1 795- 1820 I 777- 1820 1 777- 1820
Lost Woman 1 782- 1810 1 780- 1810 1 780- 1810
Cerro Bandera North 1656-1672 1656-1672 1656-1672
La Marchanita 1779-1806 1841-1861 1841-1861
Candelaria 1824-1841 1824-1841 1805-1824
Hoya de Cibola 1775-1806 1775-1806 1775-1806
Mesita Blanca 1658-1687 1658-1687 1806-1841
Hidden Kipuka 1788-1843 1 767-1843 1 767-1843

(Table 4.6), providing upper limits on lengths of fire intervals during the presettle-

ment period. Interestingly, this maximum interval usually began for most sites

between 1765 and 1782, and usually ended by 1795 (Table 4.9). This synchronous

timing of maximum intervals among sites suggests climate was responsible, as

Navajo sheep numbers were not sufficient by the late 18th century to disrupt fire

regimes. Other studies have suggested increased precipitation in the early 1800s

may have caused unprecedented fire-free intervals (Swetnam and Dieterich 1985;

Baisan and Swetnam 1990; Grissino-Mayer et al. 1994). If this long fire-free period

was related to a long-term change in climate, vegetation and fuel characteristics

could have changed for the remainder of the presettlement period, thereby changing

characteristics of the fire regime as well.

A major advantage of the Weibull function applied to these data was the

development of 95 % and 5 % exceedance intervals, thus objectively and statistically
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identifying fire intervals that were significantly short or long. (The FHX2 system

tabulates exceedance intervals for numerous probability levels.) The theoretical

exceedance intervals, together with the minimum and maximum intervals, further

defined boundary conditions in which fire functioned during the presettlement

period. For example, the maximum fire-free interval of 16 years at La Marchanita

(between 1779 and 1795) exceeded the 5 % exceedance interval of 11.9 years (Table

4.6). At the Candelaria site, 95 % of all fire intervals were less than 13.5 years - any

interval exceeding this hypothetical interval was therefore considered significantly

long based on the Weibull function.

The hazard function helped identify the maximum interval possible based on

the Weibull distribution, also known as the "instantaneous burning rate" for time-

since-fire data (Johnson 1992). Applied to fire interval data, a more appropriate

term would be the "instantaneous burning interval." Theoretically, this Maximum

Hazard Interval defines the maximum fire-free period an ecosystem can sustain

before it burns, based on the shape of the Weibull distribution fit to the fire interval

data. For example, at Cerro Bandera East, the WMPI was 5.9 years, while the

maximum interval was 12 years, based on all fire dates (Table 4.6). However, the

hazard function for the Weibull fit to these data indicates the absolute maximum

probable interval based on previous intervals during the presettlement period is

actually 18.0 years. At Cerro Bandera North, the maximum interval of 16 years

equaled the Maximum Hazard Interval. These hazard intervals are therefore useful

for determining critical thresholds for fire-free periods, especially during the 20th

century, using a probabilistic framework.

The Maximum Hazard Interval, however, was unusually long at three sites:

Cerro Rendija, Hoya de Cibola, and Hidden Kipuka (Tables 4.6 - 4.8). Because this

interval occupies the extreme end of skewed distributions, high values reflect fire
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interval distributions with unusual shapes. Distributions for these three sites were

unusually platykurtic (i.e., flat with little or no peak) (Figs. 4.24 and 4.26), suggesting

values for the MaxHI derived from platykurtic distributions were overestimated.

This sensitivity to the shape of the distribution suggests values calculated for the

Weibull-derived hazard function should be carefully evaluated.

The usefulness of standard deviations to identify significantly short or long

intervals was limited due to skewed distributions. Unlike the Weibull-derived

exceedance intervals, applying standard deviations to place 95 % confidence inter-

vals about the MFI often produced unrealistic results. For example, the MFI at the

Hidden Kipuka site was 14.1 years, while the standard deviation was 13.3 years. The

(unrealistic) 95 % intervals about the MFI (i.e., + two standard deviations) were

-12.5 and 40.7 years, whereas the Weibull-derived 95 % and 5 % Exceedance Inter-

vals were 2.4 and 28.9 years, respectively (Table 4.6). The standard deviation is

therefore useful only in non-skewed distributions.

Perhaps a more useful measure of dispersion for comparing fire regimes

between sites and habitat types was the coefficient of variation, where higher values

indicated greater variability about the central measure. Values generally decreased

in higher percentage scarred classes, suggesting fire intervals for more widespread

fires were less variable in length than intervals that included smaller, patchy fires

(Fig. 4.21). Surprisingly, the range of values suggested fire intervals were uniformly

equal in variability at all sites in most percentage scarred classes. Excluding the

three highest values (for Cerro Rendija, Lost Woman, and Hidden Kipuka), the

coefficient of variation was lower than values for exactly two-thirds (36 of 54 sites)

of all other fire history sites in the Southwest (Swetnam and Baisan, in press). This

suggests lengths of fire intervals for sites at El Malpais were less variable about the
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central measure, indicating fires were more periodic than fires elsewhere in the

Southwest However, a more detailed analysis of fire interval variability at the

other 54 sites is required before concluding that sites at El Malpais were unique in

their periodic fire behavior.

Measures of Shape

The skew coefficients confirmed fire interval distributions were positively

skewed (Tables 4.6 - 4.8) due to both the minimum constraint (i.e., a one year inter-

val) and lack of a maximum constraint No negative coefficients were found; in fact,

no negatively skewed distributions existed in the network of 63 Southwestern fire

history sites analyzed by Swetnam and Baisan (in press). Skewness generally de-

creased in the higher percentage scarred classes (Fig. 4.22) because the decrease in

short intervals due to fewer years meeting the filter criteria shifted central tendency

in the direction of longer intervals. The highest skew coefficients were found for the

two kipuka sites, but these decreased in the 10% and 25 % scarred classes.

The kurtosis, along with skewness, helped define the shape of the distribu-

tion, but I derived no additional information on fire regimes from this measure,

perhaps because the skewness and kurtosis coefficients were derived similarly and

were therefore interrelated (MacGillivray and Balanda 1988; Horswell and Looney

1993). However, the Weibull shape parameter, c, proved useful for characterizing

the overall distribution shape (Fig. 4.23). The Cerro Bandera East site had the

highest value (all fire dates), indicating this distribution came closer to approximat-

ing a symmetric distribution than did those for other sites (Fig. 4.24). This was

confirmed by values for the MFI, median, and WMPI values, separated by only 0.2

yrs (Table 4.6). The Cerro Rendija site had the lowest values, indicating a distribu-

tion peaked at the short intervals (the four 3-yr intervals) and highly skewed towards

the longer intervals (Fig. 4.24). In general, the shape parameter increased as fire
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Figure 4.22 The skew coefficient decreased in higher percentage scarred
classes because central measures shifted towards the longer intervals as
fewer fire years entered the analyses.
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Figure 4.23 The Weibull shape parameter, c, increased in higher percentage
scarred classes, indicating shifts to more symmetrically shaped distributions
as fewer fire years entered into the analyses.
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interval data became sorted in higher percentage scarred classes. Because shorter

intervals were excluded due to the filtering process, skewness also decreased, and

distributions shifted more towards normality.

4.3.6 Temporal Characteristics of Malpais Fire Regimes

4.3.6.1 Changes in Seasonality

Temporal patterns in fire seasonality were evident as certain periods were

dominated by early season fires (D and E scar designations), while others were not

dominated by any one season. For example, the Cerro Bandera North site showed

early season fires occurred throughout the period of reliability (Fig. 4.27A), while

middle and late season fires (M, L, and A designations) occurred predominantly

before 1850 (Fig. 4.27B). In general, fires occurred throughout the growing season

for the entire period of record for the malpais region until ca. 1850. Beginning ca.

1800, the number of middle and late season fires began decreasing until, by the 20th

century, over 70% (and eventually over 80%) of all fires were early season fires

(Fig. 4.28). The ratio of early season to middle and late season fires, however, is

misleading, because the actual number of early season fires remained fairly constant

over time. The ratio changed because middle and late season fires decreased begin-

ning ca. 1800, suggesting some shift or change occurred in mechanisms or factors

that allowed fires to occur throughout the full duration of the growing season.

4.3.6.2 Changes in Fire Occurrence

The combined composites for all sites in the three percentage scarred classes

revealed several distinct temporal patterns of fire (Fig. 4.29). One of the most

obvious was the high frequency of fires between 1760 and 1782, when widespread

fires (� 25 % scarred) occurred nearly every year in some portion of El Malpais
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Figure 4.27 Fire chart for Cerro Bandera North, showing that early season fires occurred
throughout the period of record (A), while middle and late season fires were common prior
to 1850 (B),
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Figure 4.28 The percentage of middle and late season scars observed for all nine sites.
Fires during these seasons were common (and dominated some periods) during the entire
record between 1450 - 1850. However, beginning Ca. 1800,  middle and late season fires
began decreasing.

(both WMPI and MFI 1.2 years). Curiously, this was immediately followed by the

longest fire-free period during the presettlement era, 1782 - 1795, when virtually no

widespread fires occurred. Although a few fires did occur during this period, these

were apparently small fires affecting only one or two trees, as indicated by low

percentages of trees scarred at most sites, such as Cerro Rendija, Lost Woman, Hoya

de Cibola, and both kipukas (Figs. 4.30 -4.31).

Fire frequencies for individual sites confirmed the high incidence of fires

between ca. 1740 and 1800 (Figs. 4.30 - 4.31). At the six sites representing cinder

cones/volcanoes and ancient basalt flows, fires occurred ca. once every 3.6 years (7

fires /25 years). An extreme situation occurred at Cerro Bandera North (Fig. 4.31)

where fires occurred once every 2.8 years (9 fires /25 years). Fires also peaked

201



202

"CS
CL)

71. Q z
E a) 0
cf)

o

(1)

•1-

bi) ,L)
<4-4 .4 tr43

--- 0

Gr:-..°
a)

(:3
kr)	 u-111
▪ • ,12)
cfl
c P-

c...)
(1)

77)

•	

(<111
o

ct)
„.• 0 cll

14 Q cn

cc  (1)

cn a)

-0 a)

o D 	8

cl	
71-

cll Can

cN7c2	 ,c;
CO ct)
clo

c„

ct a) c.)tb- 0c9

ch
c71

-8 . 0 a) ri)'
cl)

'EA000O .4.
E Q '-r-1

L+-4
O °c.)

"g(1) .42 occ4c)

CTn 	 , ec3
(3)

0
CP, cl)

CI 8

LiWZZmzEn
(C3n(956V/j t

-
N

Lair ZZz_it,1„
- (OwEa<cr.,- 1.0 ± O

ucczz m z,v,
'LS	 Li Li' t

0
— 0

	 N

0
— 0
_ N

O
o

- 0
	  0

t-

o
o

o
o

	 o
	  o
-- CD

‘—

- LD
-

Ln
-
-

O
- o
-

- o
- o
-
7

	 O
Ln

- o
u-)

- o
 	 LU

o
- ifl

O
0
:P..

O
LU

- o
o

o
LU

O

co

	  O
	  O
	 co

o
in

	 O

— N

- o
0

- o
0

	 o
- 

n••••11. •



203

during this same period at the Hoya site and at both kipukas (Fig. 4.32), although

fewer in number. I speculate this higher incidence of fires between 1740- 1800

occurred because middle and late season fires were more numerous than at any

other period (due perhaps to a potentially longer fire season), supplementing the

occurrences of early season fires. By 1800, the number of fire years decreased

considerably, especially at Cerro Rendija, Lost Woman, Hoya de Cibola, and

Hidden Kipuka.

Beginning with the widespread fire year 1795, fires occurred less often, and

appeared to be slightly more widespread (see e.g. Figs. 4.9, 4.10, and 4.13). This

pattern continued until ca. 1880 when a clear disruption in overall fire patterns

occurred. While fires did occur after 1880 (Fig. 4.29A), they tended not to spread

within sites, as shown by the 10% and 25 % scarred classes (Fig. 4.29B and C). This

disruption suggests a change in fuel conditions reduced the ability of fire to spread,

but did not necessarily affect fire ignition rates. This change in fuel conditions can

partially be explained by widespread sheep grazing that began in the malpais area

ca. 1880 (Mangum 1990). Intensive livestock grazing is known to remove grasses

and other fine fuels necessary for fire spread (Weaver 1951; Allen 1989; Swetnam

1990; Savage and Swetnam 1991; Touchan and Swetnam 1995). However, the

number of fire years after 1880 remained constant or actually increased at most

(Figs. 4.30 - 4.32).

These continuous fire occurrences following 1880 suggest fire suppression

may have had a minimal effect on malpais fire regimes during at least the first half

of the 20th century. Most fire chronologies developed in the Southwest from fire-

scar data document an abrupt decrease in fire occurrences following 1880, with no

subsequent increase in occurrences during the 20th century except in areas where

prescription fires were allowed to burn (Swetnam 1990; Swetnam and Baisan, in
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press). The malpais fire chronologies showed fires sufficiently large enough to scar

recorder trees continued into the 20th century until ca. 1940, when yet another

major change in fire patterns occurred. Post-1940 fires were very rare in the nine

fire-scar chronologies, as shown by all three percentage scarred classes (Fig. 4.29).

Major fires occurred in only two years during this period (1976 and 1989), a sharp

contrast to the high-frequency period between 1760 and 1782. However, fire occur-

rences at most sites in the Southwest have continued into the 20th century, as indi-

cated by U.S. Forest Service data (Swetnam 1990), but fires large enough to contin-

ue scarring numerous trees after ca. 1880 were nearly completely eliminated.

The kipuka fire histories revealed fires continued uninterrupted through the

20th century, and were somewhat more frequent than during the 19th century (Fig.

4.32). At Mesita Blanca and, to a lesser degree, at Hidden Kipuka, percentage of

trees scarred also increased during the latter decades of the 19th century. These

changes, however, were not unprecedented compared to previous changes in per-

centage scarred. At Mesita Blanca, the longest fire-free interval (� 25 % scarred)

since the early 1500s occurred between 1925 and 1976. These findings suggest fire

occurrences on malpais kipukas were affected by one or more postsettlement dis-

turbances beginning well after the 1880 disruption observed at the other nine sites.

4.3.6.3 Changes in Fire Intervals

Because temporal patterns of fire were similar among all nine fire chronolo-

gies, and to ensure adequate sample sizes were used, testing statistical significance

was conducted for the malpais as a whole using composite interval information from

each site. Results of Student's t-tests revealed statistically significant differences

between MFI values for the 1700 - 1782 and 1795 - 1880 periods in all percentage

scarred classes (Table 4.10). While no differences were found in the variances about
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TABLE 4.10. Testing differences in fire intervals between the 1700 - 1782 and
1795 - 1880 periods in the El Malpais fire chronology. Test statistics are computed
on interval data transformed to approximate normality. Asterisks indicate statisti-
cally significant (p < .05) test results. Values in parentheses represent sample size.

Test:
	Percentage Scarred Class
All	 � 10% �25%

Mean:

1700 - 1782 mean 1.95 (41) 2.22 (36) 2.22 (36)
1795 - 1880 mean 2.66 (32) 3.40 (25) 3.86 (22)

I t I -value 2.60* 2.57* 3.25*
p > t 0.01 0.01 0.00

Variance:

1700 - 1782 var 3.05 4.86 4.86
1795 - 1880 var 2.49 5.25 5.93

F-value 1.11 1.09 1.07
p > F 0.97 0.98 0.96

Distributions:

K-S d-statistic 0.36* 0.34 0.40*
p > d 0.02 0.06 0.02

these mean values, overall fire interval distributions were significantly different.

These findings confirmed that a significant change occurred in the malpais fire

regimes in the latter decades of the 18th century. When all fire years were consid-

ered, the MFI increased from 1.95 years between 1700 - 1782 to 2.66 years between

1795 - 1880. Widespread fires ( �25 % scarred) occurred more often during the 1700 -

1782 period (MFI 2.22 years) than during the 1795 - 1880 period (MFI 3.86

years).
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TABLE 4.11. Testing differences in fire intervals between the 1700 - 1782 and
1893 - 1993 periods in the El Malpais fire chronology. Test statistics are computed
on interval data transformed to approximate normality. Asterisks indicate statisti-
cally significant (p G .05) test results. Values in parentheses represent sample size.

Test: All
 	 Percentage Scarred Class

>10% �25%

Mean:

1700 - 1782 mean 1.95 (41) 2.22 (36) 2.22 (36)
1893 - 1993 mean 2.46 (39) 4.36 (22) 6.00 (16)

I tl-value 1.11 2.62* 3.01*
p > t 0.26 0.01 0.01

Variance:

1700 - 1782 var 3.05 4.86 4.86
1893 - 1993 var 6.15 21.77 35.07

F-value 1.34 1.72 2.27*
p > F 0.40 0.15 0.05

Distributions:

K-S d-statistic 0.12 0.36 0.40
p > d 0.93 0.06 0.06

Mean fire interval values between the 1700- 1782 and 1893 - 1993 periods

were not statistically different when all fire years were considered (Table 4.11).

However, MFI values for more widespread fires (i.e., 10 and 25 % scarred classes)

were statistically different. Large differences occurred in the variability about the

MFI as well, indicating fire intervals were less predictable in the 1893 - 1993 period

than during the 1700 - 1782 period. Differences in the overall distributions were

nearly significant in the 10% and 25% scarred classes (p < .06). The increasing
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TABLE 4.12. Testing differences in fire intervals between the 1795 - 1880 and
1893 - 1993 periods in the El Malpais fire chronology. Test statistics are computed
on interval data transformed to approximate normality. Asterisks indicate statisti-
cally significant (p < .05) test results. Values in parentheses represent sample size.

Test: All
Percentage Scarred Class

?_10% �25%

Mean:

1795 - 1880 mean 2.66 (32) 3.40 (25) 3.86 (22)
1893 - 1993 mean 2.46 (39) 4.36 (22) 6.00 (16)

1 thvalue 1.26 0.36 0.86
p > t 0.20 0.72 0.40

Variance:

1795- 1880 var 2.49 5.25 5.93
1893 - 1993 var 6.15 21.77 35.07

F-value 1.49 1.57 2.10
p > F 0.27 0.30 0.12

Distributions:

K-S d-statistic 0.24 0.14 0.21
p > d 0.28 0.98 0.81

values for d indicated increasing dissimilarities among distributions in the higher

percentage scarred classes.

Mean fire intervals between the 1795 - 1880 (2.66 years) and 1893 - 1993

(2.46 years) periods were not statistically different, confirming fire occurrence did

not change during the postsettlement period relative to the 19th century (Table

4.12). However, this lack of difference can be partially attributed to the inclusion of

the kipuka fire chronologies, which showed fires continued to occur well into the
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20th century. Widespread fires (�25 % scarred) occurred less frequently after 1880,

although the means were not statistically different. The variability about the MFI

increased considerably during the postsettlement period, confirming fire intervals

became less predictable.

4.3.6.4 Changes in Percentage of Trees Scarred

Within individual sites, no statistical differences were found in the percentage

of trees scarred by fire between the 1700- 1782 and 1795 - 1880 periods (Table

4.13). In addition, no obvious pattern of increased or decreased percentages be-

tween periods was evident However, differences between the 1795 - 1880 and

1893 - 1993 periods were more obvious (Table 4.14). In six of seven sites where

sample sizes were adequate in the postsettlement period, percentage of trees scarred

by fire decreased considerably after 1880. Differences at two sites, Cerro Bandera

East and Cerro Bandera North, were statistically different. At the Candelaria,

Mesita Blanca, and Hidden Kipuka sites, percentage of trees scarred dropped from

between 40-55 % to 26-34%. At the Hoya site, percentages between periods were

essentially unchanged. Except for the H oya site, changes in percentage of trees

scarred occurred in all representative habitat types.

Percentage of trees scarred for running 25-year periods revealed an inverse

relationship between fire frequency and fire extent (Figs. 4.30 - 4.32). For example,

during the periods 1675 - 1740 and 1845 - 1875 at Cerro Bandera East, fires occurred

less often than at any other time, but were also more widespread. At Lost Woman,

the fewest numbers of fires during the presettlement period occurred between 1795

and 1830, yet fires were more widespread than at any other time. The strongest

relationship, however, was observed at Mesita Blanca, where percentage of trees

scarred and fire frequency were almost perfectly inverse (Fig. 4.32). These findings
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TABLE 4.15. Testing differences in percentage of sites recording fire between the
1700 - 1782 and 1795 - 1880 periods in the El Malpais fire chronology. Test statistics
were computed on data transformed to approximate normality.

 	 Percentage Scarred Class
Test: All .� 10 % �25 %

Mean:

1700 - 1782 mean 28.84 24.62 23.12
1795 - 1880 mean 30.98 30.77 28.99

I t I -value 0.21 1.27 0.86
p > t 0.84 0.19 0.39

Variance:

1700 - 1782 var 307.49 199.83 174.06
1795 - 1880 var 491.96 368.47 412.34

F-value 1.15 1.23 1.74
p > F 0.81 0.63 0.14

Distributions:

K-S d-statistic 0.13 0.13 0.25
p > d 0.89 0.97 0.33

are similar to those shown by Swetnam (1993) for giant sequoia fire regimes: periods

of high fire frequencies were associated with low percentages of trees scarred (i.e.,

smaller, perhaps patchier fires), while periods characterized by fewer fires were

associated with high percentages (i.e., more widespread fires).

Differences in the percentage of sites recording fires in the malpais area

between the 1700 - 1782 and 1795 - 1880 periods were not statistically significant

(Table 4.15). Results between the 1795- 1880 and 1893 - 1993 periods, however,

showed statistically significant differences (Table 4.16), once again confirming the
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TABLE 4.16. Testing differences in percentage of sites recording fire between the
1795 - 1880 and 1893 - 1993 periods in the El Malpais fire chronology. Test statistics
were computed on data transformed to approximate normality. Asterisks indicate
statistically significant (p < .05) test results.

Test: All
 	 Percentage Scarred Class

� 10 % �25 %

Mean:

1795 - 1880 mean 30.98 30.77 28.99
1893 - 1993 mean 18.06 16.91 15.69

I t I -value 3.21* 3.33* 2.53*
p > t 0.00 0.00 0.02

Variance:

1795 - 1880 var 491.96 368.47 412.34
1893 - 1993 var 124.64 99.55 78.07

F-value 1.89 1.79 2.56
p > F 0.06 0.18 0.06

Distributions:

K-S d-statistic 0.32* 0.44* 0.39
p > d 0.05 0.02 0.10

hypothesis that postsettlement fires were less widespread than during the 1700 -

1880 period. Percentage of sites recording fires decreased considerably from

between 29-31% in the 1795- 1880 period to only 15-18%  in the postsettlement

period. Because no major long-term change in climate was observed near 1880, this

change in the ability of fire to spread between sites must be due to either human-

related factors, especially the intensive sheep grazing that began ca. 1880 in the

malpais area (Mangum 1990), or to possible short-term fluctuations in rainfall (e.g.,



the 1890s drought that may have decreased grass production necessary for fire

spread).

4.3.7 Spatial Characteristics of Malpais Fire Regimes

4.3.7.1 Within Individual Sites

Despite the relatively small size of most sites (Table 4.1), differences in

spatial patterns of fires occurred within individual sites. The master fire chart for

Cerro Bandera East revealed fires were mostly synchronous throughout the site

(Fig. 4.9). However, several differences in fire patterns were also observed. The

1703 fire, for example, was prevalent at the upper elevation site (70% scarred at

CBH), but nearly absent from the lower site (only one tree scarred at CBL). A

similar situation occurred during the 1755 fire year. In 1841, fires scarred all 19

sampled trees at the higher elevations, while scarring only three of the 13 lower

elevation samples. Two years later in 1843, fire swept through the lower elevations

scarring 85 % of all sampled trees, but was completely absent (or perhaps was not

recorded) at higher elevations. Fuel consumption during the 1841 fire likely pre-

vented fire spread to the higher elevations. In 1923, a fire swept through the higher

elevation site scarring nearly all sampled trees, but was largely absent from lower

elevations. Two years later in 1925, fire occurred at the low elevation site affecting

all sampled trees, but was absent from the higher elevations. Confining the sam-

pling to the original high elevation site, the 1841 and 1925 fires would have been

missed altogether. The importance of this finding is further emphasized when one

considers the distance between the two sub-sites - the two are separated by only ca.

50 meters. These subtle differences illustrate that fire patterns may differ, although

slightly, at very small spatial scales, similar to results found elsewhere in the South-

west (Swetnam 1983; Grissino-Mayer et al. 1994). Results from statistical tests,

216
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however, showed no statistically significant differences in fire intervals between the

two sub-sites.

Differences between the two sub-sites at La Marchanita also were evident,

but not as obvious, perhaps because the sites were contiguous without any area

separating the two. The 1598 fire was recorded by three samples in the low-lying

areas, but did not affect (or was not recorded on) the three samples collected in the

steeper areas that extended this far back in time (Fig. 4.13). Evidence for the 1729

fire event was also completely absent from the upper slopes, while present on five

samples in the low-lying areas. The most obvious difference between sites was the

set of five samples on the steeper areas that recorded a fire event in 1834, which was

completely absent from the low-lying areas. In addition, these five samples were

located on the far northeast areas of the study site. As with the Cerro Bandera East

site, no statistically significant differences were found for fire interval data between

the two sub-sites.

Similar differences were observed at Mesita Blanca (Fig. 4.33). Fires in 1819,

1918, and 1933 (two or more trees scarred) were confined exclusively to the north-

ern half of the kipuka. The 1904 fire was confined to the southern half of the kipu-

ka, while the 1954 fire was confined to a small area near its center. The most obvi-

ous difference between sub-sites, however, occurred in 1841. This fire was recorded

on samples MES 16, MES 17, and MES18, collected from the very southern end of

the main body of Mesita Blanca, and samples MES21 through MES26, collected

from the smaller kipuka to the south. The 1841 fire was therefore confined to the

very southern edges of Mesita Blanca.

These results emphasize that the spatial distributions of fires are important

keys to understanding past fire regimes. Although this study was not designed to
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provide detailed maps showing spatial patterns of past fires at all nine sites, it suc-

ceeded in demonstrating that greater levels of detail on fire spread patterns can be

achieved by mapping locations of past fires within and between sites based on trees

that recorded specific fire events. With a sufficiently dense sampling design mapped

across many sites within a watershed, rough approximations of the perimeters of

both small and large scale fires may be obtained, providing information on the

spatial extent of past fires (Arno et al. 1993). Areas burned by past fires would

likely be highly variable, from less than one to many thousands of hectares. The

distribution of areas burned by past fires, however, would be a key factor for assess-

ing amounts of area burned in postsettlement wildfires. Therefore, information on

the spatial extent of past fires is critical for investigating how the distribution of

areas burned has shifted between presettlement and postsettlement fire regimes.

4_3.7.2 Between Sites and Habitat Types

Testing differences in fire intervals between sites in the cinder cone /volcano

habitat type (Cerro Bandera East, Cerro Rendija, and Lost Woman) during the

common interval 1700 - 1880 revealed no statistical differences when considering all

fire years (Table 4.17). However, significant differences were found between Cerro

Bandera East and the other two sites in the 10% and 25% scarred classes, suggesting

fire intervals from this cinder cone differ from those observed at Lost Woman and

Cerro Rendija. No differences were found in fire interval data between Lost

Woman and Cerro Rendija.

Similarly, the MFI for Cerro Bandera North differed significantly from the

MFI for the Candelaria site (Table 4.18). In the 10% and 25 % scarred classes, MFI

values differed significantly between Cerro Bandera North and those computed for

both the La Marchanita and Candelaria sites. No significant differences were found
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TABLE 4.17. Testing differences in fire intervals between sites in the cinder
cone/volcano habitat type, 1700 - 1880. Test statistics were computed on data trans-
formed to approximate normality.

ALL SCARRED
CBE
	

CER

mean (It I -test):
	 1.21

CER variance (F-test):
	

2.19
distributions (K-S test):	 0.37

mean ( I t I -test):
	

1.09
	

0.26
LWN variance (F-test):
	 1.38
	

1.73
distributions (K-S test):	 0.19

	
0.29

� 10% SCARRED
CBE	 CER

mean (Iii -test):
CER variance (F-test):

distributions (K-S test):

1.35
3.67 * **

0.46 *

mean (it I -test):
	

2.89 **
	

0.64
LWN variance (F-test):
	

1.66
	

2.06
distributions (K-S test):	 0.50 *

	
0.28

_�.25 % SCARRED
CBE	 CER

mean (It- I-test):
	

0.90
CER variance (F-test):
	

3.35 * **

distributions (K-S test):	 0.38

mean ( I t I -test):
	

3.87 ***
	

1.76
LWN variance (F-test):
	 1.47
	

4 • 53 *
distributions (K-S test):	 0.66 ***

	
0.43

*p< .05, **p< .01, *** p < .005
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TABLE 4.18. Testing differences in fire intervals between sites in the older basalt
flow habitat type, 1700 - 1880. Test statistics were computed on data transformed to
approximate normality.

ALL SCARRED
CBN
	

LAM

mean ( I t I -test):
	

1.81
LAM variance (F-test):

	
1.16

distributions (K-S test):
	

0.22

mean ( I t I -test):
	

2.12 *
	

0.36
CAN variance (F-test):

	
1.11
	

1.05
distributions (K-S test):
	

0.29
	

0.11

� 10% SCARRED
CBN	 LAM

mean ( I t I -test):
	

3.21 ***
LAM variance (F-test):

	
1.09

distributions (K-S test):
	

0.40

mean (I ti-test):
	

2.32 *
	

0.72
CAN variance (F-test):

	
1.16
	

1.22
distributions (K-S test):
	

0.31
	

0.11

�25% SCARRED
CBN	 LAM

mean (ti -test): 	2.98 ***
LAM variance (F-test):

	
1.33

distributions (K-S test):
	

0.43 *

mean (I t -test):
	

2.96 **
	

0.13
CAN variance (F-test):

	
1.09
	

1.24
distributions (K-S test):
	

0.44 *
	

0.13

*p< .05, **p< .01, ***p< .005
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TABLE 4.19. Testing differences in fire intervals between sites in the younger
basalt flow and isolated Icipuka habitat types, 1700 - 1880. Test statistics were com-
puted on data transformed to approximate normality.

ALL SCARRED
HFL
	

MES

mean (Itl-test):
	

0.95
MES variance (F-test):

	
1.76

distributions (K-S test):
	

0.24

mean (Itl-test):
	

1.44
	

2.66 **
KIP variance (F-test):

	
1.50
	

2.88
distributions (K-S test):
	

0.31
	

0.43

� 10% SCARRED
HFL	 MES

mean (It -test):
	

0.30
MES variance (F-test):

	
1.85

distributions (K-S test):
	

0.19

mean (It -test):
	

2.74 *
	

3.30 **
KIP variance (F-test):

	
1.62
	

3.07
distributions (K-S test):
	

0.75
	

0.69

�25% SCARRED
HFL	 MES

mean (1 ti -test):
	

0.31
MES variance (F-test):

	
1.15

distributions (K-S test):
	

0.20

mean (Itl-test):
	

2.67 *
	

2.51 *
KIP variance (F-test):

	
3.30
	

3.24
distributions (K-S test):
	

0.70
	

0.60

*p < .05, ** p < .01, *** p < .005
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between the La Marchanita and Candelaria sites. Together with results for Cerro

Bandera East, these findings suggest the Cerro Bandera sites have unique fire

regimes characterized by high fire frequencies unlike those found at the other four

sites in the cinder cone/volcano and older basalt flow habitat types.

Testing differences in fire intervals between the Hoya de Cibola site and

Mesita Blanca revealed no statistical differences when considering all fire dates

(Table 4.19). However, the MFI at Hidden Kipuka was significantly different from

the MFI at Mesita Blanca in all three percentage scarred classes, and was also signif-

icantly different from the MFI at the Hoya site in the 10% and 25 % scarred classes.

These results suggest fire intervals at Hidden Kipuka are unlike those from the

nearby Mesita Blanca and Hoya de Cibola sites.

4.3.7.3 Synchroneity of Fire Dates

Results from the 2 X 2 chi-squared tests revealed the synchrony of fire and

non-fire years was not statistically independent among all three sites in the cinder

cone/volcano habitat type in all percentage scarred classes (Table 4.20), suggesting

overall fire regime patterns (i.e., fire occurrences and fire intervals) were essentially

synchronous. The 2 X 1 chi-squared tests revealed, however, a greater number of

nonsynchronous fire years than synchronous years occurred that was statistically

significant (p <.005 in most cases) when considering only fire years. The asyn-

chroneity of fire dates shown by this test were confirmed by the relatively low values

for the Ochiai Index (.27 - .44), indicating many more nonsynchronous dates than

synchronous dates. In addition, results from the Wald-Wolfowitz runs tests indicated

fire dates were essentially random when considering only fire years.

Similar results were found for the three sites in the older basalt flow habitat

type (Table 4.21). The 2 X 2 chi-squared test revealed fire chronologies (fire years
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TABLE 4.20. Testing fire date synchroneity between sites in the cinder cone/volca-
no habitat type, 1700 - 1880. Async = data are asynchronous, test significant due to
more asynchronous dates.

ALL SCARRED
CBE	 CER

2 X 2 chi-squared:
	 13.14 ***

CER 2 X 1 chi-squared:
	 12.90 *** (async)

Runs test:
	 11.53* 	(async)

Ochiai Index:
	

0.37

2 X 2 chi-squared:
	 20.24 ***
	

10.99 ***
LWN 2 X 1 chi-squared:

	
8.80 *** (async)
	

12.60 *** (async)
Runs test:
	

13.04
	

9.18
Ochiai Index:
	

0.43
	

0.33

?AO% SCARRED
CBE CER

2 X 2 chi-squared: 4.78 *
CER 2 X 1 chi-squared: 18.78 *** (async)

Runs test: 7.36
Ochiai Index: 0.25

2 X 2 chi-squared: 22.57 *** 8.21 ***
LWN 2 X 1 chi-squared: 8.00 *** (async) 11.56 *** (async)

Runs test: 9.61 5.64
Ochiai Index: 0.42 0.28

�25% SCARRED
CBE CER

2 X 2 chi-squared: 6.27 *
CER 2 X 1 chi-squared: 16.03 *** (async)

Runs test: 7.17
Ochiai Index: 0.27

2 X 2 chi-squared: 27.39 *** 12.15 ***
LWN 2 X 1 chi-squared: 6.26 *	 (async) 8.91 *** (async)

Runs test: 8.19 5.38
Ochiai Index: 0.44 0.31

*p< .05, **p< .01, ***p< .005
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TABLE 4.21. Testing fire date synchroneity between sites in the older basalt flow
habitat type, 1700 - 1880. Async data are asynchronous, test significant due to
more asynchronous dates.

ALL SCARRED
CBN	 LAM

2 X 2 chi-squared:
	

12.83 ***
LAM 2 X 1 chi-squared:

	
13.52 *** (async)

Runs test:
	

15.07
Ochiai Index:
	

0.39

2 X 2 chi-squared:
	

44.04 ***
	

25.01 ***
CAN 2 X 1 chi-squared:

	
1.88
	

6.40 *	 (async)
Runs test:
	

16.47
	

13.51
Ochiai Index:
	

0.58
	

0.46

� 10% SCARRED
CBN	 LAM

2 X 2 chi-squared:	 26.21 ***
LAM 2 X 1 chi-squared: 6.74 ** (async)

Runs test:	 12.54
Ochiai Index:	 0.46

2 X 2 chi-squared:
	

30.66 ***
	

20.83 ***
CAN 2 X 1 chi-squared:

	 5.16* 	(async)
	

7.26 ** (async)
Runs test:
	

13.12
	

9.46
Ochiai Index:
	

0.49
	

0.41

�25% SCARRED
CBN	 LAM

2 X 2 chi-squared:
	

26.97 ***
LAM 2 X 1 chi-squared:

	
6.43 *	 (async)

Runs test:
	

11.40
Ochiai Index:
	

0.46

2 X 2 chi-squared:
	

43.59 ***
	

22.27 ***
CAN 2 X 1 chi-squared:

	
2.45
	

6.26 *	 (async)
Runs test:
	

11.98
	

8.19
Ochiai Index:
	

0.55
	

0.41

*p< .05, **p< .01, *** p < .005
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TABLE 4.22. Testing fire date synchroneity between sites in the younger basalt
flow and kipuka habitat types, 1700 - 1880. Async data are asynchronous, test
significant due to more asynchronous dates.

ALL SCARRED
HFL MES

2 X 2 chi-squared: 5.02 *
MES 2 X 1 chi-squared: 16.13 *	 (async)

Runs test: 5.97
Ochiai Index: 0.24

2 X 2 chi-squared: 3.89 * 24.17 ***
KIP 2 X 1 chi-squared: 11.64 *** (async) 6.76 ** (async)

Runs test: 4.51 7.23
Ochiai Index: 0.25 0.41

� 10% SCARRED
HFL MES

MES
2 X 2 chi-squared:
2 X 1 chi-squared:
Runs test:
Ochiai Index:

4.62 *
13.50 *** (async)
4.63
0.22

2 X 2 chi-squared: 18.78 *** 17.19 ***
KIP 2 X 1 chi-squared: 3.50 4.27 * (async)

Runs test: 3.81 3.92
Ochiai Index: 0.42 0.40

�25% SCARRED
HFL MES

2 X 2 chi-squared: 1.17
MES 2 X 1 chi-squared: ***12.80	 (async)

Runs test: 3.45
Ochiai Index: 0.18

2 X 2 chi-squared: 7.08** ***22.81
KIP 2 X 1 chi-squared: 4.92 *	 (async) 2.08

Runs test: 3.04 3.53
Ochiai Index: 0.30 0.45

* p < .05, **p < .01, ***p < .005
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and non-fire years) were not statistically independent of each other. The 2 X 1 tests,

however, confirmed more nonsynchronous dates than synchronous dates occurred

when considering only fire years. The number of asynchronous fire years was great-

er than that expected simply by chance (usually p < .05). Ochiai Indices ranged

between .39 and .58, slightly higher than those for the cinder cone/volcano habitat

type, indicating some moderate association among fire dates. Results from the runs

tests, however, revealed the number of runs of synchronous dates was not signifi-

cantly different than the number of runs for nonsynchronous dates.

Tests for synchroneity among fire dates between Hoya de Cibola (young

basalt flow habitat type) and Mesita Blanca revealed fire dates were statistically

independent of each other in two of three percentage scarred classes (Table 4.22).

In the 10% class, association was weak, but significant at the .05 level. The 2 X 2

analysis revealed fire dates between the Hoya site and Hidden Kipuka were not

statistically independent of each other in all three classes. However, the 2 X 1

analysis indicated a greater number of nonsynchronous fire years than synchronous

years occurred that was statistically significant (p < .005 in most cases) when con-

sidering only fire years. Ochiai Indices ranged between .23 and .45, indicating only

weak to moderate associations among fire dates. No significant results were found

using the runs tests, suggesting run sequences of synchronous and asynchronous fire

dates were essentially generated by random processes over the length of the time

period tested.

4.3.8 Superposed Epoch Analysis

SEA was first conducted over the period 1700 - 1880, the optimal period

common to all nine chronologies, based upon periods of reliability. Yearly precipi-

tation values were transformed to z-scores by subtracting the mean for this period
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(14.73 inches) from each value, then dividing by the standard deviation (1.882 inch-

es). Statistically significant (p < .05) negative departures in rainfall occurred only

during the year of fire (year zero) (Fig. 4.34, top). Although not at statistically sig-

nificant levels, above normal rainfall occurred during years t-4 to t-2, steadily declin-

ing from a high of 14.96 inches total annual rainfall (previous July to current July) in

year t-4 to 14.71 inches in year t-1. Fires were more likely to occur when annual

rainfall dropped below 14.28 inches.

More extreme climatic conditions occurred prior to and during years of

widespread fires. Fires that scarred at least 10% of all sampled trees occurred in

years when annual rainfall totaled less than 14.09 inches, after declining steadily

from a high of 15.08 inches in year t-4. In the 25 % scarred class, average annual

rainfall during the year of fire was 14.07 inches, also steadily declining from 15.06

inches in year t-4. Widespread fires therefore appear more likely after four contin-

uous years of above normal rainfall, followed by a year in which rainfall was at least

one inch below the maximum observed during the previous four years.

Changes in El Malpais fire regimes ca. 1783 - 1794 suggest possible changes

in factors affecting fuel conditions and amounts. Therefore, I conducted separate

superposed epoch analyses on the periods 1700 - 1782 and 1795 - 1880 for all three

percentage scarred classes. In general, rainfall during 1700 - 1782 (mean of 14.23

inches) was well below the long-term mean for the 2,129 year reconstruction (14.57

inches). This period falls during the latter stages of Period BN-4 in the climate

reconstruction, the longest period of below normal rainfall during the last 2,129

years. Rainfall during 1795 - 1880 (first half of Period AN-4) was opposite, being

well above normal (mean of 15.22 inches). In contrast to Period BN-4, Period AN-4

was the wettest long-term period during the last 2,129 years.
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Figure 4.34 Results of the superposed epoch analysis conducted over the presettlement
period (1700 - 1880) (top), period FR-1 (middle) and period FH-2 (bottom). Solid
black bars indicate significant (p < .05) years. Note the change in response by fire to
climate between periods FH-1 and FH-2.
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SEA conducted separately for these two periods revealed very different

responses by fire to climate. As found in the longer period, statistically significant

negative departures were found for the period 1700 - 1782 only during the year of

fire (Fig. 4.34, middle). These fires occurred in years when rainfall fell below 13.74

inches, decreasing from a high of 14.62 inches in year t-4. Widespread fires (i.e., 10

and 25 % scarred classes) occurred under different climatic conditions, occurring in

years when rainfall fell below 13.61 inches. These negative departures were statisti-

cally significant, and were preceded by a significant positive departure of 14.84

inches in year t-4. (Note: the 10% and 25 % charts during period 1700 - 1782 in

Figure 4.34 are identical because fire years were identical in both percentage scarred

classes.)

The response by fire to climate during period 1795 - 1880 was unlike the

response during the previous period. Between 1795 - 1880, no significant negative

departures occurred during the year of fire (Fig. 4.34, bottom). Average total rain-

fall during the fire years was 15.06 inches (all scarred), 14.82 inches (10% scarred),

and 14.76 inches (25 % scarred), compared to the long-term mean of 14.57 inches for

the entire reconstruction. However, fires were more likely in years when rainfall

totaled at least 15.85 inches three years before the fire year. Interestingly, no signif-

icant departures in climate were found for the 25 % scarred class. These results

suggest negative departures in rainfall were less a factor affecting fire occurrence

between 1795 - 1880 than during previous periods. Furthermore, these results

suggest that fire occurrence may be preconditioned by long-term (> 100 years) as

well as short-term (i.e., five years prior to the fire year) climate, similar to the con-

clusion reached by Swetnam (1992) for giant sequoia groves in the Sierra Nevada.
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4.4 Discussion

4.4.1 Natural Range of Variability of Past Fires

Descriptive statistics for combined information from all nine malpais fire

history sites during the presettlement period provide the necessary template for

establishing the historical range of variation in past fires. Interval analyses revealed

fires occurred once every 2.0 years somewhere within the boundaries defined by the

study sites (Table 4.23). Widespread fires affecting at least 25 % of all sampled trees

per site occurred once every 2.5 years. These intervals are low by Southwestern

standards, but are expected given the large sample size (232 trees) and areal extent

represented by the nine sites (ca. 500 ha). The minimum fire interval in all percent-

age scarred classes was one year, while the maximum ranged between 8 and 13

years. The 5 % exceedance interval, the interval exceeded by only 5 % of all inter-

vals based on the Weibull function (i.e. significantly long intervals), ranged between

4.2 years (all scarred) and 6.1 years (25 % scarred). The Maximum Hazard Interval,

the interval at which the ecosystem hypothetically should burn, ranged between 3.0

(all fire dates) and 9.0 years (�25 % scarred).

This information on presettlement fire regimes can be used as a baseline for

placing the postsettlement fire regime in historical perspective. Fire intervals

computed for the postsettlement (post-1880) period for all fire dates revealed 16%

(seven of 44) of all intervals exceeded the 5 % exceedance interval of 4.22 years

(Table 4.24). Only two intervals (six percent) exceeding 4.22 years occurred be-

tween 1880 and 1940, indicating fire-free periods were similar to the presettlement

period. However, five of the seven significantly long intervals occurred during the

1940 - 1993 period, confirming fire regimes of El Malpais once again were signifi-

cantly impacted by some disturbance ca. 1940. In the 10% scarred class, 25 % of all

intervals exceeded the 5 % exceedance interval (5.63 years), while 39 % of all post-
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TABLE 4.23. Critical descriptive statistics for presettlement (1700 - 1880) fire
intervals for the malpais region from combined information for all nine fire chro-
nologies.

ALL SCARRED � l0% SCARRED �25% SCARRED

Central Tendency

Mean FI: 2.28 2.83 3.02
WMPI: 2.03 2.36 2.47
Median FI: 2.00 2.00 2.00

Range and Dispersion

Stan Dey: 1.70 2.40 2.73
Coef Var: 0.74 0.85 0.91
Min FI: 1.00 1.00 1.00
Max FI: 8.00 11.00 13.00
95% El: 0.55 0.50 0.49
5% El: 4.22 5.63 6.11
Max HI: 3.00 7.00 9.00

Shape Measures

Skewness: 1.56 1.42 1.66
Kurtosis: 2.01 1.30 2.45
Shape: 2.00 1.68 1.61

FI = Fire Interval, El = Exceedance Interval, HI = Hazard Interval

settlement intervals in the 25 % scarred class exceeded the 5 % exceedance interval

(6.11 years). In general, the longest fire-free periods occurred between 1940 and

1993. These results confirmed that: (1) fire intervals after 1880 were similar to those

observed for the presettlement period; (2) widespread fires occurred less often

during the entire postsettlement period; and (3) a major disruption in fire occur-

rence began ca. 1940 that resulted in fire-free periods of unprecedented lengths.
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TABLE 4.24. Postsettlement (after 1880) fire intervals compared with the Weibull
Median Probability Interval (WMPI), the 5 % Exceedance Interval (5 % El), and the
Maximum Hazard Interval (Max HI) derived for the presettlement (pre-1880)
period. Asterisks indicate intervals that exceed the 5 % Exceedance Interval. FI =
Fire Interval.

PRESETTLEMENT FIRE INTERVAL INFORMATION
ALL SCARRED	 � 10% SCARRED 	 �25% SCARRED

WMPI: 2.03 WMPI: 2.36 WMPI: 2.47
5% El: 4.22 5% El: 5.63 5% El: 6.11
Max HI: 3.00 Max HI: 7.00 Max HI: 9.00

POSTSETTLEMENT FIRE INTERVALS (in years)
Year FI Year FI Year FI Year FI

1880 1939 1 1880 1880
1884 4 1940 1 1893 13 * 1893 13 *
1885 1 1949 9 * 1895 2 1900 7 *
1891 6* 1954 5* 1896 1 1902 2
1893 2 1955 1 1900 4 1904 2
1894 1 1956 1 1902 2 1909 5
1895 1 1958 2 1904 2 1915 6
1896 1 1959 1 1907 3 1916 1
1900 4 1961 2 1909 2 1923 7 *
1901 1 1963 2 1915 6* 1925 2
1902 1 1964 1 1916 1 1932 7*

1904 2 1965 1 1918 2 1933 1
1906 2 1971 6* 1923 5 1935 2
1907 1 1976 5 * 1925 2 1938 3
1909 2 1989 13 * 1932 7 * 1939 1
1911 2 1933 1 1955 16*
1912 1 1935 2 1976 21 *
1915 3 1938 3 1989 13 *
1916 1 1939 1
1918 2 1954 15*
1923 5 * 1955 1
1925 2 1959 4
1929 4 1976 17 *
1931 2 1989 13*
1932 1
1933 1
1934 1
1935 1
1938 3
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The presettlement fire chronologies emphasize that current fuel and vegeta-

tion conditions in El Malpais National Monument surpass the thresholds established

for past fire behavior. Given the extremely long fire intervals after 1940, fuels have

likely increased to unprecedented levels, a common characteristic of many South-

western forests (Cooper 1961; Dodge 1972; Sackett et al. 1994; Grissino-Mayer et al.

1994). These fuels are augmented by densely-stocked, younger, understory trees

(i.e., "doghair thickets") that would normally have been thinned naturally by repeat-

ed fires (Dodge 1972; Harrington and Sackett 1990; Covington and Moore 1994).

Logging in many places of the monument has also added a large component of

larger fuels as many trees were left where they were felled. These increased fuel

loadings in malpais forests have essentially changed the trajectory of fire behavior to

one that now favors the occurrence of high-intensity, stand-replacing fires in con-

trast to the low-intensity, stand-maintenance fires that occurred prior to Euro-

American settlement (USDA Forest Service 1993) (Fig. 1.1).

4.41 The Changing Pattern of Fire at El Malpais

The overall chronology of past fires at El Malpais was characterized by four

temporally distinct periods. These periods were delimited by one or more changes

in fire seasonality, fire intervals, percentage of trees scarred, or response by fire to

climate, and separated by three distinct "temporal discontinuities" (Table 4.25),

much like alluvial units separated by periods of nondeposition and soil development

4.4.2.1 Period FH-1 and the First Discontinuity

The most striking features of Period FH-1 (< 1700 - 1782) were the high

frequency of fires (especially between 1760 and 1782), fires occurring throughout

the entire growing season, and significant relationship between fire occurrence and

severe drought years. Period FH-2 (1795 - 1880) was characterized by significantly
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longer fire-free periods, decreased number of late season fires, and a significant

relationship between fire occurrence and wet years preceding fire years. These

changes indicate a shift in malpais fire regimes occurred centered on the first discon-

tinuity near 1790.

Only two hypotheses can explain the change in temporal patterns of fire

centered near 1790, especially at such a subregional scale: grazing and climate

change. The area surrounding the malpais was a favorite location for grazing live-

stock by the Zuni, Acoma, Laguna, and Navajo tribes (Holmes 1989). However, I

speculate that sheep populations owned by Native Americans around El Malpais

near the beginning of the 19th century were too low to be a factor in changing fire

patterns on such a large spatial scale. In addition, sources of water at El Malpais

were found only on the far northeastern side of the lava flows, and many miles to

the west at El Morro, thereby preventing establishment of large numbers of live-

stock. Finally, the fire chronology for Hidden Kipuka also dramatically shows the

long gap between fires beginning ca. 1780. Given the isolation of this kipuka, the

patchy cover of grass on the adjacent Hoya de Cibola Lava Flow, the impassable,

rugged aa lava to the east and north, and the distance to the nearest sources of

water, grazing on and adjacent to this kipuka was unlikely until the 20th century

when range improvements (e.g., stock tanks and ponds, windmills) occurred. These

observations do not support the hypothesis that grazing was responsible for the

change in fire regimes towards the end of the 18th century.

If grazing was not the mechanism triggering the shift in malpais fire regimes,

then climate was most likely responsible. Two long-term climate periods, Periods

BN-4 (AD 1399 - 1790) and AN-4 (AD 1791 - 1992) (Table 3.9), extend over the

range of years represented by the malpais fire chronologies. These periods indicate
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climate was transitional ca. 1790, switching modes between below normal to above

normal rainfall. This transition period is coincident with the first discontinuity

observed in the fire history record between 1783 - 1794, providing strong evidence

that changes observed in fire patterns between periods FR -1 and FH-2 were related

to climate.

If climate was ultimately responsible for this change in malpais fire regimes,

then similar changes should be observed for other fire chronologies developed in the

Southwest A regional expression of a hiatus in fire occurrence throughout the

Southwest would further argue against the human disturbance hypothesis. Such

long, unprecedented fire-free periods in the late 18th /early 19th centuries have

indeed been observed in several fire chronologies throughout the Southwest, al-

though onset and termination of these periods were temporally and spatially varia-

ble. Most sites in the Gila Wilderness of southwestern New Mexico showed long,

unprecedented gaps in fire occurrence between 1820 and 1840 (Swetnam 1983, 1990;

Swetnam and Dieterich 1985), similar in duration to the 1819- 1838 gap at two sites

in the Pinaleflo Mountains of southeastern Arizona (Grissino-Mayer et al. 1994). A

nearby site in Chiricahua National Monument showed a very long fire-free period

between 1800 and 1851 (Swetnam et al. 1989). Similar gaps in fire chronologies

occurred in the Jemez Mountains of northern New Mexico, especially obvious in the

10% and 25% scarred classes (Touchan et al. 1995).

The existence of long fire-free periods during roughly the same period (late

18th to early 19th centuries) points to a regional factor, such as atmospheric circula-

tion, as the primary mechanism (Swetnam and Dieterich 1985; Grissino-Mayer et al.

1994). I hypothesize that a change in climate beginning in the latter decades of the

18th century caused subsequent changes in fire patterns at El Malpais and other sites

throughout the Southwest This change in climate likely resulted from regional-scale
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shifts in atmospheric circulation patterns, causing gradual shifts in areas affected by

summer monsoonal rainfall. Such shifts could explain the temporal and spatial

variability observed in the long fire-free period near the beginning of the 19th

century. My interpretation is that these long gaps likely resulted from the gradual

movement of summer monsoonal moisture into areas where summer rainfall had

been excluded for long periods, thereby impacting, to some extent, Southwestern

fire patterns.

These hypothesized changes in the intra-annual distribution of rainfall are

further corroborated by the temporal shifts in fire seasonality observed for the

malpais fire chronologies. During the entire duration of climate period BN-4,

middle and late season fires were as common (and, during some periods, were more

common) than early season fires (Fig. 4.28), unlike fire seasonality during the histor-

ic period. Beginning ca. 1800, the number of late season fires began decreasing,

until an early season pattern emerged by 1850. One mechanism that would allow

middle and late season fires to occur prior to 1800 is diminished summer rainfall

(i.e., a weakened and/or displaced summer monsoon), suggesting a winter-dominant

rainfall pattern during Period BN-4. I hypothesize that a return to summer-domi-

nant rainfall during the 19th century likely decreased the probability of fire ignition

later in the growing season, perhaps causing the observed changes in seasonal fire

patterns.

Results from the superposed epoch analyses provided further supporting

evidence for the climate change hypothesis. Between 1700 - 1782, fires occurred

predominantly during years of severe drought (Fig. 4.34) preceded by years of above

normal precipitation. Between 1795 - 1880, amount of rainfall during the fire year

was no longer a factor, while annual rainfall preceding the fire year continued to
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affect fire occurrence. These two highly disparate responses by fire to climate

suggest disparate fuel conditions during and prior to fire years between the two

periods. Between 1700 - 1782, fires during years of drought suggest fuel moisture

content was the primary limiting factor affecting fire occurrence. In addition, wet

years preceding the fire year increase production of winter annuals, thereby increas-

ing amounts of fine fuels necessary for fire ignition and spread (Rogers and Vint

1987; Baisan and Swetnam 1990; Grissino-Mayer et al. 1994; Swetnam and Baisan,

in press). Between 1795 - 1880, however, the severity of drought during fire years

was no longer a necessary prerequisite, indicating fuel moisture content was no

longer the primary limiting factor. Rather, the significant responses by fire to above

normal rainfall in years prior to the fire year suggest fuel types and amounts were

primary limiting factors.

Previous archeological and palynological studies have also hypothesized that

shifts between winter dominant and summer dominant rainfall occurred in the past

in the American Southwest (Schoenwetter and Eddy 1964; Hill and Hevly 1968;

Peterson 1988, 1994; Davis 1994). Further, such shifts may have caused subsequent

shifts in the distribution of pinyon (due to changes in summer rainfall), spruce, and

pine, evident in the pollen record (Petersen 1988). However, what mechanism(s)

could cause such changes in summer monsoonal rainfall?

Bryson and Lowry (1955) observed that the summer monsoon of the South-

west occurred due to a shift in dominance from a dry, continental air mass to a

moist, maritime air mass advected from the Gulf of Mexico. By early July, the

Bermuda High pressure area has extended well over the eastern and central United

States, causing a clockwise circulation around its far western perimeter, thereby

advecting moisture from the Gulfs of Mexico and California into the Southwest

from a persistent southerly to southeasterly flow (Sellers and Hill 1974; Carleton
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1985; Harrington et al. 1992). However, Carleton et al. (1990) observed that

summer monsoon rainfall was associated with a subtropical ridge (i.e., high pressure

area) displaced northward and situated over the Four Corners area of the South-

west_ This subtropical ridge acts to "funnel" moisture into the Southwest, especially

when coupled with mid-latitude troughs to the west that create a strong pressure

gradient across the Southwestern United States.

Carleton et al. (1990) observed further that atmospheric conditions responsi-

ble for summer monsoonal rainfall displayed long-term (decadal) trends related to

consistent displacement of the subtropical ridge northward (leading to increased

summer rainfall) or southward (leading to a weakened summer monsoon). If this

displacement can occur on decadal time scales, dominance by one type of displace-

ment may also occur on centennial time scales. During the Little Ice Age (ca. 1400 -

1850), depressed temperatures would cause weakened pressure systems and gradi-

ents, therefore causing fewer northward displacements of the subtropical ridge.

Hence, summer rainfall would be less. An increase in hemispheric temperatures

following the Little Ice Age would likely strengthen meridional circulation patterns

and reinforce the subtropical ridge in the northern portions of the Southwest, likely

resulting in a subsequent increase in summer rainfall.

If changes in hemispheric circulation did indeed occur around 1800, changes

in climate should be apparent in reconstructions at distant latitudes. Jacoby et al.

(1988) and Jacoby and D'Arrigo (1989) reported a major shift in climate beginning

ca. 1805 based on maximum latewood density measurements of white spruce (Picea

glauca (Moench.) Voss) from the northern tree line in Quebec, Canada. This shift

marked an abrupt decline in temperatures relative to the previous century, coinci-

dent with a major valley glacier readvance in the southern Canadian Rockies
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(Luckman 1986; Osborn and Luckman 1988). Jacoby et al. (1988) thoroughly

document other evidence from proxy records (e.g., ice core, isotopic, and historical

documents) that support this major shift in hemispheric temperatures. Although this

shift at higher latitudes was due to a decrease in temperatures, this change may have

affected the precipitation regime more than the temperature regime of the South-

west In any case, these studies suggest a major change in hemispheric circulation

patterns occurred near the end of the 18th century.

Changes in temporal patterns of fire regimes possibly related to climate

change were observed in other areas as well. Johnson and Miyanishi (1991) report-

ed that statistically significant changes in fire frequency occurred in the mid- to late

1700s in fire regimes of the Kananaskis Valley and Kootenay National Park, Cana-

da, which they attributed to changes in regional climate related to cooler tempera-

tures during the LIA readvance. Clark (1988, 1991) observed that fire regimes

throughout Minnesota, the northeastern United States, and Quebec, Canada, were

noticeably affected by climate fluctuations, especially changes in water balance,

over the past 700 years. Clark further pointed out that drier periods were character-

ized by short fire intervals relative to the longer fire intervals that occurred during

wetter periods. Swetnam (1993) found that regionally synchronous fire years were

directly related to decadal-to-centennial changes in temperature. Between AD

1000 - 1300 (corresponding to the Medieval Warm Period), fires in giant sequoia

groves of the Sierra Nevada were frequent and smaller compared to the less fre-

quent and more widespread fires that occurred after AD 1300 (corresponding to the

Little Ice Age).

However, three arguments seemingly counter the climate change hypothesis.

First, if a change to wetter climate occurred beginning ca. 1800, why was this change

not documented in previous long term, tree-ring based reconstructions of precipita-
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tion in the Southwest, especially those developed by Rose et al. (1981), Dean et al.

(1985), and D'Arrigo and Jacoby (1991)? Most tree-ring chronologies developed in

the Southwest usually consist of short (< 200 years) individual tree-ring series that,

when standardized and combined to form a site master chronology, no longer con-

tained the low-frequency climatic component necessary for evaluating long-term

trends in climate. This dilemma is known as the "segment length curse," that states

"... the maximum wavelength of recoverable climatic information is ordinarily relat-

ed to the lengths of the individual tree-ring series used" (Cook et al. 1995). Hence,

most chronologies used for climate reconstruction in the Southwest will not contain

the low-frequency, long-term (> 100 years) climate component, only the high-fre-

quency component However, Schulman (1956) and Fritts (1991) clearly demon-

strated that the early decades of the 1800s were the wettest decades during the last

400 years.

Second, the changes to the malpais fire regimes appear to have occurred

rapidly, shifting from one mode to another ca. 1790. Did climate change as swiftly?

Based solely on changes in mean precipitation (Fig. 3.23), the change in precipita-

tion was gradual, surpassing the long-term mean of 14.57 inches at 1791 following a

steady increase in rainfall that began ca. 1740. However, as pointed out in Chapter

Three, climate change can be expressed in other climatic characteristics. Following

the shift to above normal rainfall ca 1790, skewness dramatically increased within a

two-year period to its highest levels in over 1,000 years, indicating an extreme

number of very wet years occurred between 1800 and 1830 (Fig. 3.23). Hence, it can

be argued that this change to wetter conditions was indeed abrupt

The changing seasonality of past malpais fires, however, does argue for a

more gradual shift in fire regimes. If the shift to a wetter climate due to increased
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summer monsoonal rainfall was indeed abrupt, changes in the seasonality of fires

would consequently be abrupt However, the decrease in middle and late season

fires beginning ca. 1800 was gradual as well. This steady decline in middle and late

season fires would not be possible in a climate regime where amounts of summer

rainfall had suddenly shifted to a new increased level.

Third, if changes in the seasonality of fires at El Malpais suggest changes in

the intra-annual distribution of rainfall, why were such changes not reflected in

other fire chronologies developed in the Southwest? First, such changes in seasonal-

ity were not routinely investigated for the network of Southwestern fire chronolo-

gies developed. However, Allen (1989) demonstrated that late season fires (M, L,

and A scar designations) decreased between the 1600s to the 1800s, while early

season fires (D and E scar designations) increased during the same interval, based

on 847 fire scars from 75 trees collected in the Frijoles watershed of Bandelier

National Monument in north-central New Mexico. Second, the malpais region may

occupy a key strategic position in the Southwest for detecting such temporal changes

in past fire seasonality, although the contribution of certain topographic characteris-

tics of the malpais (e.g., elevation and position with regard to the Zuni Mountains)

to this detection is unknown.

4.4.2_2 Period FH-2 and the Second Discontinuity

No matter what factor was responsible for the first discontinuity in malpais

fire regimes, a long, transitional fire-free period between 1783 - 1794 did occur. I

hypothesize further that this long, unprecedented fire-free period allowed fuels to

increase both vertically and horizontally, causing any subsequent fire to be more

widespread and, perhaps, more severe, causing greater ecological impact than previ-

ous fires. The fire during 1795 was one of the most widespread of all fires, affecting
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six of the nine malpais sites. Prior to 1795, only two other fire years (1703 and 1773)

impacted six or more sites, while five fire years (1824, 1841, 1843, 1851, and 1870)

occurring at six or more sites were recorded after 1795. The impact of this fire (and

subsequent fires in 1800, 1805, 1806, 1808, 1810, etc.) was conditioned by the change

in climate, effectively changing fire behavior in malpais forests. Fire intervals

became significantly longer, and late season fires decreased. These findings suggest

different modes of operation by fire during the two climate regimes. In the drier

(and possibly cooler) climate prior to 1790, fires were frequent, occurring through-

out the summer. In the wetter (and possibly warmer) climate following 1790, fires

were less frequent, and began occurring less in the later portions of the growing

season.

Unlike the first discontinuity, no major long-term shift in climate was evident

ca. 1880 based on the precipitation reconstruction (Fig. 3.24), suggesting the termi-

nation of Period FH-2 ca. 1880 was most likely caused by human-related disturb-

ances, specifically widespread grazing by sheep. After the subjugation of the Navajo

tribe in the 1870s, and the arrival of the railroad in 1881, the malpais region, espe-

cially around the springs of San Raphael, became the center for large-scale sheep

ranching in Valencia County. By 1885, approximately 157,400 sheep, along with

hundreds of cattle from newly-formed cattle companies, were grazing in and around

the future perimeter of the monument (Mangum 1990). These figures are likely to

be underestimates, because ranchers at the time rarely reported actual numbers to

evade increased taxes.

Grazing by livestock has long been known to reduce fine fuels and increase

the probability of erosion and channel entrenchment (Tourney  1891; Wooton 1908;

Rich 1911; Dellenbaugh 1912; Leopold 1924). This reduction in fine fuels likely

diminished the ability of fire to spread. The dominant change in malpais fire re-
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gimes around 1880 was the fewer number of trees scarred per site, and the fewer

number of sites at which fire occurred. Therefore, it is evident that the ability of fire

to spread from one tree to the next, and from one site to an adjacent site, was se-

verely impacted by the reduction in fuels caused by the increased numbers of live-

stock. However, it is worth noting that the number of fire occurrences remained

constant or, in some cases, actually increased following 1880. Therefore, fires were

capable of igniting, but were not capable of spreading.

The fire chronologies developed for the two kipukas also provide informa-

tion on probable causal mechanisms for the disruption in fire regimes ca. 1880.

These fire chronologies revealed that the percentage of trees scarred by fire in-

creased or remained constant in the latter decades of the 19th century (Fig. 4.32).

This observation supports the grazing hypothesis, because grazing likely did not

occur on these kipukas, and therefore would not have affected the ability of fire to

spread. In addition, the increase in fire occurrences after 1880 on these kipukas

(and at a few other malpais sites) at approximately the same time does not support

the climate hypothesis, because fewer fires would be expected due to increased fuel

moisture levels.

While the grazing hypothesis appears tenable, hypotheses based on short-

term fluctuations in precipitation must first be discounted. In the malpais region,

one of the wettest short-term (< 50 years) periods in the entire 2,129 year recon-

struction occurred between 1882 and 1888 (Table 3.8), averaging 16.07 inches per

year (compared to the long-term mean of 14.57 inches/year). Touchan and Swet-

nam (1995) point out that a reconstruction of precipitation based on ponderosa pine

developed for the Jemez Mountains region of northern New Mexico showed a

marked increase in rainfall extending from 1880 to ca. 1940. A precipitation recon-
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struction for southeastern Arizona also showed increased rainfall amounts beginning

ca. 1880 (Grissino-Mayer, unpublished data). Numerous historical records docu-

ment that the 1880s were an extremely wet period, characterized by downcutting

and entrenchment of many river channels throughout the Southwest (Rich 1911;

Dellenbaugh 1912; Bryan 1925; Thornthwaite et al. 1942; Hastings and Turner

1965). Because climate is a regional phenomenon, disruptions in other fire chronol-

ogies throughout the Southwest around 1880 (e.g., Weaver 1951; Dieterich 1983;

Swetnam 1990; Grissino-Mayer et al. 1994; Swetnam and Baisan, in press) could

likewise have been caused by increased precipitation. Such increases in rainfall

would have increased fuel moisture contents and reduced the probability of fire

ignitions.

If a change in malpais fire regimes occurred ca. 1880 due to increased rain-

fall, then disruptions in fire regimes should be evident during other short-term wet

periods. For example, the periods 1708 - 1714, 1790- 1797, 1812 - 1817, and 1830-

1841 ranked as some of the wettest periods in the last 2,219 years (Table 3.8). These

wet periods were also associated with a decreased number of fire occurrences (Fig.

4.29). However, this argument is not conclusive because certain periods of above

normal rainfall were characterized by numerous fires. For example, the period 1629

to 1656 contained two of the wettest short-term periods in the entire 2,129 year long

reconstruction (Table 3.8), yet fire frequency and fire spread were both very high

during this period (Fig. 4.29). The period 1848 - 1872 ranked fifth in the most

extreme short-term (< 50 years) wet periods in the last 2,129 years, yet numerous

fires, both patchy and widespread, occurred during this wet interval.

In addition, climate period AN-4, the wettest long-term period in the last two

millennia, extends through the entire 19th and 20th centuries, essentially represent-

ing a temporally homogeneous precipitation regime marked only by occasional,
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short-term droughts. If a climate fluctuation was indeed responsible for the change

in fire regimes ca. 1880, then a change back to pre-1880 fire regimes would be

expected following the end of the hypothesized climate fluctuation, but prior to the

fire suppression era. In fact, widespread fires did occur more frequently beginning

in the mid 1920s, lasting until ca. 1940. However, this period was also marked by a

reduction in numbers of livestock, especially on the Navajo Reservation, once range

deterioration due to overgrazing was acknowledged (Bailey 1980). Therefore, this

argument is inconclusive as well.

In summary, assigning primacy to any one causal agent responsible for the

1880s disruption in fire regimes based on fire chronologies developed for El Malpais

is simply not possible. However, the near-synchronous changes in fire regimes

displayed in the regional network of fire chronologies developed for the entire

Southwest, including portions of northern Mexico, that occurred between ca. 1880 -

1900 points to human-related factors as being the primary mechanism affecting fire

regimes. The uninterrupted fire chronologies of the two kipuka sites, Mesita Blanca

and Hidden Kipuka, along with the fire chronology for the Sierra de los Ajos in

northern Sonora, suggest human influences at these sites were minimal. However, I

could not discount fluctuations in climate as perhaps being a contributing, secondary

factor. Therefore, the disruption in malpais fire regimes around the turn of the

century was likely a combination of two factors, grazing and climate fluctuations.

4_4.2.3 Periods F11-3 and Fil -4 and the Third Discontinuity

Important features of Period FH-3 (1893 - 1939) were: (1) a continuance or

increase in fire occurrence; (2) the lack of widespread fires; and, (3) the dominance

of early season fires (Table 4.25). This continued occurrence of fires at all malpais

sites after 1880 is uncommon in Southwestern fire history studies, which typically



248

show a complete or near complete cessation of fires after 1880- 1890. The malpais

fire chronologies revealed a major discontinuity in fire regimes between 1940 and

1949, when no fires were recorded by any of the numerous sampled trees that

extended this far into the 20th century. After this discontinuity, a distinctly different

fire regime occurred, period FH-4 (1950- 1992), characterized by: (1) very few fire

occurrences, and, therefore, the longest fire-free periods in the entire period of

record; (2) widespread fires in 1976 and 1989, based on the fire-scar record (al-

though park records indicated other large fires occurred in the mid- to late 1980s,

such as the Lava Fire in 1985); and, (3) the lowest number of late season fires than

at any other time during the past 500 years.

The discontinuity that occurred ca. 1940 was the most abrupt and easily

recognizable change in temporal patterns of fire in all percentage scarred classes

(Fig. 4.29), marked by a complete absence of fires between 1940 and 1949. After

this long fire-free period, only five fire years were observed in the fire-scar record

outside the two kipuka sites, suggesting some new factor affecting fire regimes had

been introduced to malpais forests. Fluctuations in climate can be easily ruled out

as a viable explanation because precipitation between 1940 and 1949 was average

(Fig. 3.24), although annual amounts began decreasing, eventually resulting in the

severe and long-lasting drought between 1950 and 1964 (Table 3.7). Therefore,

human-related disturbances and/or other natural disturbances may be responsible

for this major discontinuity.

I conclude that this change was due to organized and effective fire suppres-

sion by land management agencies. In 1909, the Zuni National Forest was formed

(Tucker 1992), composed entirely of forests in the Zuni Mountains to the north and

adjacent to the malpais. In 1914, the Zuni National Forest became part of the
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Manzano National Forest, after which it was added to the Cibola National Forest in

1931. The malpais lies to the south and adjacent to the Zuni Mountains and the

Cibola National Forest. Prior to the formation of El Malpais National Monument,

parts of its northern portions were included in the Cibola National Forest. Areas of

the malpais not included in the National Forest fell under the jurisdiction of the

Bureau of Land Management

Fire suppression was, and still is, a major policy of land management by both

the U.S. Forest Service and the Bureau of Land Management (Frome 1962; USDA

and USDI 1989; van Wagtendonk 1991; USDA Forest Service 1993). However, how

committed were these agencies to enforcing full fire suppression efforts in the

malpais region between 1909 and 1940? I speculate they were not very committed.

The Zuni Mountains to the north of El Malpais were a valuable resource for timber;

logging operations began in these mountains as early as the 1890s. Timber resources

in the malpais region, however, were of limited value. Access to malpais forests was

much more difficult due to the lava flows, and, when access was made, trees were

fewer, and did not return an investment for logging companies comparable to trees

in the Zuni Mountains. The ruggedness and inaccessibility of the malpais virtually

assured fire suppression in the early decades of the 20th century would have mini-

mal effect Therefore, it is reasonable to conclude that fire suppression was perhaps

less effective in the malpais region than in the Zuni Mountains.

This situation changed in the 1940s, especially after World War II. Methods

for fighting fires used by the federal agencies benefited immensely from the major

technological advances made during the second World War. These advances includ-

ed retardant drops, heliattack crews, bulldozers, parachutes and smokejumpers,

tanks, bulldozers, and surplus warplanes (van Wagtendonk 1991; Pyne 1992).

During the early 1930s to early 1940s, the Civilian Conservation Corps (CCC)
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blazed new roads and trails into many former wilderness areas, improving access so

that agencies could attack fires faster and more efficiently. I conclude that the

change in malpais fire regimes that occurred ca. 1940 reflects intensive and success-

ful fire suppression efforts by land management agencies.

The two kipuka fire chronologies revealed these sites were affected by fire

suppression after 1940 as well. At Mesita Blanca and Hidden Kipuka, fires essen-

tially continued uninterrupted up to the present However, except for the 1976 fire,

post-1940 fires at these kipukas were not widespread, affecting only one or two trees

at each site (Figs. 4.16 and 4.17). The inaccessibility of these sites suggests efforts at

fire suppression could not have taken place directly on the kipukas themselves,

except by areal means (e.g., smokejumpers and fire retardant dropped by air tank-

ers). However, the fire chronologies suggest fires rarely actually ignited on the

kipukas, but rather started elsewhere in the surrounding Hoya de Cibola Lava Flow,

and spread to the kipukas. Any fire suppression efforts in the surrounding lava flow

would have equally affected fire occurrence on the kipukas. Therefore, the lack of

widespread fires on the kipukas after 1940 can be attributed to fire suppression.

This hypothesis still does not explain why fires were not capable of spreading

between trees on each kipuka as fire had prior to 1940. Fires occurred quite fre-

quently, especially during the 1950 - 1964 drought period. However, they were not

capable of spreading from one tree to the next Once again, I believe grazing may

have impacted the kipukas more than previously thought Range improvements

have occurred only 1.5 km distant from the kipukas in Little Hole-in-the-Wall in the

form of stock tanks; cattle graze here to this day, and signs of cattle have been found

recently on Mesita Blanca. These improvements increased the accessibility of these
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kipukas to cattle, and may have been placed there purposely by ranchers to take

advantage of the kipuka vegetation.

4.4.3 Spatial Patterns of Past Fire in El Malpais

The spatial pattern of fire in the malpais appears to be greatly influenced by:

(1) topography (e.g., intervening lava flows); (2) substrate material (such as the

moderately eroded basalt of the Hoya Flow); and (3) proximity to major forested

areas, such as the Zuni Mountains to the north. On a coarse scale, the nine sites can

be divided into high frequency (Cerro Bandera East, Cerro Bandera North, La

Marchanita, and Candelaria) and low frequency (Cerro Rendija, Lost Woman, Hoya

de Cibola, Mesita Blanca, and Hidden Kipuka) fire regimes (Fig. 4.35). The high

frequency regimes occurred at the four sites occupying the northern portions of the

malpais. The mean WMPI at these sites for all fire years was 5.7 years, while the

mean WMPI for more widespread fires was 8.2 years. The five sites occupying the

southern portions of the study area were low frequency regimes (Tables 4.6 - 4.8).

The mean WMPI for these five sites was 9.3 years for all fire years, while the WMPI

for the 25 % scarred class was 18.9 years.

This spatial division is expected. The high frequency sites on the northern

periphery of the malpais were affected by fires spreading to the malpais region from

the adjacent Zuni Mountains. These mountains are heavily forested and higher in

elevation; lightning ignitions are therefore potentially more numerous, and no

topographic barriers (i.e., lava flows) exist to hinder fire spread. The sites having

lower fire frequencies in the southern portions of the study area contain ponderosa

forests that are less dense, and occasionally grade into open pine savannas and grass-

lands. The lower frequency occurs because ignition rates are lower compared to the

more northern sites adjacent to the Zuni Mountains. If ignitions were successful, the



Figure 4.35 The spatial arrangement of fire intervals for the nine
malpais fire history sites. Fire intervals tended to increase as one
moves southward. Five groups could be distinguished among the
nine sites based on similar fire regimes.
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ability of fire to spread was hindered by the numerous lava flows and broken topog-

raphy, discontinuous fuels, lower tree density, and lower fuel amounts.

On a finer scale, five spatially distinct patterns of fire emerged based on fire

interval data (see Tables 4.6 - 4.8 and Tables 4.18 -4.21): (1) Cerro Bandera

East/Cerro Bandera North, (2) Cerro Rendija /Lost Woman, (3) La Marchanita/

Candelaria, (4) Mesita Blanca /Hoya de Cibola, and (5) Hidden Kipuka (Fig. 4.35).

Two of these groups bridge different habitat types. Fire interval distributions for

the steep-sided cinder cone Cerro Bandera were more similar to the undulating

ponderosa pine forests and grasslands one km to its north (Cerro Bandera North,

Table 4.21) than to the other two vents sampled. Fire intervals at Mesita Blanca, a

topographically isolated lcipuka, were indistinguishable from those found at the

Hoya de Cibola site.

These groupings indicate habitat type designations used in this study based on

topographic and geological substrate were only partially successful in differentiating

fire regimes, suggesting geologic substrate only indirectly affects fire occurrence by

affecting vegetation characteristics. Density of trees, species composition, stand age,

amount of bare surface, and types of understory grasses, properties that affect fuel

types and amounts and connectivity to other parts of the landscape, appear to be

more important habitat characteristics directly affecting fire occurrence than geolog-

ic substrate. For example, Cerro Bandera East (cinder cone type) and Cerro Ban-

dera North (older basalt flow type) support ponderosa forests with essentially simi-

lar vegetation characteristics and fuel properties, and therefore similar fire regimes.

Fire interval distributions between La Marchanita and Candelaria also were not

significantly different, because both sites have similar vegetation and fuel character-

istics.
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The similarity of fire interval data between the Hoya site and Mesita Blanca,

however, cannot be easily explained by similar fuel characteristics. The kipuka is

composed primarily of limestone, and has abundant grass cover, while the Hoya site

has a lava substrate with variable grass cover and many bare surfaces. Nor can these

similarities be explained by the connectivity of the surrounding landscape. Fire

years between both sites were significantly nonsynchronous (Table 4.23). The simi-

larity in fire interval data must arise because Mesita Blanca is surrounded by the

Hoya de Cibola lava flow, and its fire regime is therefore heavily influenced by the

surrounding landscape. This point emphasizes that the kipuka fire chronologies are

not independent, and may be influenced by fires from the surrounding landscape.

The small size of the kipukas suggests ignitions rarely occur on the kipukas them-

selves, as mentioned previously, and that their fire chronologies actually represent a

record of fires that ignited elsewhere, but eventually spread to the kipukas.

Results from tests of the synchroneity of fire dates revealed fire years were

remarkably asynchronous among the nine malpais fire histories. At the La Marcha-

nita and Candelaria sites, fire years were dissimilar despite being separated by ca.

one km When considering all fire dates, only 12 of 40 fire years were common. In

the 25 % scarred class, only seven of 27 fire years were common. This dissimilarity

suggests the rugged aa lava in the northern extension of the Bandera Lava Flow

separating the two sites (Fig. 4.1) was an effective barrier that prevented fire spread

from one site to the other. Years in which fire was common to both sites suggest

large fires spread to this area from the north near the Zuni Mountains, eventually

splitting both east and west of the Bandera Lava Flow, thus affecting both sites.

Fire dates between Mesita Blanca and both Hoya de Cibola and Hidden

Kipuka were also remarkably dissimilar. Analyzing all fire years, only four of 30 fire
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years were common between Mesita Blanca and Hoya de Cibola, while only ten of

26 years were common between Mesita Blanca and Hidden Kipuka. In the 25 %

scarred class, only two of 20 fire years were common between Mesita Blanca and the

Hoya site, while five of 11 years were common between Mesita Blanca and Hidden

Kipuka. Given that Mesita Blanca and Hidden Kipuka are separated by only 0.5 km

by the Hoya Flow, greater synchroneity of fires years was expected. These findings

suggest fire spread was restricted over the Hoya de Cibola Lava Flow because of its

broken topography and lack of continuous grass cover. As observed in aerial photo-

graphs of the Hoya Complex fires of 1989, fire spread was restricted to lava fissures

where fuels accumulate. While they do facilitate fire spread, these fissures may not

be efficient mechanisms for fire spread over larger areas. Based on this finding,

widespread fires covering large areas of the Hoya Flow were unlikely during the

presettlement period.

The only locations where fire years were more synchronous than asynchro-

nous were Cerro Bandera East and Cerro Bandera North. The contiguity of inter-

vening ponderosa forests and grasslands facilitated fire spread, ensuring similar fire

years, and also similar fire intervals. The 2 X 2 chi-squared test of association re-

vealed the pattern of fire and non-fire years between these sites was not independ-

ent, verified by both the runs tests (indicating more synchronous than asynchronous

dates) and the highest values for the Ochiai Index (.71 - .75) observed in any analy-

ses (Table 4.26).

The tests for synchroneity of fire dates used in this study revealed discrepan-

cies that need further elaboration. Results from all 2 X 2 analyses conducted were

almost always significant, thus rejecting the null hypothesis of statistical independ-

ence among fire chronologies (i.e., the pattern of fire and non-fire years was statisti-

cally synchronous). For example, testing all fire dates between Mesita Blanca and
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TABLE 4.26. Testing differences in fire intervals and synchrony of fire dates
between the Cerro Bandera East and North sites, 1700 - 1880. Test statistics for fire
intervals are computed on data transformed to approximate normality.

Test: All
Percentage Scarred Class

� 10% �25 %

mean (I t I -test): 1.11 1.09 1.29
variance (F-test): 1.02 1.06 1.19
distributions (K-S test): 0.20 0.22 0.18

2 X 2 chi-squared: 75.77 *** 90.49 *** 79.44 ***
2 X 1 chi-squared: 0.38 1.40 0.27
Runs test l : 27.03 * 22.40 * 21.97 *
Ochiai Index: 0.71 0.75 0.71

1. Results from runs tests revealed more synchronous years than aynchronous years.
* p .05, ** p < .01, *** p < .005

Hoya de Cibola revealed only four common fire years out of 30 total fire years were

needed during the entire 181 year period (1700- 1880) to pass statistical significance

(p < .05). The same number of common fire years was also required between

Mesita Blanca and Hidden Kipuka between 1700 - 1935. Nearly all 2 X 2 test results

suggest fire dates between sites were synchronous, further suggesting climate was

largely responsible for this synchroneity.

However, given the close proximity of sites to each other, the similar vegeta-

tion and fuel characteristics, and the contiguity of grasslands between sites, greater

synchroneity was expected. Therefore, when testing synchroneity between fire

chronologies, the 2 X 2 test appears better suited for analyzing synchroneity of the

entire chronological pattern of fire and non-fire years among sites with greater

spatial distribution, such as the giant sequoia groves in the Sierra Nevada (Swetnam
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1992, 1993), where sites are not contiguous and separated by great distances. For

fire chronologies considered spatially autocorrelated, such as the malpais sites, a

more rigid test would be the 2 X 1 test of association, especially for focusing on fire

spread possibilities between sites. For example, between the Hoya de Cibola and

Mesita Blanca sites, 21 common fire dates out of 30 total fire years between the two

sites would be required to pass statistical significance. This is a more reasonable

assumption given these sites are separated by ca six km.

These findings suggest differing degrees to which power of statistical signifi-

cance can be applied to test results. The 2 X 1 test is the most robust, being more

difficult to achieve statistical significance. Results from Wald-Wolfowitz runs tests

indicated the runs test occupies an intermediate position between both chi-squared

tests of association. Significant results were obtained between both Cerro Bandera

sites (Table 4.26), indicating more runs of synchronous dates occurred than asyn-

chronous dates. The 2 X 2 test is the most liberal of the three, as statistical signifi-

cance is achieved with few common fire years. However, the choice of tests used

should depend on the spatial distribution of sites which dictates specific research

objectives. The 2 X 2 test is more appropriate for noncontiguous, widely separated

sites where the focus of the investigation concerns the influence of climate on fire

patterns, while the 2 X 1 test is more appropriate for spatially autocorrelated sites

where the focus of the investigation is the importance of fire spread patterns between

sites.

Because this study is the first to use indices of association, the ability of the

Ochiai Index to indicate association can not be evaluated until more studies are

performed to establish guidelines for what constitutes acceptable values. In this

study, most values ranged between .2 and .5 between sites, and appear to confirm

results from the 2 X 1 chi-squared tests. Because values were < .5, low degrees of
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association were indicated, although it would be premature to use .5 as an accept-

able level for this index. However, values as high as .70 were observed between

Cerro Bandera East and Cerro Bandera North (Table 4.26), substantiating the high

degree of association of fire dates indicated by the runs tests.

In summary, the hypothesis tested in the spatial analyses stated no differ-

ences in spatial patterns of fire existed among the different sites, because all sites,

including the Icipukas, are essentially contiguous, connected by intervening forests

and grasslands. However, I found one hypothesis to be insufficient because it

became obvious that different research questions could be addressed with the tests

utilized in this study. I conclude that a significant level of spatial autocorrelation

exists among the fire chronologies, mostly arising due to the similar climatic charac-

teristics (spatially and temporally) across the malpais region. Temporal changes in

fire intervals and percentage of trees scarred ca. 1790 - 1800 were essentially syn-

chronous at most sites. However, at the finer level of analysis provided by the

synchroneity tests, it also became obvious that differences between fire chronologies

were apparent, partially arising due to location (i.e., south, but contiguous with, the

Zuni Mountains), topographic and geologic features (e.g., lava flows), and vegeta-

tion composition (e.g., the density of ponderosa pine forests). These differences

were not readily apparent based on habitat types as defined by geologic substrate.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

"These results were obtained by using almost all the allowed principles

of witchcraft." - J. W. Tukey, statistician, 1964

In this study, I extensively analyzed the past climate and fire history for El

Malpais National Monument using dendrochronological techniques. This study was

designed to: (1) improve our understanding of fire and climate and their interrela-

tionships, and (2) present new techniques for analyzing past environments. I

demonstrated that wildfires and climate in the Southwest are linked both temporally

and spatially, and that both systems exhibit dynamic behavior over both short and

long time scales. Southwestern climate was found to gradually change between

alternating modes of above normal and below normal rainfall, perhaps linked to

aperiodic shifts in circulation patterns that affected summer monsoonal rainfall.

Past fire occurrence was found to gradually shift between a fire regime character-

ized by high-frequency fires occurring throughout the growing season to one charac-

terized by lower-frequency fires occurring predominantly earlier in the growing

season. The human influence on fire regimes in the 19th and 20th centuries was also

conclusively demonstrated.

Although this research has answered many questions about these palaeoenvi-

ronments, new questions were conceived as well. For example, how does the fire

history of the nearby Zuni Mountains compare with fire chronologies for El Mal-

pais, and to what degree has fire in these nearby mountains influenced malpais fire

regimes? Given the close relationship between fire and climate, to what extent can

past fire occurrence be extrapolated from climatic time series that extend prior to

the fire-scar record? What synoptic scale mechanisms, whether internal (e.g., the
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Southern Oscillation) or external (e.g., changes in solar variability) to the earth-

atmosphere system, caused the observed changes in past rainfall for the Southwest?

Answers to these questions obtained from future research may eventually validate

or refute the hypotheses I proposed in this study. In this chapter, I will briefly out-

line each major finding and conclusion reached for both the climate and fire history

portions of this project, and suggest recommendations for future management and

research in the monument

5.1 The Climate History of El Malpais National Monument

I. The lava surfaces of El Malpais National Monument contain numerous

living Douglas-firs, ponderosa pines, and Rocky Mountain junipers that are

exceptional in age for these species and for this geographic region.

Numerous Rocky Mountain Douglas-fir trees were found that exceeded 800

years, the oldest being 1,276 years old. We also sampled a dead Rocky Mountain

juniper that had lived to be 1,888 years old, currently the oldest tree known to have

lived in the American Southwest. The malpais region likely contains living individu-

al Rocky Mountain junipers exceeding 2,000 and even 2,500 years of age. The

National Park Service should take precautionary measures to ensure malpais trees

are not destroyed during future development (e.g., road/highway construction or

clearing, building construction, and cutting for fence posts) without first salvaging

the tree-ring information. The trees of the malpais are unlike any found in the

American Southwest, and should be given the same consideration given other rare

natural resources found within the National Park system.

2. El Malpais National Monument contains abundant and well-preserved

remnant samples of subfossil wood that can be used to extend our knowledge
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of Southwestern environments back to the BC period.

The two sites sampled, Cerro Bandera East and Bandera Ice Cave, yielded

remnants from 28 trees, all ponderosa pines and Douglas-firs, with ring records that

extended prior to AD 1000. Several trees extended prior to AD 500, while one

Douglas-fir extended back to 200 BC. Extending the Malpais Long Chronology to

500 BC and beyond is a distinct possibility, one that perhaps does not exist else-

where within the greater Southwest. Therefore, the remnant wood lying on the lava

surfaces throughout the National Monument are as valuable a natural and scientific

resource as are the living trees, and should be protected from human disturbance

(e.g., fuelwood gathering and cutting for fenceposts).

3. The longevity of the living trees and the well-preserved nature of the rem-

nant wood emphasize the protective nature of lava flows, a potential source of

long-term dendroclimatic records that should be considered in future dendro-

chronological sampling and research.

Despite its ruggedness and seemingly inhospitable environment, the Bandera

Lava Flow affords a very protective environment to its flora. Interior forests are not

subject to the same disturbance regime found in forests off the lava flows, such as

those located in the nearby Zuni Mountains to the north. Lack of soil development

and grass cover prevent fires from being a major disturbance, while the ruggedness

of the aa lava minimizes disturbance by domestic and wild herbivores. The lack of

standing water and lowered wind velocities that result from increased friction at the

atmosphere/lava contact zone (Lindsey 1951) ensure effects due to erosional proc-

esses are minimal Dendroclimatologists should therefore investigate the dendro-

climatic potential of conifers growing in other lava fields, such as: (1) the Three

Sisters Wilderness in Oregon, where a collection made in 1991 revealed two living
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Douglas-fir trees with inner ring dates prior to AD 1280; (2) Craters of the Moon

National Monument in Idaho, known to contain limber pines (Pinus flexilis James)

of great age (Schulman 1956); and (3) Lava Beds National Monument in northern

California, where western junipers (Juniperus occidentalis Hook.) are known to

exist, a species that reaches ages in excess of 1,000 years (Graumlich 1993).

4. The living trees and remnant wood samples collected at El Malpais yielded

a continuous, well-replicated tree-ring chronology 2,129 years in length back

to 136 BC.

The Malpais Long Chronology is the longest single-site chronology yet de-

veloped in the Southwest, and has statistical qualities equal to or better than those

derived for the network of Southwestern archaeological chronologies. Archaeologi-

cal tree-ring series in the Southwest, however, are composed of segments of insuffi-

cient length to analyze past long-term (> 100 years) trends in climate, a condition

known as the "segment length curse" (Cook et al. 1995). Unlike these chronologies,

the MLC is comprised of numerous series over 500 years in length, ensuring centen-

nial scale trends were preserved. Future dendroclimatic research should target sites

throughout the Southwest where long-lived conifers are known to exist, such as the

Red River and Sandia Mountains areas of northern New Mexico (Swetnam and

Brown 1992; Swetnam et al. 1994; Baisan and Swetnam 1995).

5. Analyses of the growth response to climate revealed a statistically signifi-

cant relationship with annual precipitation extending from the previous

summer to current summer.

The calibration equation that predicted climate as a function of tree growth

revealed 70 % of the variance in the historic climate data was explained by the tree-

ring data. This level of explained variance is considered exceptional by dendrocli-
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matic standards. The tree-ring chronology also successfully simulated both high and

low frequency trends in the historic climate data, thus ensuring long-term climate

trends would be reconstructed. Statistically significant correlations between the

MLC and other chronologies in the Southwestern tree-ring network indicated a

common climate signal existed throughout the Four Corners area.

6. Since AD 100, seven long-term precipitation trends occurred in northwest-

ern New Mexico. Above normal rainfall occurred between AD 81-257, 521-

660, 1024-1398 and 1791-1992, while below normal rainfall occurred between

AD 258-520, 661-1023 and 1399-1790.

Ten-year and 100-year splines differentiated short-term (< 50 years) and

long-term (> 100 years) trends in the climate reconstruction into periods of above

normal (AN) and below normal (BN) precipitation. Period BN-2 (AD 258-520) was

the most severe of the long-term drought periods, but was succeeded by a period of

anomalously wet climate (Period AN-2). The five most severe short-term droughts

occurred during AD 1566-1608, 437-474, 735-760, 339-350, and 147-154. The "Great

Drought" (AD 1271-1297) was only the tenth most severe drought during the last

1,900 years, being surpassed by the more recent drought periods between AD 1727-

1742 and 1899-1904. The five wettest short-term periods during the last 1,900 years

occurred between AD 570-608, 1975-1992, 1045-1066, 1301-1334, and 1848-1872.

The 15 year period between 1978-1992 was the wettest 15 year period during the

entire 2,129 year reconstruction.

7. Running variance and skewness coefficients for 25 year overlapping periods

revealed additional information about the climate reconstruction above that

provided by analyzing only changes in mean climate.
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The 10 year spline revealed many periods when precipitation was well below

the long-term average of 14.57 inches. Analyzing changes in variance allowed me to

determine whether these periods were characterized by rapid oscillations about this

mean (i.e. a high variance), or whether precipitation was below normal with few

fluctuations. Analyzing changes in skew coefficients helped determine whether

these same periods were characterized by extremes in climate in either direction.

For example, periods of below normal rainfall with no extreme rainfall years (i.e.,

normally distributed) were climatically different from periods of below normal

rainfall punctuated by several extreme drought years (i.e. a negatively skewed,

asymmetric distribution), even though the two periods had comparable means. This

observation has important implications for better understanding changes in Anasazi

adaptive behavior and migration patterns. For example, climate during the "Great

Drought" (1276 - 1299) was actually a combination of climatic factors that was rare

in the 2,129 year reconstruction: (1) rainfall well below normal; (2) negligible varia-

bility about this low mean; and (3) years of extreme droughts far below the already

low mean.

8. While some agreement of long-term trends was found between the MLC-

based climate reconstruction and the palaeoenvironmental reconstruction for

the Black Mesa area, discrepancies were also found, especially after ca. AD

1300.

Although the agreement was not perfect, the MLC reconstruction, derived

independently from the regional archaeological tree-ring network, still adds a

measure of support to the accuracy of the palaeoenvironmental reconstruction

developed for the southern Colorado Plateau area. Comparison of reconstructions

derived using different techniques should be a primary objective in future dendro-
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climatic studies that evaluate long-term trends in climate, especially on millennium

time scales. Well-dated, high-resolution reconstructions of vegetation through

pollen analysis perhaps provide the best mechanism for comparing long-term trends

in tree-ring based climate reconstructions. Dendroclimatologists should adopt a

multidisciplinary strategy in their research to facilitate this cross-comparison proc-

ess, similar to strategies adopted by Euler et al. (1979), Dean et al. (1985), and Plog

et al. (1988).

5.2 The Fire History of El Malpais National Monument

/. El Malpais National Monument contains numerous, well-preserved fire-

scarred samples that were used to develop multi-centennial fire chronologies

over a wide geographic area.

Samples collected to develop fire chronologies at El Malpais contained

numerous, often well-preserved fire scars. The maximum number of scars on any

one sample was 38, while most samples averaged between 12-15 scars. The earliest

scars dated to the mid-1300s, making these fire chronologies some of the longest yet

developed in the Southwest Several additional sites were found that contained fire-

scarred samples, but could not be collected due to time and labor constraints. A

sense of urgency exists for the collection of this material, because the Park Service

has scheduled compartments of the monument to be burned by management-ignited

prescribed fires in coming years. In some areas, these burns will destroy the fire-

scarred material necessary for increasing our knowledge about past temporal and

spatial patterns of fire in the malpais.

2. During the presettlement period (pre-1880), fires were a recurring process

in the forests of El Malpais National Monument for hundreds of years.

The fire chronologies revealed that wildfire was a common phenomenon in
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malpais forests since at least AD 1350. Because restoration of natural processes is a

central goal in park management, fire as an ecological process must eventually be

restored as well. Prior to 1880, these fires were usually low intensity surface burns

that crept through grassy understories of ponderosa pine and mixed-conifer forests,

consuming fuels that accumulated since the last fire. These fires maintained forests

in the open, park-like conditions observed by the many pioneers that first entered

the Southwest (Cooper 1960; Savage 1991; Covington and Moore 1994). A modern-

day analog to these park-like conditions can be seen on the northern and northeast-

ern slopes of the Lost Woman cinder cone where the 1976 fire removed dense fuels,

shrubs, and most understory trees.

3. This study provided detailed information on statistical measures that de-

fined the range of historical variation in past fire regimes of El Malpais

National Monument.

This study was the first to extensively apply the Weibull distribution to model

fire interval data for sites in the Southwest. This distribution was desirable because

it is highly flexible, and able to model the skewed distributions characteristic of fire

interval data. At the site level, fires occurred approximately once every 5 - 12 years.

Minimal intervals ranged between 1 - 3 years, while maximum intervals ranged

between 12 - 55 years. The 95 exceedance intervals ranged between 1.4 and 2.7

years, closely approximating minimal intervals. The 5 % exceedance intervals

ranged between 10 - 29 years. At the regional level (combining information for all

nine sites), fires occurred somewhere within the boundaries defined by the study

areas ca. once every two years. More widespread fires occurred once every 2.5

years. The 5 exceedance interval of 4.2 years is the critical threshold fire interval

defining a significantly long fire-free period, while 6.1 years defines a significantly
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long fire interval for more widespread ( �25 % scarred) fires. Maximum hazard

intervals ranged between 3.0 (all scarred) and 9.0 years ( �25 % scarred), and defined

the theoretical maximum fire-free period malpais forests can sustain before they

burn (i.e. the instantaneous burning interval). These statistics added significantly to

our knowledge on the range of historical variation in past fire regimes for the mal-

pais area.

4. The overall chronology of past fires at El Malpais was characterized by

four temporally distinct periods, separated by "temporal discontinuities."

Temporal changes in the fire chronologies for El Malpais emphasized that

fire regimes are dynamic systems that respond to various internal (e.g., fuel types

and amounts) and external (e.g., climate and human) factors over both short and

long time scales. Policies for fire management should consider that fire regimes

have changed in the past, and are predicted to change in the future due to changing

environmental factors (e.g. greenhouse warming) (Torn and Fried 1992; Balling et

al. 1992). Factors responsible for "breaks" or "discontinuities" in these fire regimes

may cause gradual (e.g., exponential) or abrupt (e.g., step function) changes in one

or more fire regime characteristics. These temporal changes, however, complicate

restoration of disturbed ecosystems. If fire is reintroduced, parameters of fire

regimes reconstructed during the 1795 - 1880 period should be used, because climate

during this period was similar to climate during the 20th century.

5A. Period FH-1 (<1700 - 1782) was characterized by high fire frequency,

and fires that occurred throughout the growing season during years of severe

droughts.

This fire regime had two prominent characteristics. First, fire frequency was
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high, especially between 1760 - 1782. Fires occurred at some sites once every 3 - 5

years, while fire occurred somewhere in the area defined by all nine study sites once

every 1.9 to 2.2 years. Fires tended to be patchier, emphasizing the inverse relation-

ship between fire frequency and areal extent of fire. Second, seasonal analyses

revealed as many (and greater during some periods) middle and late season fires as

early season fires. Long-term periods dominated by fires during the middle to late

portions of the growing season would be unlikely under a precipitation regime

dominated by summer monsoonal rainfall. Therefore, I hypothesize that summer

monsoonal activity during Period FI-1-1 (prior to 1782) was either weakened, dis-

placed, or non-existent. This lack of summer monsoon rainfall was perhaps charac-

teristic of the entire period from ca 1400 - 1790 (climate period BN-4 ), which

generally coincides with the duration of the Little Ice Age.

5B. The climate reconstruction provided strong evidence that the abrupt

decline in fires between 1783 - 1794 was climatic in origin. The fire regime

during period F H-2 (1795 - 1880) was significantly different from the fire

regime prior to 1795, indicating a major shift occurred in factors regulating

fire occurrence.

The change in fire regimes between 1783 - 1794 was concurrent with a major

change to above normal rainfall ca 1790. I hypothesize this shift in fire regimes was

related to a shift in the intra-annual distribution of rainfall due to changes in hemi-

spheric circulation patterns that repositioned the subtropical ridge over the Four

Corners area of the Southwest Therefore, the increase in rainfall and the simulta-

neous change in fire regimes were most likely related to an increase in the summer

rainfall component of annual precipitation. After 1795, fire intervals were statisti-

cally longer. A major change in the seasonality of fires occurred as the number of
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middle and late season fires decreased, eventually leading to a fire regime complete-

ly dominated by early season fires by ca. 1850. Superposed epoch analyses provided

supporting evidence of this change in fire regimes. Fires no longer occurred during

severe drought years, but in years of only mild drought preceded by years of above

normal rainfall.

SC. A marked change in the fire regime ca. 1880 was most likely related to

widespread, intensive sheep grazing, although climate could not be ruled out

as a possible contributing secondary factor. The fire regime during period

FH-3 (1893 - 1939) was markedly different from the fire regime between

1795- 1880.

After 1880, the fire regime was characterized by longer intervals between

fires, a decrease in the number of widespread fires, and fires that occurred almost

exclusively in the early portion of the growing season. At some sites, fire occur-

rences remained constant or increased after 1880. However, widespread fires were

uncommon. The abrupt decrease in percentage of trees scarred was most likely due

to intense sheep grazing in and adjacent to the malpais during the 1880s, although

short-term climatic change could not be ruled out as a possible contributing factor.

The 1880s were one of the wettest decades in the last 2,100 years, and above normal

rainfall, relative to the long-term average calculated for the last 2,129 years, has

continued until the present

5D. Yet another distinct change in fire regimes occurred ca. 1940, most likely

related to greater effectiveness and efficiency in fire suppression techniques.

The fire regime since 1940 was characterized by a near complete absence of

fires relative to previous periods.

The shift to a near complete absence of fires ca. 1940 was most likely due to



270

advances in fire suppression techniques using technology gained during the Second

World War. Improved roads and trails provided easier access to remote areas of the

malpais where fire suppression efforts had been minimal prior to 1940. A primary

goal of this research was to place the 20th century fire regime (especially the hazard

of fire) in historical perspective relative to the presettlement fire regime. The fire

chronologies revealed that the longest fire-free periods during the last 600 years

have occurred during the most recent 50 years, due mainly to the combined effects

of grazing, fire suppression, logging, and road building. The record of presettlement

fires emphasizes that current fuel and vegetation conditions in El Malpais National

Monument surpass thresholds established for past fire behavior. Unless the effects

of past human-related disturbances are somehow mitigated, fire regimes of El

Malpais will continue to favor high-intensity, stand-replacing fires.

6. Spatial patterns of past fires at El Malpais were influenced by topography,

substrate material, and proximity to forested areas. Habitat type designations

based primarily on geologic characteristics were only partially successful in

explaining these patterns.

Spatial patterns of fire were influenced by intervening lava flows that hin-

dered fire spread from one site to the next (e.g. the northern extension of the Ban-

dera Flow separating the neighboring Candelaria and La Marchanita sites), causing

a high degree of nonsynchroneity of fire years between sites. Fire occurrence was

also influenced by the degree of erosion of the lava flows (i.e. age). Older, highly

eroded flows (e.g. the ancient Quaternary basalts) supported abundant grasses and

well developed soils. Consequently, fire frequency here was high. Moderately

eroded basalt flows (e.g. the Hoya Flow) had lower fire frequencies due to the

broken topography and variable grass cover. Fire frequency decreased southward
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away from the Zuni Mountains that border to the north, suggesting the high fre-

quency of fires in northern areas was influenced by neighboring forests. Sites in the

southern portion of the study area had lower tree densities, lower fuel loadings, and

different species compositions (i.e. grading into pinyon-juniper forests), contributing

to lower frequencies of fire.

7. The combinations of fire and non-fire years were essentially synchronous

among the malpais sites, indicating climate was an important factor regulat-

ing malpais fire regimes. However, lack of synchroneity between neighboring

sites was also demonstrated.

The 2 X 2 chi-squared test proved more useful for analyzing the importance

of climate in regulating regional fire regimes, while the 2 X 1 test proved more

useful for testing fire spread patterns. The 2 X 2 tests indicated that the combina-

tions of fire and non-fire years among different sites in the study area were mostly

synchronous, thereby confirming the regional climatic influence. However, the

2 X 1 tests revealed that most fire years between neighboring sites were nonsyn-

chronous. Given the proximity of sites to each other, greater synchroneity of fire

years was expected. The nonsynchroneity of fire years most likely occurred due to

the complex topography and unique geology of the malpais. Although fires were

common, they were confined to certain areas by intervening lava flows that hin-

dered fire spread. However, major fires recorded in at least two-thirds of all sites

occurred in 1703, 1773, 1795, 1824, 1841, 1843, 1861, and 1870. The 1824 fire was

the most widespread within and between sites, suggesting this fire covered tens of

thousands of hectares.
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8. Fire regimes on two isolated kipukas in the malpais were mostly unaffected

by human disturbances.

Mesita Blanca and Hidden Kipuka played a significant role in understanding

past fire patterns. Both fire chronologies were unlike most developed in the Ameri-

can Southwest because they revealed well-replicated records of 20th century fires,

similar to a chronology developed for the Sierra de los Ajos in northern Sonora,

Mexico (Swetnam 1990). All other Southwestern fire chronologies, including the

seven other malpais chronologies, show abrupt terminations of fires between 1880 -

1900. The only apparent change in fire regimes on these kipukas was a change in

percentage of trees scarred by fires beginning ca. 1940, suggesting grazing may have

altered fire regimes on these kipukas during the last 50 years. These and other

malpais kipukas should be specifically targeted for a more systematic sampling of

fire-scarred specimens in the future to: (1) increase our knowledge of 20th century

fires occurrences; (2) further quantify effects of human disturbances on Southwest-

ern fire regimes; and (3) resolve which factors have impacted fire regimes in these

isolated areas.

5.3 Recommendations

Restoration of natural processes (e.g., fire) in areas heavily impacted by

human disturbances is a central management goal of El Malpais National Monu-

ment (USDI National Park Service 1993). To more closely approximate the envi-

ronment that existed during the presettlement period, surface fires should be rein-

troduced. In some areas, fuel structure should be restored before fire can be ex-

pected to behave naturally (i.e., within the range of historical variability). Specific

recommendations to restore fire include: (1) using management ignited prescribed

burns to reduce high fuel loadings, (2) allowing natural, lightning-caused wildfires to
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burn (within prescription), while protecting developed areas, (3) thinning dense

thickets of "doghair" ponderosa pines using manual techniques (e.g., using chain-

saws) or carefully managed controlled burns, and (4) reducing or eliminating domes-

tic grazing from the monument. Once fire has been restored, management plans

should consider that malpais fire regimes are as diverse as the malpais landscape.

However, reintroduced fire may not produce desired presettlement conditions,

because malpais forests may be pervasively altered due to human factors (Allen

1994).

5.4 Future Research in El Malpais National Monument

The majority of samples used to extend the climate reconstruction to the BC

period were collected on only two field trips, suggesting additional sampling should

secure material as old or older than that already collected. Future palaeoclimatic

research in El Malpais should concentrate on (1) strengthening the sample depth

prior to AD 500, and (2) extending the chronology past 200 BC. Rocky Mountain

juniper trees should be specifically targeted to develop an independent chronology

to supplement those already developed from Douglas-fir and ponderosa pine. This

juniper species may respond to seasonal rainfall rather than the annual response

found in both Douglas-fir or ponderosa pine, thereby providing additional informa-

tion on the past intra-annual distribution of rainfall. This species is also more

abundant throughout the malpais than other tree species, and one individual has

already been located that exceeded 1,800 years in age.

The field sampling to strengthen the MLC should not be restricted to the two

sites already sampled. Discussions with Park Service personnel indicated numerous

sites exist in the malpais with similar vegetation characteristics as the Bandera Ice

Cave and Cerro Bandera East sites. Sites should be specifically located on the
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Bandera Lava Flow, as this habitat, with its extensive lava tube system, has demon-

strated the greatest potential for extension of the MLC. Two site locales should be

considered for future collections. First, the contact zone between the Bandera and

McCartys Lava Flows may yield specimens that could precisely date the eruption of

the McCartys cinder cone, currently radiocarbon dated to ca. 2900 yrs BP (Laughlin

et al. 1993). Second, lava caves should be targeted, because they contain remnant

wood samples that potentially could extend the tree-ring chronology further back in

time.

Chronologies of past fires were developed for nine sites at El Malpais. While

these sites yielded valuable information on past fires, the sites were restricted to the

northern and northwestern areas of the malpais. The fire history of El Malpais

should eventually be expanded south and east of the previous collections to better

understand past spatial patterns of fires. Sites in the southern areas would confirm

whether a north-south gradient between high-frequency and low-frequency fire

regimes exists in the malpais. Site collections in the Zuni Mountains to the north of

the malpais would provide crucial information concerning the influence that fires in

these mountains had upon fire regimes in the malpais. The Park Service should

consider a joint project with the U.S. Forest Service to obtain collections for fire

history in the Zuni Mountains, especially in the Paxton Springs cinder cone area

where preliminary reconnaissance trips located abundant, well-preserved samples

containing numerous (> 25) fire scars. Sites in the Zuni Mountains would expand

the network of fire chronologies for this area, and allow more accurate assessments

concerning the influence of both climate and humans on local fire regimes.

The malpais kipukas should be targeted for future fire history research

because of their intrinsic value to understanding factors that have impacted South-

western fire regimes. Such areas are rare in the Southwest, yet the malpais has
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numerous other isolated kipukas that time did not allow for additional sampling. A

more systematic and complete sampling is warranted at both Mesita Blanca and

Hidden Kipuka to obtain more precise maps of the locations of fire-scarred samples.

The area of the Hoya Flow separating the two kipukas should especially be targeted

to examine the influence this lava flow, with its broken topography, had on fire

regimes at the kipuka sites. A more precise mapping of the locations of these fire-

scarred samples would therefore provide a more accurate depiction of past spatial

patterns of fire at critical central locations in the monument.

Additional collections for fire history in the Monument should especially be

coordinated with the schedule of prescribed burns being conducted in various

compartments of the malpais. Areas targeted for burning should be surveyed for

fire-scarred material that could be salvaged prior to burning. On previous field

trips, areas already burned near Highway 53 on the northern periphery of the

monument were searched for remaining fire-scarred samples, but even these low-

intensity fires had consumed all dead and downed material, including material

containing valuable records of past fires. Salvage of these samples prior to burning

would ensure the long-term records of fire these samples contain were conserved,

until they could eventually be processed and combined with the existing fire chro-

nologies.

Finally, any future research on fire history in El Malpais should consider

using a Geographic Information System (GIS). A GIS could create "layers" in time

that depict the spatial extent of past fires reconstructed from the malpais network of

sites. Together with information on age structure and how stand demography

changed over time, these layers could provide "snapshots" of the mosaic pattern of

forest structure (i.e., patches) created by both low intensity and high intensity fires.
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The accuracy of these models can also be improved by incorporating information on

additional ecosystem-level processes (e.g., mortality due to drought, or insect out-

breaks) that interacted with fire to create the present mosaic in malpais forests.

Such models will provide managers with critical information on changes in ecosys-

tem processes over time. For example, Allen (1994) used a GIS to show that fire-

sensitive species (e.g., Douglas-fir and one-seed juniper) markedly expanded their

ranges in the Jemez Mountains of northern New Mexico possibly due to fire exclu-

sion.
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APPENDIX A. Statistical descriptions for the 248 series included in the MLC.

Seq Series Interval
No.

Years
Corr. w/
Master

Std
dey

Auto
corr

Mean AR
sens 0

1 BCSO5A 1423 1939 517 0.878 0.203 0.432 0.588 1
2 BCSO5B 1370 1990 621 0.878 0.224 0.469 0.527 1
3 BCSO6A 1271 1879 609 0.853 0.110 0.149 0.556 7
4 BCSO6B 1235 1960 726 0.882 0.148 0.409 0.526 1
5 BCSO7B 1396 1990 595 0.879 0.185 0.243 0.677 1
6 BCSO8A 1356 1990 635 0.874 0.368 0.655 0.585 1
7 BCSO8B1 1401 1581 181 0.865 0.392 0.488 0.539 1
8 BCSO8B2 1586 1920 335 0.886 0.193 0.344 0.583 1
9 BCSO9A 1256 1940 685 0.865 0.234 0.593 0.545 1

10 BCSO9B 1333 1950 618 0.874 0.196 0.302 0.548 1
11 BCS11B 1429 1990 562 0.863 0.322 0.443 0.506 1
12 BCS12A 1383 1990 608 0.873 0.428 0.718 0.624 1
13 BFLO1A 1314 1949 636 0.850 0.383 0.555 0.620 6
14 BFLO1B 1293 1870 578 0.800 0.446 0.701 0.576 9
15 BICO1A 1695 1989 295 0.829 0.274 0.342 0.490 1
16 BICO1B 1599 1989 391 0.825 0.344 0.593 0.449 1
17 BICO2A 1754 1989 236 0.903 0.292 0.423 0.528 1
18 BICO2B 1668 1989 322 0.908 0.182 0.220 0.601 1
19 BICO2C 1500 1989 490 0.888 0.214 0.435 0.564 1
20 BICO3A 1476 1989 514 0.847 0.398 0.711 0.467 1
21 BICO3B 1490 1950 461 0.854 0.485 0.785 0.482 1
22 BICO4A1 1380 1882 503 0.838 0.180 0.509 0.548 1
23 BICO4A2 1357 1397 41 0.783 0.613 0.262 0.503 1
24 BICO4B 1362 1879 518 0.848 0.288 0.667 0.548 1
25 BICO5A1 1450 1862 413 0.899 0.221 0.381 0.448 1
26 BICO5A2 1865 1989 125 0.891 0.183 0.423 0.522 1
27 BICO5B 1456 1989 534 0.893 0.214 0.421 0.509 1
28 BICO6A 1325 1988 664 0.895 0.162 0.506 0.580 1
29 BICO6B 1297 1989 693 0.878 0.389 0.760 0.541 1
30 BICO7A 1450 1989 540 0.910 0.231 0.261 0.675 1
31 BICO7B 1450 1988 539 0.918 0.266 0.274 0.699 1
32 BICO8A 1393 1989 597 0.868 0.334 0.624 0.599 1
33 BICO8B 1458 1988 531 0.892 0.294 0.581 0.619 1
34 BIC10A 1488 1892 405 0.867 0.223 0.453 0.494 1
35 BIC10B1 1418 1503 86 0.877 0.295 0.253 0.605 1
36 BIC10B2 1533 1851 319 0.878 0.187 0.485 0.517 1
37 BIC11A 1665 1989 325 0.903 0.376 0.607 0.510 1
38 BIC11B 1650 1989 340 0.871 0.491 0.720 0.524 1
39 BIC20A 1383 1989 607 0.812 0.196 0.383 0.497 1
40 BIC2OB 1470 1989 520 0.840 0.259 0.507 0.494 1
41 BIC21A 1508 1958 451 0.885 0.351 0.708 0.546 1
42 BIC21B 1483 1924 442 0.875 0.320 0.676 0.565 1
43 BIC22A 1464 1989 526 0.900 0.268 0.587 0.491 1
44 BIC22B 1490 1989 500 0.911 0.242 0.584 0.457 1
45 BIC24 1397 1719 323 0.852 0.142 0.501 0.509 1
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APPENDIX A - continued

Seq Series Interval
No.

Years
Corr. w/
Master

Std
dey

Auto
corr

Mean AR
sens 0

46 BIC26A 1903 1989 87 0.837 0.857 0.783 0.396 1
47 BIC26B 1895 1989 95 0.816 0.771 0.653 0.401 1
48 BIC28A 1411 1691 281 0.819 0.132 0.227 0.631 5
49 BIC28B 1355 1793 439 0.887 0.127 0.216 0.578 1
50 BIC28C1 1350 1476 127 0.886 0.145 0.373 0.584 1
51 BIC28C2 1486 1792 307 0.878 0.129 0.252 0.589 1
52 BIC30A 1288 1989 702 0.885 0.341 0.793 0.595 1
53 BIC30B1 1307 1540 234 0.892 0.381 0.760 0.482 1
54 BIC30B2 1577 1988 412 0.872 0.111 0.301 0.592 1
55 BIC31A1 1434 1578 145 0.797 0.428 0.660 0.557 5
56 BIC31A2 1594 1888 295 0.831 0.178 0.356 0.668 1
57 BIC31B 1432 1825 394 0.850 0.391 0.693 0.625 1
58 BIC63A 719 1156 438 0.796 0.396 0.631 0.532 2
59 BIC63B 719 1149 431 0.798 0.419 0.640 0.537 1
60 BIC65 856 1270 415 0.801 0.429 0.643 0.550 2
61 BIC67 1234 1547 314 0.806 0.362 0.493 0.507 1
62 BIC70A 1242 1561 320 0.869 0.418 0.518 0.697 2
63 BIC7OB 1245 1544 300 0.847 0.367 0.552 0.705 2
64 BIC74A 598 1089 492 0.847 0.287 0.580 0.540 2
65 BIC74B 589 981 393 0.837 0.563 0.716 0.620 2
66 BIC74C 610 1088 479 0.845 0.245 0.457 0.556 1
67 BIC84 1093 1560 468 0.826 0.143 0.309 0.541 5
68 BIC85 1302 1650 349 0.852 0.434 0.750 0.532 5
69 CREO1A2 1830 1990 161 0.888 0.174 0.333 0.526 1
70 CREO1A3 1619 1820 202 0.915 0.205 0.336 0.509 1
71 CREO1B 1527 1953 427 0.871 0.248 0.483 0.486 1
72 CREO2A 1541 1870 330 0.874 0.252 0.742 0.439 1
73 CREO3A 1641 1989 349 0.888 0.394 0.656 0.440 3
74 CREO3B 1638 1990 353 0.829 0.438 0.658 0.479 1
75 CREO4A 1641 1706 66 0.880 0.126 0.224 0.365 1
76 CREO4B 1409 1604 196 0.850 0.139 0.413 0.416 1
77 CREO4C 1229 1379 151 0.849 0.546 0.797 0.393 1
78 CREO4D 1450 1557 108 0.883 0.203 0.343 0.398 1
79 CREO5A 1586 1816 231 0.913 0.148 0.354 0.443 1
80 CREO5B 1381 1880 500 0.822 0.156 0.421 0.460 1
81 CREO7A 1388 1990 603 0.921 0.206 0.427 0.442 1
82 CREO7B 1361 1990 630 0.901 0.274 0.515 0.428 1
83 CRE102A 975 1450 476 0.910 0.334 0.743 0.476 2
84 CRE102B 971 1429 459 0.910 0.372 0.744 0.505 2
85 CRE103A 778 1159 382 0.685 0.405 0.586 0.479 5
86 CRE103B 783 1069 287 0.764 0.564 0.784 0.472 1
87 CRE103E 785 1160 376 0.745 0.429 0.562 0.473 2
88 CRE104A 1147 1270 124 0.730 0.950 0.817 0.367 1
89 CRE106A 1150 1424 275 0.629 0.560 0.795 0.389 1
90 CRE106B 1150 1424 275 0.620 0.569 0.774 0.411 1
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Corr. w/	 Std
Master	dey

Auto
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Mean AR
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91 CRE107A 832 1272 441 0.884 0.360 0.627 0.470 1
92 CRE107B 832 1272 441 0.869 0.261 0.517 0.479 1
93 CRE109A 600 874 275 0.855 0.396 0.322 0.541 2
94 CRE109B 567 622 56 0.729 0.689 0.382 0.437 1
95 CRE109C 595 863 269 0.801 0.589 0.606 0.609 2
96 CRE110A 134 525 392 0.758 0.867 0.762 0.596 1
97 CRE110B 128 525 398 0.740 0.849 0.783 0.614 1
98 CRE110C 150 440 291 0.799 0.963 0.738 0.570 1
99 CRE112L 667 935 269 0.765 0.622 0.636 0.450 1

100 CRE112R 676 947 272 0.742 0.504 0.625 0.429 1
101 CRE113A 818 1214 397 0.796 0.321 0.399 0.386 2
102 CRE113B 819 1224 406 0.809 0.312 0.367 0.391 2
103 CRE114A 829 1230 402 0.856 0.275 0.799 0.643 1
104 CRE117A 118 734 617 0.857 0.267 0.594 0.485 1
105 CRE117B 120 706 587 0.877 0.264 0.573 0.509 1
106 CRE117E 120 657 538 0.860 0.244 0.517 0.500 1
107 CRE118A 671 1251 581 0.808 0.330 0.577 0.490 2
108 CRE118B 667 1195 529 0.838 0.353 0.555 0.484 2
109 CRE118C 706 1281 576 0.890 0.270 0.489 0.446 2
110 CRE119A 767 1051 285 0.874 0.510 0.665 0.544 2
111 CRE119B 770 1053 284 0.861 0.468 0.674 0.520 2
112 CREllA 1444 1990 547 0.822 0.444 0.704 0.431 1
113 CRE11B 1457 1990 534 0.827 0.394 0.708 0.427 1
114 CRE121 1242 1518 277 0.859 0.470 0.703 0.458 1
115 CRE122A 1250 1442 193 0.845 0.279 0.566 0.408 1
116 CRE122B 1250 1444 195 0.816 0.285 0.569 0.378 1
117 CRE127A 896 1212 317 0.868 0.286 0.534 0.493 1
118 CRE127B 879 1174 296 0.847 0.309 0.390 0.531 1
119 CRE128B 1579 1992 414 0.800 0.197 0.505 0.462 1
120 CRE128D 1562 1992 431 0.787 0.191 0.455 0.461 1
121 CRE12A 1604 1890 287 0.819 0.635 0.742 0.434 1
122 CRE12B 1614 1990 377 0.847 0.479 0.688 0.442 1
123 CRE130A 1197 1440 244 0.814 0.354 0.748 0.576 1
124 CRE136A 1640 1992 353 0.843 0.504 0.391 0.644 1
125 CRE13A 1443 1896 454 0.872 0.334 0.615 0.465 1
126 CRE13B 1397 1890 494 0.875 0.324 0.701 0.497 1
127 CRE140A 1003 1265 263 0.876 0.369 0.462 0.515 1
128 CRE140B 990 1263 274 0.823 0.435 0.579 0.534 1
129 CRE144A 846 1321 476 0.811 0.241 0.473 0.538 1
130 CRE148A -135 419 555 0.916 0.145 0.176 0.665 1
131 CRE148B -135 414 550 0.891 0.136 0.098 0.642 1
132 CRE148C -136 417 554 0.901 0.131 0.123 0.697 1
133 CRE148E -136 385 522 0.887 0.148 0.191 0.607 1
134 CRE14A 1637 1952 316 0.810 0.682 0.685 0.509 1
135 CRE150 1189 1351 163 0.655 1.043 0.907 0.374 1
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136 CRE15A 1299 1876 578 0.872 0.325 0.753 0.484 1
137 CRE15B 1464 1779 316 0.867 0.171 0.389 0.515 1
138 CRE160A 689 1150 462 0.850 0.177 0.605 0.504 1
139 CRE160B 693 800 108 0.870 0.292 0.617 0.388 1
140 CRE160C 806 1160 355 0.853 0.089 0.128 0.513 3
141 CRE165A 850 1100 251 0.773 0.495 0.566 0.530 1
142 CRE165B 799 1084 286 0.779 0.562 0.593 0.504 1
143 CRE168B 1073 1411 339 0.901 0.246 0.539 0.483 2
144 CRE168D 1060 1420 361 0.884 0.327 0.699 0.470 2
145 CRE169B 1240 1461 222 0.897 0.421 0.476 0.473 1
146 CRE174 664 1164 501 0.879 0.374 0.670 0.579 1
147 CRE182A 893 1160 268 0.792 0.397 0.512 0.514 1
148 CRE182B 898 1194 297 0.789 0.525 0.504 0.438 2
149 CRE183A 1202 1391 190 0.810 1.299 0.785 0.380 1
150 CRE183B 1233 1339 107 0.760 0.653 0.617 0.437 1
151 CRE184A 104 216 113 0.568 0.710 0.468 0.410 1
152 CRE184B 103 216 114 0.593 0.532 0.404 0.439 1
153 CRE185 1325 1516 192 0.900 0.389 0.650 0.486 1
154 CRE186A 502 610 109 0.639 0.839 0.579 0.501 1
155 CRE186B 650 730 81 0.795 0.914 0.613 0.465 1
156 CRE186C 650 751 102 0.738 0.681 0.620 0.462 3
157 CRE186D 505 601 97 0.750 0.769 0.618 0.482 1
158 CRE188 1152 1394 243 0.914 0.223 0.351 0.495 2
159 CRE190A 1350 1550 201 0.750 0.438 0.581 0.430 1
160 CRE191A 1179 1399 221 0.645 0.785 0.853 0.345 1
161 CRE191B 1179 1391 213 0.623 0.741 0.811 0.363 1
162 CRE22A 1611 1990 380 0.880 0.421 0.795 0.435 1
163 CRE22B 1611 1951 341 0.849 0.514 0.831 0.431 1
164 CRE24A 1580 1947 368 0.882 0.375 0.772 0.484 1
165 CRE24B 1564 1950 387 0.861 0.575 0.827 0.465 1
166 CRE25A 1396 1950 555 0.898 0.310 0.660 0.538 2
167 CRE25B 1488 1950 463 0.888 0.272 0.746 0.503 1
168 CRE26A 1480 1872 393 0.877 0.660 0.759 0.538 1
169 CRE26B 1481 1853 373 0.846 0.685 0.737 0.562 1
170 CRE27A1 1359 1459 101 0.849 0.332 0.320 0.567 1
171 CRE27A2 1464 1990 527 0.905 0.203 0.453 0.505 1
172 CRE27B 1575 1728 154 0.882 0.210 0.363 0.548 1
173 CRE27C 1353 1990 638 0.910 0.236 0.544 0.534 1
174 CRE29A 1316 1989 674 0.893 0.295 0.586 0.518 1
175 CRE29B 1342 1990 649 0.903 0.213 0.462 0.476 1
176 CRE30A 1450 1955 506 0.899 0.249 0.504 0.500 1
177 CRE3OB 1361 1929 569 0.904 0.165 0.352 0.510 1
178 CRE31A 1447 1889 443 0.865 0.387 0.592 0.486 1
179 CRE31B 1433 1759 327 0.874 0.435 0.565 0.501 1
180 CRE32A 1425 1949 525 0.885 0.306 0.637 0.584 1
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181 CRE32B 1472 1950 479 0.904 0.251 0.555 0.624 1
182 CRE33A 1578 1990 413 0.887 0.223 0.569 0.515 1
183 CRE33B 1725 1990 266 0.877 0.281 0.703 0.436 1
184 CRE34B 1520 1950 431 0.890 0.374 0.703 0.560 1
185 CRE35A 1396 1990 595 0.861 0.189 0.492 0.488 1
186 CRE35B 1338 1950 613 0.865 0.267 0.722 0.460 1
187 CRE37A 1117 1990 874 0.898 0.153 0.497 0.530 1
188 CRE37B 1120 1897 778 0.909 0.192 0.571 0.522 1
189 CRE37C 1063 1929 867 0.918 0.267 0.629 0.555 1
190 CRE37D1 1073 1199 127 0.860 0.314 0.546 0.588 1
191 CRE37D2 1240 1990 751 0.921 0.193 0.587 0.535 1
192 CRE40A 1075 1697 623 0.857 0.275 0.734 0.508 1
193 CRE4OB 1075 1746 672 0.861 0.212 0.671 0.471 2
194 CRE41A 1392 1710 319 0.892 0.604 0.754 0.520 1
195 CRE41B 1392 1661 270 0.900 0.585 0.736 0.541 1
196 CRE42A 1125 1801 677 0.861 0.171 0.688 0.501 2
197 CRE42B 1125 1795 671 0.854 0.148 0.589 0.518 2
198 CRE43A 1312 1893 582 0.839 0.189 0.516 0.479 5
199 CRE43B 1313 1890 578 0.857 0.211 0.509 0.462 1
200 CRE44A 1275 1823 549 0.900 0.232 0.627 0.480 1
201 CRE44B 1275 1810 536 0.898 0.245 0.639 0.508 1
202 CRE45A 599 1349 751 0.875 0.237 0.718 0.530 1
203 CRE45B 599 1340 742 0.873 0.211 0.625 0.520 2
204 CRE46A 111 350 240 0.822 0.473 0.354 0.469 1
205 CRE46B 113 456 344 0.796 0.571 0.500 0.539 1
206 CRE47A 1229 1839 611 0.884 0.267 0.566 0.588 1
207 CRE47B 1230 1820 591 0.899 0.279 0.565 0.618 1
208 CRE48A 1482 1755 274 0.806 0.317 0.490 0.413 1
209 CRE48B 1482 1766 285 0.804 0.300 0.490 0.416 1
210 CRE49A 1323 1665 343 0.905 0.305 0.535 0.561 4
211 CRE50A 1237 1515 279 0.880 0.360 0.660 0.539 1
212 CRE5OB 1241 1700 460 0.889 0.406 0.742 0.502 1
213 CRE51A 707 1185 479 0.850 0.182 0.661 0.451 2
214 CRE51B 706 1192 487 0.844 0.173 0.632 0.457 2
215 CRE52A 844 1443 600 0.861 0.248 0.576 0.524 1
216 CRE52B 844 1509 666 0.877 0.250 0.605 0.535 1
217 CRE53B 1387 1991 605 0.882 0.250 0.596 0.418 1
218 CRE55A 1270 1821 552 0.873 0.227 0.625 0.448 5
219 CRE55B 1272 1831 560 0.876 0.249 0.675 0.430 1
220 CRE57A 1297 1444 148 0.791 0.474 0.629 0.321 1
221 CRE58A 1295 1730 436 0.861 0.336 0.718 0.578 1
222 CRE58B 1295 1724 430 0.864 0.334 0.789 0.551 1
223 CRE59B 1298 1991 694 0.878 0.409 0.723 0.604 1
224 CRE62A 1150 1384 235 0.773 1.063 0.704 0.612 1
225 CRE62B 1150 1390 241 0.777 0.910 0.735 0.638 1
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226 CRE63A 1300 1692 393 0.847 0.535 0.874 0.615 1
227 CRE63B 1300 1692 393 0.866 0.376 0.814 0.657 1
228 CRE64A 1244 1588 345 0.903 0.378 0.717 0.431 1
229 CRE64B 1243 1616 374 0.887 0.378 0.705 0.417 1
230 CRE66A 1215 1337 123 0.862 0.304 0.443 0.488 1
231 CRE66B 1215 1362 148 0.854 0.284 0.395 0.499 2
232 CRE72A 1456 1992 537 0.912 0.318 0.672 0.438 1
233 CRE75C 1497 1992 496 0.860 0.454 0.824 0.442 1
234 CRE79A 1641 1992 352 0.862 0.304 0.410 0.513 2
235 CRE79B 1641 1992 352 0.875 0.275 0.380 0.523 1
236 CRE83B 1552 1992 441 0.846 0.498 0.571 0.602 1
237 CRE87A 1693 1992 300 0.857 0.232 0.420 0.577 1
238 CRY01A 1772 1992 221 0.809 0.383 0.291 0.511 3
239 CRY01B 1765 1992 228 0.821 0.635 0.522 0.497 2
240 CRY02A 1770 1992 223 0.817 0.458 0.536 0.558 1
241 CRY02B 1761 1992 232 0.796 0.596 0.572 0.528 1
242 CRY03A 1821 1972 152 0.815 0.552 0.606 0.457 1
243 CRY03B 1812 1992 181 0.870 0.423 0.641 0.473 1
244 CRY03C 1812 1968 157 0.847 0.494 0.522 0.495 1
245 CRY04A 1808 1992 185 0.849 0.465 0.472 0.523 1
246 CRY04B 1802 1992 191 0.880 0.462 0.445 0.540 1
247 CRY05A 1885 1992 108 0.872 0.647 0.625 0.492 1
248 CRY05B 1917 1992 76 0.857 0.694 0.562 0.456 1

Total or mean: 97059 0.858 0.327 0.566 0.520



APPENDIX B.1 The Malpais Long Chronology, Standard Index Chronology.

Year -10 -9 -8 -7 -6 -5 -4 -3 -2 -1
0 1 2 3 4 5 6 7 8 9

-136 441 814 677 197 347 651
-130 512 830 713 492 1620 1384 1616 2938 2886 2003
-120 1476 1242 2154 1290 3357 1912 490 273 2984 985
-110 948 1714 1113 460 1638 540 286 302 1189 1346
-100 261 764 1259 1014 1628 806 1347 292 1512 276
-90 782 2662 409 202 949 690 987 350 1594 980
-80 101 792 114 1056 316 585 484 596 417 388
-70 516 393 893 359 1092 1278 809 1767 1573 517
-60 1769 1589 998 565 1643 983 1153 1298 1755 634
-50 1158 477 588 779 821 153 932 1182 845 1521
-40 2666 1889 1270 1661 667 771 862 79 1615 1343
-30 1818 1093 1488 2092 2161 1860 21 588 593 1650
-20 1146 2047 936 1336 536 1261 1389 1412 823 1227
-10 664 88 1411 243 725 910 2045 486 145 1051

0 1471 598 528 851 790 116 1414 899 1114 970
10 1497 969 820 337 331 705 976 796 953 1417
20 408 677 1047 83 591 488 1892 537 583 656
30 720 1155 402 647 173 1915 293 1274 1050 684
40 882 706 720 1602 453 1207 1181 536 773 369
50 809 749 1798 399 1771 867 430 820 1576 1201
60 317 2313 1034 1570 1561 1009 1876 506 836 1015
70 528 568 64 685 1324 87 1098 1036 540 1225
80 519 982 1833 1019 1207 181 481 1344 934 2104
90 1141 1045 1330 1058 1207 1230 375 1346 835 1656

100 293 1001 928 908 639 886 1243 1425 1215 765
110 1346 1028 1045 897 1458 1867 832 1131 1055 1138
120 1157 1414 2103 306 1282 877 1234 1458 1366 886
130 942 305 1252 890 703 962 1268 407 1498 669
140 1420 1056 1601 1559 805 1134 1132 865 695 333
150 287 413 829 567 314 1401 1361 847 1037 662
160 924 1289 213 903 716 273 831 504 840 623

170 1577 971 474 850 1372 676 818 1226 1115 1017

180 1058 971 1143 2156 1265 958 1032 2017 1884 1764
190 574 1420 1474 1632 980 960 1850 1344 1081 819
200 1087 704 481 1943 1281 856 1484 1154 1575 1228

210 824 930 1731 1168 1294 1174 1503 581 1262 1283
220 1421 985 189 928 1144 721 1424 1538 969 624
230 1302 330 1703 1147 1502 829 1420 1784 1675 1699

240 1688 1844 1539 1604 739 605 1099 1024 1009 1004

250 1188 1141 1312 453 1417 1727 2303 822 824 486

260 585 466 218 1260 532 340 1116 1045 1734 1221
270 350 1229 976 1656 749 943 1425 2003 541 664

280 715 1605 1204 1129 1256 639 818 1128 1589 1339
290 281 432 512 1096 396 1529 1356 346 1208 1028
300 428 1068 297 952 1442 626 712 623 846 1177

283
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Year 0 1 2 3 4 5 6 7 8 9

310 1455 806 513 865 1286 651 1308 753 693 711
320 121 839 674 806 486 834 167 972 678 881
330 546 1000 926 662 1036 960 1195 891 1223 782
340 535 324 363 472 49 602 803 630 528 971
350 451 972 1138 889 971 1373 1163 797 1210 448
360 1365 77 1246 708 371 701 677 711 518 613
370 86 630 1030 596 1090 442 972 755 692 1058
380 775 561 663 657 1086 407 1210 837 1219 1050
390 948 1116 463 388 689 698 427 1077 699 358
400 738 1137 571 722 1398 526 892 1646 1761 750
410 1876 702 1545 1187 1679 2026 601 1200 1598 609
420 348 886 729 419 769 473 288 494 786 608
430 1044 782 874 1656 781 693 1252 957 880 552
440 797 484 741 106 909 813 697 220 1292 361
450 678 812 285 603 976 216 519 542 906 904
460 765 548 915 228 1058 950 891 791 1122 298
470 672 449 526 201 420 1324 1111 1163 575 1240
480 690 819 693 1081 890 482 242 1014 326 1707
490 838 1143 1185 990 1191 796 1329 920 883 1213
500 783 445 1394 1313 1780 960 617 509 528 1210
510 1283 1337 802 502 1881 1281 1295 1054 1241 1105
520 300 1003 1158 1371 1369 1454 129 432 1037 847
530 766 646 787 1291 1343 1322 1016 1023 658 267
540 1250 1029 493 208 1578 633 1637 1413 1519 1324
550 1781 1616 1426 1568 514 1732 818 746 654 434
560 957 185 944 548 591 309 354 759 441 746
570 1291 1679 1859 1847 2450 2235 1758 970 549 1097
580 799 1459 1430 1558 1270 1366 1284 1576 1183 2178
590 573 998 1938 1500 1424 1569 1232 1947 2218 944
600 2116 1937 1399 1196 1745 1212 1434 1278 1658 1011
610 463 859 1168 999 1274 842 896 1559 1499 1041
620 601 1729 1546 1135 988 1072 1093 580 1380 1224
630 757 1540 1196 933 927 1759 2896 1212 792 407
640 1101 1202 1275 1703 926 348 364 589 749 1456
650 1350 1046 998 1015 726 828 2124 1482 702 1163
660 246 586 534 273 927 1295 1220 1255 1719 1085
670 1293 766 616 1292 795 1438 1140 405 832 809
680 564 661 1041 1574 1453 973 539 948 1322 1660
690 639 1168 362 1027 679 890 992 1305 1204 1137
700 1518 929 1077 1070 902 863 479 629 809 552
710 807 357 442 886 1069 831 867 864 668 2203
720 1315 508 687 477 782 1011 977 1421 2021 1141
730 1771 1554 1668 1922 1048 838 757 1074 256 517
740 658 315 70 471 512 572 418 485 253 734
750 656 690 1012 1005 793 886 603 548 799 842
760 345 1295 861 1072 703 917 1162 1010 1541 706
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770 697 917 1488 1019 516 635 1197 1131 984 848
780 1450 1160 389 956 1300 1122 954 1530 965 1191
790 1109 1294 1845 1171 987 876 1001 730 1353 1043
800 1339 1410 1253 1164 1941 1078 1310 754 1235 133
810 1202 733 1039 1049 528 1063 607 673 128 656
820 1117 1740 1186 430 514 664 751 1209 1095 302
830 936 1271 980 961 1199 1057 979 355 797 843
840 550 1141 1356 1798 788 1598 578 479 1152 769
850 679 1011 1501 986 1540 1143 1274 776 1530 1053
860 1083 1055 1283 1202 1168 1258 1209 598 689 1196
870 444 1292 857 966 835 737 1733 896 627 633
880 992 944 879 773 466 684 784 876 680 846
890 1270 835 752 1539 803 951 1222 1175 1338 1504
900 727 467 1094 961 881 1271 420 416 1141 662
910 684 770 599 804 495 578 774 1327 1068 1314
920 1095 959 249 284 401 963 867 749 1161 1294
930 766 800 1167 1079 539 630 830 335 1091 642
940 883 942 898 1022 1313 1208 1331 1078 1039 1592
950 1053 630 808 1107 349 924 866 600 736 1106
960 1520 1136 1709 1620 1507 1398 2239 2279 1054 490
970 1333 1234 234 1174 920 351 687 1013 613 1096
980 390 304 1215 544 410 812 1204 1487 1468 1898
990 865 356 331 573 1003 1333 870 949 1068 455

1000 1298 630 927 892 668 132 666 923 919 303
1010 576 931 789 1137 393 1017 1164 822 930 629
1020 1687 1024 528 881 1167 1448 1215 521 1350 1587
1030 1238 620 857 1283 1022 233 411 846 808 858
1040 978 626 1216 995 752 1331 1341 1415 492 1469
1050 1590 1023 2183 1793 1483 1593 1135 1470 1242 1221
1060 1821 1769 1196 1706 1426 2429 2192 339 594 1079
1070 982 826 1822 900 1058 542 1288 1172 1257 1595
1080 1199 545 2118 804 1290 709 615 1530 1251 834
1090 263 297 894 468 779 973 1301 414 1036 393
1100 962 1182 1517 1166 862 1045 572 959 586 970
1110 898 436 965 1053 1154 1426 1902 1716 1162 1303
1120 1737 679 1662 1239 1349 848 921 1216 1372 2111
1130 1452 671 997 680 265 937 921 610 476 903
1140 493 877 990 821 859 1034 307 588 856 687
1150 319 494 1439 1282 643 1339 326 445 455 1160
1160 942 629 1570 1340 1558 1727 971 1366 544 384
1170 1236 1230 871 1118 814 509 1102 268 1197 830
1180 1135 732 774 1288 1158 1005 568 673 763 971
1190 1121 928 473 1135 1187 1221 1530 1654 966 1419
1200 2448 1852 1764 1387 1030 1075 1279 1122 1111 1230
1210 1502 1665 1319 865 410 317 845 58 742 928
1220 740 538 667 1046 1162 993 1413 557 1471 1423
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Year 1 2 3 4 5 6 7 8 9

1230 1307 1498 1713 1187 1069 1467 1109 1550 1478 1225
1240 1186 1709 1803 1412 1634 949 820 1054 1279 1434
1250 701 235 948 1080 212 1184 879 818 520 1418
1260 870 947 1532 1212 1385 1284 1289 1049 1864 572
1270 1039 1287 678 663 780 1032 296 803 768 1059
1280 560 1000 818 547 900 755 553 788 90 719
1290 887 634 682 1017 846 375 773 648 1130 1015
1300 899 1301 1643 1245 1115 1858 1680 1319 918 1664
1310 2113 1412 1387 1904 1420 664 572 1269 1242 1356
1320 1353 1572 1058 779 908 1707 1249 802 915 846
1330 1132 1553 1591 1465 1195 682 1112 1586 408 1147
1340 632 358 999 677 844 970 886 211 891 856
1350 409 621 741 1402 1364 640 964 1203 1620 1296
1360 513 909 952 346 646 500 961 672 1041 515
1370 1150 1041 928 1439 1399 941 436 1224 1236 809
1380 1763 1078 457 1293 1146 1361 2058 995 1197 815
1390 1085 1052 1456 1367 2012 1087 1585 780 1038 794
1400 1127 995 1024 710 1239 777 1196 798 918 1523
1410 1069 399 1331 350 1253 643 794 1135 296 517
1420 969 241 861 564 1041 785 1191 1335 1457 917
1430 956 822 1246 1083 1026 1010 901 616 808 1039
1440 1174 1434 865 986 1167 611 378 1074 582 580
1450 414 963 631 933 680 190 1019 109 1235 732
1460 970 696 1357 464 285 431 1291 1179 713 1239
1470 585 279 518 703 498 481 884 973 974 484
1480 105 1088 997 954 1491 1367 1087 389 800 1055
1490 1024 1622 1209 1015 683 225 738 817 1129 1093
1500 292 653 1087 947 988 1165 407 1421 1292 1151
1510 487 1505 1012 1276 1338 1044 446 342 1094 894
1520 1368 922 928 566 731 767 1396 1081 921 1401
1530 1214 899 719 801 1187 1335 1208 1386 514 1206
1540 1567 945 415 1057 947 753 511 704 685 952
1550 1371 757 853 1487 897 1913 1933 939 914 1014
1560 652 359 727 962 1172 1064 658 564 646 891
1570 1032 458 1101 186 661 540 317 807 754 259
1580 6 532 434 379 280 68 635 443 789 378
1590 297 819 138 38 1180 880 775 681 652 516
1600 374 558 671 761 1164 892 647 804 873 1116
1610 1669 1261 1464 1248 567 1219 1313 927 1554 893
1620 1523 1430 1199 696 699 446 1004 1404 742 1075
1630 1488 989 725 1401 1915 1295 1171 1381 1069 1263
1640 1514 1416 1015 1239 1263 399 1564 1133 594 1783
1650 1236 1923 1622 1121 654 1627 1210 922 899 449
1660 1267 949 757 1106 536 987 614 1018 480 564
1670 568 705 580 1010 578 1334 375 1113 518 1027
1680 1137 1090 973 930 463 331 1233 846 811 1547
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APPENDIX B.1 - continued

Year 0 1 2 3 4 5 6 7 8 9

1690 1566 812 1708 1689 816 956 604 1168 866 1538
1700 725 1701 799 1103 553 1027 1525 823 1116 738
1710 2148 1246 1312 1408 1214 892 276 1134 784 855
1720 1631 1254 1510 1057 429 1067 1506 953 328 345
1730 635 986 859 315 980 155 843 545 497 357
1740 671 733 502 1158 788 1116 1504 1718 64 1480
1750 526 1182 433 587 834 736 813 265 1185 1168
1760 736 737 1408 837 1230 1223 1355 1083 1316 1279
1770 1292 1638 1144 322 845 762 750 340 769 531
1780 415 787 452 1215 1222 549 359 962 531 814
1790 1046 1152 1193 2088 994 1383 760 1323 928 1004
1800 1100 1162 1421 1250 1446 995 202 1173 568 883
1810 727 956 1081 973 977 1751 2660 1238 510 450
1820 528 1309 341 1122 553 892 730 784 1275 431
1830 1066 1122 1205 1333 1523 1169 821 1163 1414 1599
1840 1787 1435 854 938 958 1011 1231 333 1494 1496
1850 1273 915 1592 1125 1292 1523 1506 1152 1790 1170
1860 1625 897 1065 1367 1107 1292 1775 1524 1694 2422
1870 1341 859 1720 713 1142 982 1031 2274 832 1145
1880 202 869 1549 1312 1484 1464 1198 1071 1401 635
1890 1021 1327 801 872 588 1124 730 1410 1461 512
1900 248 955 740 701 210 1246 819 1659 1626 904
1910 1288 1088 1670 1052 1864 2296 1709 1862 376 1982
1920 2228 1207 993 545 1170 421 1638 1204 1219 827
1930 1837 1409 1476 1802 797 1805 1261 1745 648 941
1940 1253 1637 1074 855 1295 618 576 976 1432 1041
1950 593 155 1219 622 557 458 788 609 992 121
1960 1041 582 781 835 937 1581 1306 462 1657 1260
1970 1493 484 751 1458 464 1592 941 876 1251 1746
1980 1313 1116 1698 1692 1942 2007 2741 2665 2358 1002
1990 1735 1989 2474
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APPENDIX B.2 The Malpais Long Chronology, Residual Index Chronology.

Year -10 -9 -8 -7 -6 -5 -4 -3 -2 -1
0 1 2 3 4 5 6 7 8 9

-132 517 824
-130 754 1117 910 648 1739 1482 1643 2777 2487 1539
-120 1008 593 1716 994 3035 1475 -77 -129 2619 848
-110 859 1488 753 401 1481 438 281 426 1294 1533
-100 382 818 1297 1048 1738 709 1189 242 1393 289
-90 837 2781 336 187 901 679 1187 495 1666 1045
-80 119 887 211 1229 571 753 731 766 687 599
-70 770 615 1139 595 1273 1419 853 1805 1465 385
-60 1658 1404 747 434 1516 895 1124 1303 1507 513
-50 958 372 567 878 874 342 1064 1301 981 1590
-40 2578 1658 942 1319 353 588 766 53 1628 1462
-30 1823 1042 1171 1900 1839 1610 -271 174 450 1687
-20 1334 2048 762 1051 383 1117 1360 1281 724 1061
-10 544 61 1505 357 853 1081 2079 578 142 1028

0 1379 716 622 909 836 256 1567 1001 1193 998
10 1405 961 728 288 336 833 1186 981 1072 1454
20 419 717 1049 141 757 694 2049 719 596 757
30 729 1314 541 704 326 2024 405 1299 1120 598
40 935 748 798 1710 489 1249 1154 468 835 373
50 909 938 1902 499 1696 815 303 828 1540 1268
60 336 2257 905 1393 1476 672 1728 226 641 949
70 532 643 208 894 1560 280 1282 1130 601 1353
80 518 1020 1929 995 1181 127 389 1362 1046 2209
90 1116 856 1185 864 1111 1164 285 1312 801 1607

100 327 952 1006 1071 843 965 1305 1539 1156 735
110 1218 837 1000 819 1438 1892 714 905 940 1046
120 1030 1193 1596 47 1402 980 1104 1342 1230 801
130 844 261 1379 1010 740 1116 1364 420 1626 698
140 1406 975 1468 1483 611 1039 963 871 699 446
150 473 697 1129 811 569 1643 1445 837 1025 626
160 958 1288 223 1069 861 441 1093 827 1108 813
170 1729 969 485 983 1399 701 926 1306 1105 996
180 1052 968 1135 2098 1020 757 945 1834 1515 1367
190 231 1122 1335 1265 709 749 1685 1279 987 564
200 879 716 495 2022 1068 695 1379 1095 1413 1027
210 623 822 1667 1012 1177 973 1341 375 1188 1199
220 1268 827 69 966 1206 781 1529 1489 821 543
230 1278 253 1779 1124 1405 707 1295 1646 1364 1373
240 1261 1377 1051 1168 319 396 1123 995 1033 1070
250 1183 1094 1246 377 1402 1618 2048 555 650 303
260 515 548 422 1562 750 554 1373 1166 1826 1132
270 253 1232 919 1626 693 900 1336 1854 267 539
280 679 1575 1185 1057 1169 530 796 1159 1577 1234
290 172 458 635 1255 569 1740 1412 310 1280 1021
300 442 1200 373 1144 1596 652 811 766 929 1336
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APPENDIX B.2 - continued

Year 0 1 2 3 4 5 6 7 8 9

310 1475 767 510 919 1331 691 1400 823 762 805
320 227 1086 937 1036 706 1034 369 1240 903 1092
330 769 1142 1035 787 1209 1021 1257 931 1238 784
340 588 470 597 792 396 1023 1190 904 825 1226
350 687 1208 1327 989 1057 1402 1108 746 1188 420
360 1441 134 1351 869 494 993 869 951 783 875
370 407 971 1347 851 1361 641 1162 912 849 1245
380 891 698 829 845 1317 601 1409 924 1305 1133
390 967 1128 491 529 866 911 708 1353 911 562
400 1020 1339 698 946 1568 592 1042 1751 1643 642
410 1737 518 1353 1030 1484 1767 464 1046 1404 538
420 395 1082 894 597 1147 670 562 839 1200 858
430 1161 929 988 1795 738 787 1512 1001 695 717
440 1024 671 1073 356 1270 967 893 447 1576 504
450 1138 1066 530 891 1377 498 927 925 1258 1135
460 942 739 1054 192 1521 1018 1103 966 1209 400
470 873 620 882 583 847 1628 997 1468 623 1511
480 642 993 779 1164 919 663 381 1387 589 1828
490 873 1219 878 906 1096 749 1075 944 791 1378
500 663 460 1782 1106 1529 834 738 763 424 1244
510 1270 1205 664 719 2048 810 812 841 1108 910
520 409 1430 1101 1260 1135 1045 127 790 1373 1054
530 930 861 930 1278 1318 1298 909 953 706 336
540 1422 1026 528 458 1937 618 1872 1262 1446 1127
550 1583 1230 1150 1041 170 1825 481 752 709 571
560 1109 462 1272 810 842 532 702 1237 698 1063
570 1501 1615 1543 1306 1749 1423 1064 398 290 1124
580 727 1490 1298 1343 980 1134 937 1293 829 2012
590 -79 743 1841 1126 1008 1419 843 1738 1585 578
600 1666 1248 841 714 1434 782 1162 984 1388 686
610 355 754 1029 881 1242 804 878 1555 1491 815
620 498 1827 1214 829 791 866 950 504 1373 1095
630 803 1545 967 845 862 1773 2593 625 437 178
640 1062 1024 1145 1591 736 286 479 781 1000 1664
650 1470 1087 998 968 625 799 2080 1249 485 984
660 112 760 803 486 1139 1284 1190 1442 1650 845
670 1200 547 639 1405 797 1463 999 365 986 928
680 692 825 1209 1606 1377 881 434 1013 1317 1576
690 373 1121 318 1199 720 1063 1048 1352 1152 1002
700 1335 706 972 918 843 835 503 806 1001 781
710 1068 574 807 1170 1343 917 1055 953 778 2163
720 931 338 565 505 984 1210 1050 1452 1713 810
730 1539 1085 1249 1415 574 655 628 1097 274 765
740 920 571 453 913 938 982 807 869 610 1182
750 989 1015 1269 1182 883 994 723 722 1009 1046
760 549 1567 943 1202 737 992 1210 997 1578 560
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APPENDIX B.2 - continued

Year 0 1 2 3 4 5 6 7 8 9

770 708 950 1546 934 520 698 1335 1180 1021 884
780 1524 1051 351 1027 1323 1114 997 1496 788 1115
790 980 1203 1678 866 842 759 923 644 1407 1001
800 1332 1262 1105 1031 1758 778 1168 479 1155 71
810 1443 768 1202 1084 529 1216 653 858 282 1024
820 1358 1867 1079 369 604 813 989 1312 1126 317
830 1127 1268 1001 956 1149 999 948 392 968 973
840 681 1344 1385 1711 545 1525 322 533 1262 816
850 812 1133 1530 904 1493 955 1145 604 1512 860
860 1026 932 1198 1074 1053 1168 1056 511 744 1296
870 494 1497 822 1062 843 837 1852 735 664 722
880 1103 1056 947 856 585 927 993 1072 820 1011
890 1397 842 813 1604 677 990 1169 1159 1274 1350
900 532 470 1190 997 938 1334 400 614 1360 791
910 894 958 796 1026 690 839 1000 1504 1132 1323
920 1012 849 254 523 713 1329 1085 939 1295 1323
930 747 860 1237 1078 531 751 948 502 1379 730
940 1082 1046 1011 1130 1359 1135 1239 889 947 1489
950 819 544 846 1162 385 1183 942 744 920 1286
960 1610 1074 1614 1314 1184 1004 1944 1813 427 161
970 1293 1052 215 1362 891 414 912 1179 741 1309
980 481 586 1493 662 659 1091 1423 1512 1383 1639
990 521 241 411 816 1260 1473 861 1011 1086 472

1000 1456 602 1076 944 789 275 992 1183 1123 444
1010 853 1170 996 1314 422 1237 1212 871 985 670
1020 1796 873 528 941 1212 1441 1072 424 1390 1476
1030 1070 457 849 1302 987 224 610 1090 1028 1039
1040 1098 712 1383 991 799 1393 1246 1314 298 1519
1050 1424 836 1991 1309 1049 1228 676 1210 894 998
1060 1583 1388 787 1398 1021 2068 1541 -239 433 1064
1070 1003 835 1857 629 1012 456 1412 1128 1219 1475
1080 979 399 2096 501 1277 474 642 1617 1097 758
1090 240 494 1185 679 1057 1144 1434 403 1202 437
1100 1219 1261 1518 1025 741 1000 552 1057 641 1139
1110 966 548 1173 1144 1225 1383 1737 1360 788 1014
1120 1414 366 1546 964 1164 601 844 1148 1369 1876
1130 1003 359 917 562 414 1134 1050 715 666 1166
1140 698 1141 1100 891 908 1132 349 840 1083 889
1150 548 782 1756 1271 632 1369 209 668 617 1451
1160 1051 740 1702 1272 1411 1410 614 1124 331 449
1170 1358 1269 850 1098 775 573 1274 302 1466 911
1180 1298 763 893 1353 1212 940 514 759 932 1153
1190 1221 949 485 1315 1229 1183 1446 1400 688 1178
1200 2140 1353 1240 772 650 766 1105 925 973 1108
1210 1364 1428 959 593 295 455 1099 346 1133 1197
1220 957 747 895 1268 1239 974 1336 442 1502 1322
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APPENDIX B.2 - continued

Year 0 1 2 3 4 5 6 7 8 9

1230 1201 1277 1401 880 802 1245 875 1368 1183 886
1240 952 1446 1496 986 1252 558 668 972 1220 1342
1250 496 213 1134 1209 335 1408 941 975 626 1581
1260 870 1014 1506 1052 1245 1070 1062 844 1700 277
1270 966 1141 624 717 835 1196 393 1003 924 1259
1280 676 1157 918 682 1068 894 747 976 301 1080
1290 1174 882 924 1210 989 521 1001 862 1334 1049
1300 979 1276 1598 1046 902 1637 1303 931 571 1434
1310 1798 942 946 1466 941 278 375 1231 1219 1284
1320 1163 1357 800 599 835 1654 1072 635 841 833
1330 1170 1559 1402 1176 881 461 1021 1473 233 1148
1340 615 481 1185 828 1054 1100 1023 360 1161 1002
1350 589 889 1006 1627 1397 580 975 1200 1563 1077
1360 350 934 960 414 833 705 1224 884 1248 655
1370 1340 1117 960 1452 1285 812 373 1294 1222 788
1380 1698 909 358 1283 1076 1256 1853 679 943 609
1390 1016 977 1397 1176 1807 743 1219 485 861 687
1400 1075 945 992 715 1275 791 1212 797 954 1545
1410 995 363 1374 426 1358 679 899 1275 410 723
1420 1205 465 1151 811 1297 953 1324 1384 1404 789
1430 885 786 1220 999 900 957 883 661 926 1179
1440 1248 1412 775 954 1173 612 480 1256 743 777
1450 650 1237 859 1151 849 417 1325 364 1560 904
1460 1127 845 1477 514 447 741 1565 1319 744 1324
1470 655 404 800 997 783 795 1194 1210 1104 640
1480 319 1432 1191 1077 1573 1295 971 341 870 1137
1490 1026 1615 1075 900 655 277 958 1030 1292 1170
1500 371 868 1314 1050 1080 1216 439 1557 1283 1053
1510 436 1562 930 1187 1241 896 370 466 1299 1011
1520 1466 923 947 626 881 926 1527 1080 902 1395
1530 1136 788 682 856 1268 1337 1119 1275 388 1210
1540 1537 784 355 1170 946 789 645 925 902 1168
1550 1527 783 930 1567 826 1841 1689 559 699 901
1560 584 418 934 1171 1322 1136 714 698 858 1087
1570 1193 575 1293 332 925 843 620 1164 1072 519
1580 440 996 872 806 732 576 1146 886 1203 732
1590 673 1237 472 494 1679 1162 984 909 843 742
1600 618 876 987 1043 1408 1030 759 969 1024 1224
1610 1690 1122 1284 1039 363 1147 1248 781 1494 740
1620 1434 1242 953 524 657 503 1175 1511 715 1135
1630 1515 887 660 1405 1823 1021 902 1175 844 1068
1640 1313 1140 761 1073 1088 227 1599 1039 456 1803
1650 1102 1694 1286 698 415 1554 990 721 813 454
1660 1375 972 773 1174 569 1100 755 1165 604 768
1670 813 981 835 1268 773 1520 468 1264 632 1181
1680 1270 1119 975 948 482 496 1489 973 922 1653
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APPENDIX B.2 - continued

Year 0 1 2 3 4 5 6 7 8 9

1690 1524 648 1604 1495 502 807 553 1189 886 1548
1700 643 1668 676 1000 523 1096 1590 742 1099 747
1710 2107 995 1059 1178 960 668 247 1251 853 923
1720 1739 1181 1363 870 312 1093 1510 827 299 521
1730 904 1235 1040 490 1252 377 1152 838 769 685
1740 1034 1038 782 1442 956 1246 1566 1608 -138 1531
1750 508 1195 492 736 1030 921 991 462 1455 1320
1760 778 855 1529 815 1223 1191 1262 934 1194 1127
1770 1118 1449 890 125 892 850 847 505 1030 785
1780 688 1120 742 1501 1381 593 514 1215 706 1023
1790 1259 1261 1225 2015 727 1156 580 1203 815 890
1800 1053 1111 1332 1087 1283 812 88 1289 639 964
1810 878 1092 1203 1025 1014 1754 2450 698 124 377
1820 584 1432 397 1309 699 1052 891 936 1398 491
1830 1204 1218 1185 1274 1418 939 646 1103 1319 1392
1840 1499 1062 525 767 861 964 1192 281 1595 1460
1850 1095 744 1511 899 1058 1349 1263 824 1573 801
1860 1284 576 852 1234 918 1092 1599 1179 1300 2003
1870 698 350 1462 390 914 871 937 2185 520 910
1880 155 937 1618 1217 1314 1274 929 826 1222 437
1890 969 1321 681 849 655 1229 779 1488 1416 364
1900 282 1175 869 827 430 1542 940 1745 1523 652
1910 1145 935 1438 802 1610 1951 1122 1291 -120 1713
1920 1854 586 576 387 1072 388 1698 1124 1085 719
1930 1783 1171 1137 1486 413 1544 950 1379 308 765
1940 1179 1475 795 697 1220 495 554 1126 1530 907
1950 558 201 1475 720 682 721 1061 820 1229 292

1960 1352 776 956 1045 1079 1629 1208 276 1659 1135
1970 1233 304 743 1510 357 1631 885 769 1248 1623
1980 1046 841 1524 1329 1505 1463 2048 1785 1325 61
1990 1110 1458 1837
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APPENDIX C. Reconstructed values for July-July total precipitation (inches)
reconstructed from the MLC. All values are multiplied by 100.

Year -10 -9 -8 -7 -6 -5 -4 -3 -2 -1
0 1 2 3 4 5 6 7 8 9

-136 1221 1379 1321 1118 1181 1310
-130 1251 1385 1336 1242 1719 1620 1718 2277 2255 1881
-120 1658 1560 1945 1580 2454 1843 1242 1150 2296 1451
-110 1435 1759 1505 1229 1727 1263 1155 1162 1537 1604
-100 1145 1358 1567 1463 1723 1375 1604 1158 1674 1151
-90 1365 2160 1207 1120 1436 1326 1452 1182 1708 1449
-80 1077 1369 1083 1481 1168 1282 1239 1286 1211 1199

-70 1253 1201 1412 1186 1496 1575 1377 1782 1700 1253

-60 1782 1706 1456 1273 1729 1450 1522 1583 1777 1303
-50 1524 1236 1283 1364 1382 1099 1429 1534 1392 1678
-40 2162 1833 1571 1737 1316 1360 1399 1068 1717 1602
-30 1803 1497 1664 1919 1948 1821 1043 1283 1285 1732
-20 1519 1900 1430 1599 1261 1568 1622 1631 1382 1553
-10 1315 1072 1631 1137 1341 1419 1899 1240 1096 1479

0 1656 1287 1258 1394 1368 1084 1632 1415 1505 1445
10 1667 1444 1381 1177 1174 1333 1447 1371 1437 1634
20 1207 1321 1477 1070 1284 1241 1834 1262 1281 1312

30 1339 1523 1204 1308 1108 1844 1158 1573 1478 1324
40 1407 1333 1339 1712 1226 1545 1534 1261 1361 1190
50 1377 1351 1795 1203 1783 1401 1216 1381 1701 1542
60 1168 2012 1472 1698 1695 1461 1828 1248 1388 1464
70 1258 1275 1062 1324 1594 1071 1499 1473 1263 1552
80 1254 1450 1809 1465 1545 1111 1238 1603 1429 1924

90 1517 1476 1597 1482 1545 1555 1193 1604 1388 1735
100 1158 1458 1427 1418 1305 1409 1560 1637 1548 1358
110 1604 1469 1476 1414 1651 1824 1386 1513 1481 1516
120 1524 1632 1924 1164 1577 1405 1556 1651 1612 1409
130 1433 1163 1564 1411 1332 1441 1571 1207 1668 1317
140 1635 1481 1711 1694 1375 1514 1513 1400 1328 1175
150 1156 1209 1385 1274 1167 1627 1610 1393 1473 1314
160 1425 1579 1125 1416 1337 1150 1386 1248 1390 1298
170 1701 1445 1235 1394 1615 1320 1380 1553 1506 1464

180 1482 1445 1518 1946 1569 1440 1471 1887 1831 1780

190 1277 1635 1658 1725 1449 1440 1817 1603 1492 1381
200 1494 1332 1238 1856 1576 1396 1662 1522 1700 1554
210 1383 1428 1766 1528 1582 1531 1670 1280 1568 1577

220 1635 1451 1114 1427 1518 1339 1637 1685 1444 1298
230 1585 1174 1755 1519 1670 1385 1635 1789 1743 1753

240 1748 1814 1685 1713 1347 1290 1499 1467 1461 1459

250 1537 1517 1589 1226 1634 1765 2008 1382 1383 1240

260 1282 1231 1127 1567 1259 1178 1506 1476 1768 1551

270 1182 1554 1447 1735 1351 1433 1637 1881 1263 1315
280 1337 1713 1544 1512 1566 1305 1380 1511 1706 1601

290 1153 1217 1251 1498 1202 1681 1608 1181 1545 1469
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APPENDIX C - continued

Year 0 1 2 3 4 5 6 7 8 9

300 1215 1486 1160 1437 1644 1299 1336 1298 1392 1532
310 1650 1375 1251 1400 1578 1310 1588 1353 1327 1335
320 1086 1389 1319 1375 1240 1387 1105 1445 1321 1407
330 1265 1457 1426 1314 1473 1440 1540 1411 1552 1365
340 1261 1171 1188 1234 1055 1289 1374 1301 1258 1445
350 1225 1445 1516 1410 1445 1615 1526 1371 1546 1224
360 1612 1067 1561 1334 1191 1331 1321 1335 1253 1294
370 1071 1301 1470 1286 1495 1221 1445 1354 1327 1482
380 1362 1272 1315 1312 1494 1207 1546 1388 1550 1478
390 1435 1506 1230 1199 1326 1330 1215 1490 1330 1186
400 1347 1515 1276 1340 1625 1257 1412 1730 1779 1352
410 1828 1331 1688 1536 1744 1891 1289 1542 1710 1292
420 1182 1409 1343 1212 1360 1234 1156 1243 1367 1292
430 1476 1365 1404 1735 1365 1327 1564 1439 1407 1268
440 1371 1239 1348 1079 1419 1378 1329 1127 1581 1187
450 1321 1378 1155 1289 1447 1126 1254 1264 1418 1417
460 1358 1266 1421 1131 1482 1436 1411 1369 1509 1160
470 1319 1224 1257 1119 1212 1594 1504 1526 1278 1559
480 1326 1381 1327 1492 1411 1238 1137 1463 1172 1756
490 1389 1518 1536 1453 1538 1371 1596 1423 1408 1547
500 1366 1223 1624 1590 1787 1440 1295 1250 1258 1546
510 1577 1600 1374 1247 1830 1576 1582 1480 1559 1502
520 1161 1459 1524 1614 1613 1649 1089 1217 1473 1393
530 1358 1308 1367 1580 1602 1593 1464 1467 1313 1147
540 1563 1470 1243 1122 1702 1302 1727 1632 1677 1594
550 1788 1718 1637 1697 1252 1767 1380 1350 1311 1218
560 1439 1113 1434 1266 1284 1165 1184 1355 1221 1350
570 1580 1744 1821 1815 2070 1979 1778 1445 1267 1498
580 1372 1651 1639 1693 1571 1612 1577 1701 1535 1955
590 1277 1456 1854 1669 1637 1698 1555 1858 1972 1434
600 1929 1853 1626 1540 1772 1547 1641 1575 1736 1462
610 1230 1398 1528 1457 1573 1390 1413 1694 1668 1475
620 1289 1766 1688 1514 1452 1488 1497 1280 1618 1552
630 1355 1686 1540 1429 1426 1778 2259 1547 1369 1207
640 1500 1543 1574 1755 1426 1182 1188 1284 1351 1650
650 1605 1477 1456 1464 1341 1385 1933 1661 1331 1526
660 1138 1282 1260 1150 1426 1582 1550 1565 1761 1493
670 1581 1358 1295 1581 1371 1642 1516 1206 1386 1377
680 1273 1314 1475 1700 1649 1446 1262 1435 1593 1736
690 1305 1528 1188 1469 1322 1411 1454 1586 1544 1515
700 1676 1427 1490 1487 1416 1399 1237 1300 1377 1268
710 1376 1185 1221 1409 1486 1386 1401 1400 1317 1966
720 1590 1249 1325 1236 1365 1462 1448 1635 1889 1517
730 1783 1692 1740 1847 1478 1389 1355 1489 1143 1253
740 1313 1168 1064 1234 1251 1276 1211 1240 1141 1345
750 1312 1326 1462 1459 1370 1409 1289 1266 1372 1390
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APPENDIX C - continued

Year 0 1 2 3 4 5 6 7 8 9

760 1180 1582 1399 1488 1332 1422 1526 1462 1686 1333
770 1329 1422 1664 1465 1253 1303 1541 1513 1451 1393
780 1648 1525 1199 1439 1584 1509 1438 1681 1442 1538
790 1503 1582 1815 1530 1452 1405 1458 1343 1607 1475
800 1601 1631 1564 1527 1855 1490 1588 1353 1557 1091
810 1543 1344 1474 1478 1258 1484 1291 1319 1089 1312
820 1507 1770 1536 1216 1252 1315 1352 1546 1497 1162
830 1430 1572 1449 1441 1541 1481 1448 1185 1371 1391
840 1267 1517 1608 1795 1368 1710 1279 1237 1522 1360
850 1322 1462 1669 1451 1686 1518 1573 1363 1681 1480
860 1492 1481 1577 1543 1528 1566 1546 1287 1326 1540
870 1222 1581 1397 1443 1388 1346 1767 1413 1300 1302
880 1454 1434 1406 1361 1231 1324 1366 1405 1322 1392
890 1571 1388 1352 1685 1374 1437 1551 1531 1600 1670
900 1342 1232 1497 1441 1407 1572 1212 1210 1517 1314
910 1324 1360 1288 1374 1244 1279 1362 1596 1486 1590
920 1497 1440 1140 1155 1204 1442 1401 1351 1525 1582
930 1358 1373 1528 1491 1262 1301 1385 1176 1496 1306
940 1408 1433 1414 1467 1590 1545 1597 1490 1474 1708
950 1480 1301 1376 1503 1182 1425 1401 1288 1346 1502
960 1677 1515 1757 1719 1672 1625 1981 1998 1480 1242
970 1598 1556 1133 1531 1423 1183 1325 1463 1294 1498
980 1199 1163 1548 1264 1208 1378 1544 1663 1655 1837
990 1400 1185 1174 1277 1459 1598 1402 1436 1486 1227

1000 1583 1301 1426 1412 1317 1090 1316 1425 1423 1163
1010 1278 1428 1368 1515 1201 1464 1527 1382 1428 1300
1020 1748 1467 1258 1407 1528 1647 1548 1255 1605 1705
1030 1558 1297 1397 1577 1467 1133 1208 1392 1376 1397
1040 1448 1299 1549 1455 1352 1597 1601 1633 1242 1656
1050 1707 1467 1958 1792 1662 1708 1514 1656 1560 1551
1060 1804 1782 1540 1756 1637 2062 1961 1178 1286 1491
1070 1450 1384 1805 1415 1482 1264 1579 1530 1566 1709
1080 1541 1265 1930 1374 1580 1334 1295 1681 1563 1387
1090 1146 1160 1412 1232 1364 1446 1585 1210 1473 1201
1100 1441 1534 1676 1527 1399 1476 1276 1440 1282 1445
1110 1414 1219 1442 1480 1522 1637 1839 1760 1526 1585
1120 1769 1322 1737 1558 1605 1393 1424 1549 1615 1927
1130 1648 1318 1456 1322 1147 1431 1424 1292 1236 1416
1140 1243 1405 1453 1382 1398 1472 1164 1283 1396 1325
1150 1169 1243 1643 1577 1306 1601 1172 1223 1227 1525
1160 1433 1300 1698 1601 1693 1765 1445 1612 1264 1197
1170 1557 1555 1403 1507 1379 1250 1500 1148 1541 1385
1180 1514 1344 1362 1579 1524 1459 1275 1319 1357 1445
1190 1508 1427 1234 1514 1536 1551 1681 1734 1443 1634
1200 2070 1817 1780 1621 1470 1489 1575 1509 1504 1555
1210 1670 1738 1592 1400 1208 1168 1392 1059 1348 1427
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Year 0 1 2 3 4 5 6 7 8 9

1260 1402 1435 1682 1547 1620 1577 1579 1478 1823 1276
1220 1347 1262 1316 1477 1526 1454 1632 1270 1656 1636
1230 1587 1668 1759 1536 1486 1655 1503 1690 1659 1552
1240 1536 1757 1797 1631 1725 1436 1381 1480 1575 1641
1250 1331 1134 1435 1491 1124 1535 1406 1380 1254 1634
1270 1474 1579 1321 1315 1364 1471 1160 1374 1359 1482
1280 1271 1457 1380 1266 1415 1354 1268 1368 1073 1338
1290 1410 1303 1323 1464 1392 1193 1361 1308 1512 1464
1300 1415 1585 1729 1561 1506 1820 1745 1592 1423 1738
1310 1928 1631 1621 1840 1635 1315 1276 1571 1560 1608
1320 1607 1699 1482 1364 1418 1756 1563 1374 1421 1392
1330 1513 1691 1707 1654 1540 1323 1505 1705 1207 1519
1340 1302 1186 1457 1321 1391 1445 1409 1124 1411 1396
1350 1207 1297 1348 1627 1611 1305 1442 1543 1719 1582
1360 1251 1419 1437 1181 1308 1246 1441 1319 1475 1252
1370 1521 1475 1427 1643 1626 1432 1219 1552 1557 1377
1380 1780 1490 1228 1581 1519 1610 1905 1455 1541 1379
1390 1493 1479 1650 1612 1885 1494 1705 1364 1473 1370
1400 1511 1455 1467 1335 1558 1363 1540 1372 1423 1678
1410 1486 1203 1597 1182 1564 1306 1370 1514 1160 1253
1420 1444 1136 1399 1273 1475 1366 1538 1599 1650 1422
1430 1439 1382 1561 1492 1468 1462 1415 1295 1376 1474
1440 1531 1641 1400 1451 1528 1293 1194 1489 1281 1280
1450 1210 1442 1301 1429 1322 1115 1465 1081 1557 1344
1460 1445 1329 1608 1231 1155 1217 1580 1533 1336 1558
1470 1282 1152 1253 1332 1245 1238 1408 1446 1446 1239
1480 1079 1495 1456 1438 1665 1612 1494 1199 1373 1481
1490 1467 1720 1546 1464 1323 1130 1347 1380 1512 1497
1500 1158 1311 1494 1435 1452 1527 1207 1635 1581 1521
1510 1240 1671 1462 1574 1600 1476 1223 1179 1497 1412
1520 1613 1424 1427 1274 1344 1359 1625 1492 1424 1627
1530 1548 1415 1338 1373 1536 1599 1545 1621 1252 1544
1540 1697 1434 1210 1481 1435 1353 1251 1332 1324 1437
1550 1614 1355 1395 1663 1414 1843 1852 1431 1421 1463
1560 1310 1186 1342 1441 1530 1484 1313 1273 1308 1411
1570 1471 1228 1500 1113 1314 1263 1168 1376 1353 1144
1580 1037 1259 1218 1195 1153 1063 1303 1222 1368 1194
1590 1160 1381 1093 1051 1533 1407 1362 1322 1310 1253
1600 1193 1270 1318 1356 1527 1412 1308 1374 1404 1506
1610 1740 1568 1653 1562 1274 1550 1590 1426 1692 1412
1620 1678 1639 1541 1329 1330 1223 1459 1628 1348 1489
1630 1664 1453 1341 1627 1844 1582 1530 1618 1486 1568
1640 1675 1633 1464 1558 1568 1203 1696 1514 1286 1788
1650 1557 1848 1720 1508 1311 1722 1546 1424 1415 1224
1660 1570 1436 1355 1502 1261 1452 1294 1465 1237 1273
1670 1275 1333 1280 1462 1279 1599 1193 1505 1253 1469
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Year 0 1 2 3 4 5 6 7 8 9

1680 1515 1495 1446 1428 1230 1174 1556 1392 1377 1689
1690 1697 1378 1757 1749 1379 1439 1290 1528 1401 1685
1700 1341 1754 1372 1501 1268 1469 1679 1382 1506 1347
1710 1943 1561 1589 1630 1548 1412 1151 1514 1366 1396
1720 1724 1565 1673 1481 1216 1486 1671 1437 1173 1180
1730 1303 1451 1398 1168 1449 1100 1391 1265 1245 1185
1740 1318 1344 1247 1524 1368 1506 1670 1761 1062 1660
1750 1257 1534 1218 1283 1387 1346 1378 1147 1536 1528
1760 1346 1346 1630 1388 1555 1552 1607 1492 1591 1575
1770 1581 1727 1518 1171 1392 1357 1352 1178 1360 1259
1780 1210 1367 1226 1548 1551 1267 1186 1441 1259 1379
1790 1477 1522 1539 1917 1455 1619 1356 1594 1427 1459
1800 1500 1526 1635 1563 1646 1455 1120 1530 1275 1408
1810 1342 1439 1492 1446 1448 1775 2159 1558 1250 1225
1820 1258 1588 1179 1509 1268 1412 1343 1366 1574 1217
1830 1485 1509 1544 1598 1678 1529 1382 1526 1632 1711
1840 1790 1641 1396 1431 1440 1462 1555 1175 1666 1667
1850 1573 1421 1708 1510 1581 1678 1671 1522 1791 1529
1860 1722 1414 1485 1612 1503 1581 1785 1679 1751 2059
1870 1601 1398 1762 1336 1517 1450 1470 1996 1386 1519
1880 1120 1402 1689 1589 1662 1653 1541 1487 1627 1303
1890 1466 1596 1373 1403 1283 1510 1343 1631 1652 1251
1900 1139 1438 1347 1331 1123 1561 1381 1736 1722 1417
1910 1579 1495 1741 1479 1823 2005 1757 1822 1193 1873
1920 1977 1545 1454 1265 1529 1212 1727 1544 1550 1384
1930 1811 1630 1658 1796 1371 1798 1568 1772 1308 1432
1940 1564 1727 1489 1396 1582 1296 1278 1447 1640 1475
1950 1285 1100 1550 1297 1270 1228 1368 1292 1454 1086
1960 1475 1281 1365 1388 1431 1703 1587 1230 1735 1567
1970 1666 1239 1352 1651 1231 1708 1432 1405 1563 1773
1980 1590 1506 1752 1750 1856 1883 2193 2161 2032 1458
1990 1768 1875 2081
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APPENDIX D. DOCUMENTATION FOR FI-1X2 - SOFTWARE FOR THE

ANALYSIS OF FIRE HISTORY FROM TREE RINGS

APPENDIX D.1 - INTRODUCTION

FHX2 is software developed to help analyze fire history of forest ecosystems
as revealed by fire scars and other fire-related injuries that are often found in the

annual growth rings of trees. Several modules comprise the FHX2 system, including
routines that provide statistical descriptions and analyses of fire-scar data, display
graphic representations of fire history for a given site, and provide means for data

entry of fire history information. FHX2 was written using the Borland Pascal pro-
gramming language.

FUNCTIONS OF FHX2
Data Entry

FHX2 provides a means for entering, archiving, storing, editing, and manipu-

lation of fire history information from tree rings, which in turn, provides a more

efficient mechanism for data transfer and exchange. Prior to the development of

FHX2, no standard format existed in which fire history information could be stored.
This drawback greatly impeded the analysis and storage of these data. With FHX2,
fire history data can be entered and stored in a format called FIRE2 (now also
called "FHX2 format" or simply "fire history format"), a character-based format

based on matrices (where each column is a sample and rows are years) that is
extremely flexible in the amount and type of fire history information that can be
stored. The Data Entry module allows the user to add, delete, move, and edit fire
history data for any site, and can be used to merge information from one or more

sites into a single data file.

Graphical Analyses
FHX2 had its beginnings mainly as a means for rapid generation of graphical

displays of fire history information. Fire history graphs are comprised of horizontal

lines representing individual trees sampled for a given site upon which symbols are

overlain that represent the fires that have been dated to their exact year of occur-

rence by dendrochronological methods (Dieterich 1980a). The specimen identifica-

tion of each tree is displayed to the right of each line, while the x-axis is the time line
ranging from the earliest year of information to the latest. A "composite" line or axis

is also drawn that represents the composite information from all individual series (or
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a subset thereof) over the entire range (or a subset) of years. This composite line is
extremely important, and the user has great flexibility in the amount and type of
information this composite line displays. The program also has options for adding
titles, legends, custom lines, seasonal designations (if available), and tic marks, and
the user can choose a subset number of years or a subset number of series to graph.
Different font and symbol types are available as well.

Statistical Analyses

FHX2 can perform a number of statistical tests and functions to help the
researcher evaluate the fire history for any given site. The Statistics Module can
output summaries for individual series and create a table showing the changing
sample depth over time. If seasonal designations are available for the fire scars
(Baisan and Swetnam 1990), FHX2 can analyze these to determine the distribution
of seasonal timing of past fires, and to help the researcher note whether any changes
in the seasonality of fire have occurred (Grissino-Mayer and Swetnam 1995). FHX2

can help the researcher analyze whether changes have occurred in the Mean Fire
Interval and other statistical descriptors of a fire regime or the number of trees
scarred between two time periods. This will help identify possible reasons that
could have caused such changes. The same analyses can be conducted spatially to
help determine whether fire regimes differ between two or more sites. Perhaps the
most useful of these tests involves the use of the Weibull distribution to model the
fire interval data (Johnson and Van Wagner 1985; Baker 1992), thus providing a less
biased measure of central tendency than the traditional Mean Fire Interval.

Superposed Epoch Analysis
FHX2 provides a means for analyzing the relationship between fire and

climate using superposed epoch analysis (SEA) (Swetnam 1993; Grissino-Mayer et

al. 1994). The SEA module uses software written by Richard L. Holmes and
Thomas W. Swetnam of the Laboratory of Tree-Ring Research (The University of
Arizona, Tucson, Arizona). The SEA can use either a tree-ring chronology, a tree-
ring reconstruction of climate, or any appropriate environmental time series as the
independent variable that is used to model fire occurrence. Using Monte Carlo
simulations to develop bootstrap confidence intervals, the program can analyze the
dominant pattern of climate that had occurred contemporaneously with past fire
occurrence as developed using the record of fire scars.
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SYSTEM REQUIREMENTS

The FHX2 system operates on any IBM or IBM-class of personal computers
with at least 568 Kb of lower DOS RAM free. To determine how much RAM is free
on your system, type "chkdsk" (DOS versions 4 or lower) or "mem" (DOS versions 5
or higher) at the DOS prompt. If 568 Kb of RAM is not free, you may have TSR
("terminate-and-stay-resident" or "pop-up") programs resident in memory. These
should be removed from memory before running FHX2. If 568 Kb is still not avail-
able, some of the computer system software can be loaded into "high DOS"
(memory above 640 Kb) by using the DOS "loadhigh" commands (DOS versions 5
and later) or by using a variety of commercially-available software, such as Quarter-
deck's QEMM. I strongly encourage users to first optimize their memory manage-
ment on their personal computers prior to running FHX2 by using the DOS program
MemMaker (DOS versions 6 or later). Often, after running this program, the
computer will have over 600 Kb of low DOS memory free for running the FHX2
software.

The FHX2 software takes up less than one MB of hard disk space. No spe-
cial monitor or video cards are required as the FHX2 software will operate across all
video card types from monochrome to super VGA. I recommend using a VGA card
with at least one MB of video RAM and color monitor to take advantage of the
FHX2 graphics capabilities. While the software will operate on slower personal
computers, such as XT's and AT's, I recommend using a personal computer with at
least a 386 CPU operating at speeds greater than or equal to 20 Mhz. No math chip
is required as the software will "emulate" mathematically intensive functions as if a
math chip were present. However, a math chip will greatly speed up the perform-
ance of both the graphics and printing/plotting services of the software. The FHX2
software comes equipped to plot or print across a variety of printers and plotters as
well. Output can be directed to an HPGL file for importation into a wide variety of
graphics programs (e.g. CorelDraw).

INSTALLING FHX2

Installation of FHX2 is practically automatic. The FHX2 software is distrib-
uted on one floppy diskette that contains one file with the name "EXTRACT.EXE."
This is a self-extracting file created with the PKZIP software. All the programs and
support files used by FHX2 have been compressed (or "deflated") into one file, and
this one file has been converted into a self-extracting file by using the PKZIP soft-
ware. To install, follow these directions:
1. Create a subdirectory on your hard disk to contain the FHX2 software. Call this
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directory "FHX2" or any other appropriate name.
2. Change over to that subdirectory by typing at the DOS prompt "cd fhx2." Be sure
to substitute the correct subdirectory name if "fhx2" is not the correct name.
3. Insert the floppy diskette containing the FHX2 software into the a: or b: diskette
drive on your computer.
4.At the DOS prompt, type "a:extract <dr>" where <dr> is the drive of the hard
disk that contains the subdirectory for the FHX2 software. Be sure to substitute the
correct diskette drive name if another drive contains the FHX2 diskette other than
the a: drive.
5. If you are re-installing the software, or have a previous version of FHX2, mes-
sages will appear during the self-extraction process asking the user whether to
overwrite the old files. Answer "yes" to these questions.
6. Once the files have been copied to the hard disk, the hardcopy device needs to be
installed. Within the FHX2 subdirectory, type "plot I? to install a device using the
program PLOT.EXE. After selecting the appropriate hardcopy device, be sure to
correctly install which port the output will be directed towards (usually LPT1). If
your hardcopy device is not listed, install a device that your particular printer/plot-
ter can emulate (see your user's manual to see which hardcopy devices can be
emulated). For additional information, see the section "Configuring the Hardcopy
and Video Devices" in the chapter discussing the Graphics Module.
7. The video card needs to be specified as well. At the DOS prompt in the FHX2
subdirectory, type "view /i" to install a device using the program VIEW.EXE. Set-
ting the detection of a video device to "automatic" usually produces satisfactory
results.
8.Next, the user should tell the FHX2 system where all the system files can be
found. After typing "FHX2" at the DOS prompt, the system must first find the
modules in order to launch them. This configuration can be set by selecting the
"Directory Path" discussed below.
9.Finally, the user should designate a working directory for all the FHX analyses.
By selecting "Set Workspace" (discussed below), the user can tell the FHX2 system
where to find all data files, as well as where to place all graphics and output files
produced.

RUNNING THE FHX2 SOFTWARE
As mentioned before, FHX2 consists of several modules, one each for

Graphics, Statistics, Data Entry, and Superposed Epoch Analysis. The various
modules can all be "launched" from the FHX2 Main Menu, or they can be run as
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separate programs. The names of the programs for the various modules are:
1.Statistics Module: FHSTATS.EXE
2. Graphics Module: FHGRAPH.EXE

3. Data Entry Module: FHENTER.EXE
4. SEA Module: FHEVENT.EXE

In addition, there are two support programs supplied with the FHX2 software:
FHINFO.EXE, which provides valuable hardware configuration information, and
FHREAD.EXE which is able to read any ASCII text file passed to it as the first
parameter. FHREAD.EXE is used to display all results from the statistical analyses.
To run any program individually, simply type the file name at the DOS prompt, and
the Main Menu for each module will be displayed. Alternatively, the individual
programs can be run from the FHX2 Main Menu. To run FHX2, simply type
"FHX2" at the DOS prompt. A screen appears and the FHX2 logo is displayed
while the variables used by the software are being initialized. The logo will stay on
screen for three seconds. Note that hitting any key while the logo is displayed will
cause FHX2 to close the logo and immediately enter the Main Menu. After typing
"fhx2," the FHX2 Main Menu will be displayed showing the various names of the
modules.

All menus in the FHX2 system will show highlighted letters on each line that
when pressed will operate that particular function. For example, in the FHX2 Main
Menu, typing the letter "D" (upper or lower-case) will select the Data Entry Module.
In the Graphics Module, selecting the letter "r" will open a dialog box in which the
user should enter the name of the data file to retrieve for the graphics program.
Any option or function can be canceled by simply hitting the escape (ESC) key on
the keyboard. In addition, the ESC key can be used to continuously "back out" from
any open menus. Note that the highlighted letters become "disabled" when another
menu or window is opened. The letters will revert back to black letters indicating
they are not functional from within the new menu or window.

An option followed by ellipses ("...") and an arrow indicates that another
menu will drop down or a dialog box will open after selecting the option. Some
options are simple toggles. For example, in the Events Menu in the Graphics
Module, selecting any event option will simply toggle between "Yes" and "No." In
the Graph/Options Menu, selecting "Orientation" will simply toggle between land-
scape and portrait orientations. Any active option is always highlighted. For exam-
ple, in the Graphics Module, all currently active options that will be added to the
graph will be highlighted in bright white letters. Turning off any option will change
the color of the letters to black This is an easy way to quickly look at a menu to



303

determine exactly which options will be added or carried out.

RUNNING FHX2 UNDER WINDOWS
The FHX2 system can easily be installed to run under the Microsoft Windows

environment. There are several ways to install the FHX2 system, but the following
method is perhaps the easiest. While in the Windows Program Manager, open the
Windows group in which you wish to install FHX2. Select "File" from the Menu Bar
at the top of the screen, then select "New." Select "Program Item," and Windows will
prompt you for information regarding the software. Be sure to install the correct
path where the FHX2 software can be found. The user may also wish to change
certain default settings in the PIF (Program Information File) for the FHX2 soft-
ware. If so, be sure to save the PIF file under a new name. FHX2 should not be run
in a "windowed" environment as opposed to full screen mode, as the software may
become unstable. An appropriate icon can be chosen from the programs PROG-
MAN.EXE, MORICONS.DLL, or a third-party icon library.

USING THE MOUSE
The FHX2 system is completely mouse-compatible, if one is present on your

personal computer system. We highly recommend using the mouse as it greatly facil-
itates the speed with which data can be analyzed and graphed. The FHX2 system
will operate on either two-button or three-button mouse systems, though the middle
button on a three-button mouse is non-functional. Upon running either the FHX2

Main Program or any of its individual modules, the mouse will appear in the middle
of the screen. The mouse is a "see-through" mouse - all letters under the mouse are
displayed. The mouse provides two very valuable functions. First, any function or
dialog box can be opened by simply clicking once with the left mouse button on that
specific line. This operation is analogous to typing the highlighted letter. Second,
the right mouse button always acts as if the ESC key was pressed, so functions can
be canceled or menus closed by clicking once with the right mouse button. The
mouse can be clicked anywhere on the line that contains the option the user wishes
to activate.

USING PULL-DOWN MENUS
After selecting a function with either the left mouse button or by typing the

highlighted letter, most often the function will open or "pull down" another menu.
For instance, after typing "f' to select a new font in the Graphics Module, another
menu will be opened that will display the choices available. All menus usually have
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a title bar with highlighted words at the top of their box letting the user know in
which menu they are located. Pull-down menus that are currently active will also
have "double" line borders. Notice that when a new menu drops down, or becomes
open, the previous title bar becomes "un-highlighted" and drops to the background.
The border of the previous box also changes to a "single" line border to help the user
notice the change. After closing the current menu, the old menu will jump to the
foreground, the title bar will once again become highlighted, and the box border will
change back to double lines. Remember that to close any menu, simply hit the ESC
key, or select the option to quit by typing "q," or click on the right mouse button.

DIALOG BOXES
Instead of opening a new menu after selecting an option, some selections will

open what is called a "dialog box." These are boxes in which the user must type a
response. For instance, after selecting "e" to enter a name of a data file containing
the fire history information in the Statistics Module, a dialog box will open and jump
to the foreground. Within the dialog box, a cursor will appear. All dialog boxes will
open with cursors indicating the user must type in a response. The mouse cursor will
disappear as it becomes nonessential for typing in the short responses. The user
should then type in the file name, hit return, and the program will then close the
dialog box, search for and open the data file. Note that hitting the ESC key will act
as if the Enter key had been pressed in case there is text within the dialog box. Also
note that, in some responses, the user must type in numbers (either integers or real
numbers) rather than text. In dialog boxes, responses typed by the user all have a
preset maximum number of characters. If the key pressed does not appear on the
screen, the maximum number of allowable characters has been reached.

EDITING LINES WITHIN DIALOG BOXES
While in a dialog box, the FHX2 system allows some basic editing capabilities

to make entering information easier. The advantages of these editing commands
will become readily apparent the more the FHX2 system is used. When combina-
tions of keystrokes are necessary, remember to hold down the first key while typing
the second key. "Ctrl" indicates that the "Control" key should be pressed. The
following keys or combinations of key strokes will perform the following functions:
Ctrl-D or <right arrow> moves the cursor to the right one letter
Ctrl-S or <left arrow>	 moves the cursor to the left one letter
<Home>	 moves the cursor to the beginning of the input line
<End>	 moves the cursor to the end of the input line
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<Backspace>	 moves the cursor back one letter, erasing that letter
Ctrl-G	 deletes the character at the cursor
Ctrl-Y	 deletes the entire line
Ctrl-U	 recovers the last line deletion

USING THE DOS SHELL
While within one of the Modules, the user may find it useful to re-enter the

operating system currently loaded on the personal computer. The operating system
is the software that actually runs your personal computer, such as Microsoft DOS,
IBM DOS, DR DOS, 4-DOS, or one of many others that are commercially available.
The most popular operating systems are made by Microsoft and IBM. As an exam-
ple, the user may wish to re-enter the operating system to locate a data file that is
not stored where it should be. The user can re-enter the system and search for the
misplaced data file, all while the FHX2 software or any one of its modules is still
loaded within system memory. In all of the modules and from the FHX2 Main
Menu, the user can temporarily enter the operating system currently loaded on the
personal computer by selecting "0" from the FHX2 Main Menu, or "D" in any of the
modules. Once the user has finished the task, the FHX2 system can be re-entered by
simply typing "exit" at the DOS prompt. Once the operating system has been re-
entered, the user must remember that the FHX2 software is still loaded in memory.
If you try to run other software, there may not be enough memory to load that par-
ticular software and an error will occur. Usually there will be enough memory to
run a particular application for all but the most memory-intensive of applications,
such as spreadsheets and certain word processors.

USING THE ENVIRONMENT MODULE
In the FHX2 Main Menu is an option to run a module called "Environment."

This is an auxiliary program that shows the hardware, memory, and video configura-
tion of your particular personal computer. Not everything is listed, but enough
information is given to help the user become more familiar with the computer con-
figuration. This program is supplied as an aid to help isolate the cause of any partic-
ular problems that may arise when trying to either install or run the FHX2 system.
If errors occur, the Environment Module should be run and all information written
down (or dumped to the printer or a file) to help me determine the cause behind the
problem. The Environment Module can also be run by typing "?" from within the
Main Menu (nowhere else) of the Data Entry, Graphics, and Statistics Modules.

The Environment Module is divided into four separate sections: Environ-
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ment and Hardware information is shown on the first page, while Memory and
Video information is shown on the second page. To switch between pages, click on
the left mouse button or hit any key other than the "Q" or ESC keys. The Environ-
ment section lists information about the command processor operating your person-
al computer. Note also that the Version Number and Serial Number for the FHX2
software can be identified from this section. The Hardware section lists information
about your hard disk, your CPU type, whether a math coprocessor is present, as well
as information about printer ports. The Memory Section is the most extensive and
lists vital information about your memory configuration, whether your computer has
XMS or EMS capabilities, and whether or not your computer has certain memory
managers loaded. Finally, some brief information is given about your video setup.

SETTING THE DIRECTORY PATH
In the FHX2 Main Menu, the user will see an option called "Set Directory

Path." This option allows the user to tell FHX2 where on the hard disk the FHX2
system is located. For instance, if you are located in the subdirectory containing
your data files, you can start the FHX2 software by typing the correct path to FHX2
in front of the FHX2 command. As an example, let's say FHX2 is located in the
"fhx2" subdirectory which is located in the "subdir2" subdirectory which itself is
located in the "subdirl" subdirectory. Typing the following command will start the
FHX2 software if these subdirectories are located on the <c:> drive:

"c: \ subdirl \subdir2 \ fhx2 \fhx2.exe"
At this point, the FHX2 system does not know where it's modules are located.
Trying to activate one of the modules from the Main Menu will result in no action
being taken by the system because, as yet, the FHX2 system does not know where to
look for the other programs. To overcome this, the user should set the directory
path from the FHX2 Main Menu, especially if the system will be run from locations
on the hard disk other than the FHX2 directory. Setting the directory path creates
an initialization file in the current directory the user is logged into that contains the
path to the FHX2 system. This procedure is analogous to typing in the path in the
AUTOEXEC.BAT file located in the root directory of your personal computer.
Note that setting the path in the AUTOEXEC.BAT file is not enough as the FHX2
system uses many data files (such as symbol sets) that are not normally looked for in
a PATH statement. The user can, however, use the DOS statement "APPEND" to
alleviate this problem, but this is much more complicated than simply setting the
directory path from the FHX2 Main Menu.

The initialization file is always read by the all modules of the FHX2 system
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to retrieve this information upon system startup. If the user has changed the names
of the directories, or transferred the FHX2 software to another directory along with
the old initialization file, and error will occur because of the now invalid paths. In
this case, the FHX2 software will initialize the paths to null strings, and the user
should re-enter the updated paths.

SETTING THE WORKSPACE
Another convenient feature of the FHX2 system is the ability to define a

"working" subdirectory on your hard disk This subdirectory may contain all your
data files containing the fire history information, for instance. By telling the FHX2
system where to find all the data files, where to conduct all the analyses, and where
to write all the output and graphics files, the user does not have to maintain more
than one working subdirectory. Once the user has set the "working directory" from
the FHX2 Main Menu, another line is added to the FHX2 initialization file if one
already exists, or creates an initialization file if it doesn't, that contains the path
information for the working directory. All data files (files usually ending with
".DAT") should be located within the working subdirectory. All graphics output files
(plot files with names that usually end with ".PLT"), as well as all statistical output
files (files with names usually ending with ".OUT"), are written to and read from the
working directory. In addition, the user has the ability to change the working direc-
tory from within each of the individual modules by selecting the appropriate option
(typing "k" from the menu), such that each module could effectively have its own
working directory.

ENTERING DOS PATHS AND FILE NAMES
In all the modules, the user will eventually have to enter the name of the data

file(s) that the user wishes to analyze, graph, or edit. The user must know in which
subdirectory the data files reside. If the user has already entered the information
for the "Workspace" as described above, then the FHX2 Modules will always use
that DOS path to search for and locate the data files. If the Workspace has not been
specified, the user must enter the file name as well as the full DOS path that will tell
FHX2 where the files are. For example, if the Workspace has not been specified
and the user wishes to read in the data file "CER.DAT" that resides on the d: drive
in the "data" subdirectory which itself resides in the FHX2 subdirectory, the user
would type the following line in the dialog box:

d: \ fhx2 \ data \cer.dat
If only the data file name is entered, the FHX2 software will, by default, always
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search for the data file in the subdirectory the user is currently logged into. If the
data files reside in the current subdirectory, then the user can simply type in the file
name. It is highly recommended to set the "Workspace" path so that the software
will always search for your data files in one subdirectory, and to prevent the user
from needless typing.

THE STATUS LINE
At the bottom of all the screens displayed for the FHX2 Main menu and all

the individual modules is the "Status Line," a common feature of nearly all pro-
grams. The status line contains information about operating certain functions using
"hot keys," usually those functions used most often. For example, if a mouse is
present on the personal computer, the status line will always remind the user that
the left mouse button always activates the line on which the mouse is clicked, while
the right mouse button is used to escape from any function. The rest of the line is
used by the individual modules to display "hot keys" for the most commonly used
functions. For instance, in the Statistics Module, the status line will display informa-
tion reminding the user that selecting "d" from anywhere in any menu will allow the
user to enter the DOS Shell. Selecting "v" will view the most recently created output
file containing the results from the last statistical analysis. Note also that, if a mouse
is present, the user can click anywhere on the commands in the status line to per-
form that particular command. This is very useful for conducting quick statistical
analyses or for making quick graphics as the user's hand never needs to leave the
mouse.

BEFORE YOU ENTER FIRE HISTORY DATA
Are the injuries truly related to fire events?
This aspect of fire history research must actually be first considered while still in the

.field collecting the samples. The information obtained for a particular fire regime
can be rendered inaccurate by the inclusion of scars or injuries that are not related
to fire events. Several articles have been published in the literature that help re-
searchers distinguish between fire-related scars and other types of scars (Stuart et al.
1983; Gara et al. 1986).

Have the .fire events been dated dendrochronologically?
The tree rings from which the fire history information are obtained should be cross-
dated according to established and published dendrochronological methods (Stokes
and Smiley 1968; Swetnam et al. 1985; Baisan and Swetnam 1990). Most tree spe-
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cies in many different environments can and should be crossdated, whether using
the skeleton plot method (Swetnam et al. 1985) or the "extreme-ring match-
mismatch method" (Phipps 1985), also called the "list method" (Yamaguchi 1991).
Only after the samples collected from these trees are crossdated should the fire
history information be recorded.

Are the fire events assigned to one year only?
In the FHX2 system, a fire scar or injury can only be assigned to one year and one
year only. Using dendrochronological methods, the exact year of occurrence for any
fire can be determined with precision. A researcher should not estimate or guess the
"exact" date of a fire event. A tree ring either dates or it doesn't - if it does not date,
then the fire scar within that ring does not date either.
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APPENDIX D.2 - THE DATA ENTRY MODULE

The Data Entry Module should be the first module used by the researcher, as
the data must first be entered into the proper format used by the FHX2 system. The
data files used by FHX2 are exclusively ASCII files, in a format called FHX2 for-
mat This is a fire history format to accommodate the large amount of information
contained in tree-ring data. To better understand data entry, the user should first
become familiar with the FHX2 data format

THE FHX2 DATA FORMAT
The FHX2 data format is character-based. Specific characters are used to

indicate a particular property of the fire history information contained in the tree
rings. The characters used by the FHX2 system, along with their explanation, are
given in Table D.1. Note that the notation makes use of the seasons of fire occur-
rence as denoted by the position of the fire scar within the annual ring. If a fire scar
is positioned between the latewood of the previous year and the earlywood of the
current year, then the fire most likely occurred in the dormant season. The early-
wood is divided into thirds denoted as early earlywood, middle earlywood, and late
earlywood. A fire scar or injury can also occur during the formation of the latewood
as well. The exact seasonal designation for any particular fire scar position is
dependent upon many factors, including elevation, species used, length of growing
season, etc., and the individual user should be familiar with the timing of the onset
of bud break and dormancy (growing season length) within the region being studied.
Often, the position of the fire scar can not be determined due to decay, wood borers
that obscure the fire scar, or subsequent fires that burn off much of the scar surface.

There are several conventions that make it easy to understand the logic
behind the use of certain symbols. First, note that a firm pith date and a firm bark
date are denoted by "closed" brackets ([ and D. Second, note that inside and outside
ring dates that are not pith or bark dates are denoted by using "curly" brackets ({ and
}). Fire scars are always denoted by CAPITAL letters, while any other injury,
whether or not it is related to fire, is denoted by lowercase letters. The season of the
injury denotes which letter: "D" or "d" for dormant season scars and injuries, "E" and
"e" for scars or injuries in the first one-third portion of the earlywood, etc.

A "null" year is designated when there is no information about fire history
available for that particular year. A "null" year can arise due to three reasons. First,
a tree does not become a recorder of fires until it has first become damaged by fire
or other agents (e.g. rock falls, blaze marks, or any mechanism that creates an open
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TABLE D.1 Symbols used by the FHX2 System.

Left bracket indicates a pith date, the very inside date possible on the
tree.
Right bracket indicates a bark date, the very outside date possible on
the tree.
Left "curly" bracket indicates the innermost date. The pith is not
present.
Right "curly" bracket indicates the outermost date. The bark ring is
not present.
A period indicates a "null" year in which no information is available.
A vertical line indicates a "recorder" year in which information is
available.

D	 Indicates a fire scar in the dormant position of the tree ring.
Indicates afire scar in the early earlywood portion of the tree ring.
Indicates afire scar in the middle earlywood portion of the tree ring.
Indicates afire scar in the late earlywood portion of the tree ring.

A

	

	 Indicates afire scar in the latewood portion of the tree ring.
Indicates the position of the fire scar is undetermined.

d	 Indicates some injury other than a fire scar in the dormant position
between two rings.
Indicates some injury other than a fire scar in the early earlywood
portion of the tree ring.
Indicates some injury other than a fire scar in the middle earlywood
portion of the tree ring.

1	 Indicates some injury other than a fire scar in the late earlywood
portion of the tree ring.

a	 Indicates some injury other than a fire scar in the latewood portion of
the tree ring.
Indicates some injury other than a fire scar whose position within the
ring is undetermined.

wound). Therefore, any years prior to the tree being scarred should be denoted as

"null" years. Second, after a tree has become scarred, the outer surface of the tree
containing the fire scars may be so badly damaged or burned off that the researcher
cannot tell if fire scars were ever present on this particular area of the wood. In this
case, "null" years should be entered. Third, "null" years should also be entered if the

researcher is not certain whether a tree is already a recorder tree (having already
been scarred by fire).
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"Recorder" years are the exact opposite. After the tree has been scarred by
fire, the tree then becomes a recorder tree. After the initial fire, "recorder" years
should be entered by the user unless the record of fire scars becomes obscure, as
mentioned above. If the record becomes obscure, "null" years should be entered
until the record once again becomes clear and "recorder" rings should once again be
entered. The use of "null" and "recorder" years is necessary because these designa-
tions are important for determining the sample size in any given year. "Null" years
are not included in the sample size because there is no information from tree rings
available for those years. If a user enters recorder years for years when the surface
is burned off (meaning "null" years should be entered), those years will be counted
in all statistical and graphical analyses as being valid recorder years. Know your
wood. Keep careful notes on which portions of the sample should be recorder years
and which should be "null" years.

As an example, let's take a simple case in which we have a tree with a pith
date of 1650, three fire scars at 1685, 1698, and 1716 (all dormant season scars), and
an outside ring of 1730. When entering the data for this tree, the user would first
enter a right bracket ("[") for the pith date at 1650. Because the tree is not a record-
er of fires yet, the user would enter "null" years (".") for the interval 1651 to 1684.

The user would next enter "D" for the year 1685, followed by a series of recorder
years ("I") until the year 1697 because the tree is now considered a recorder tree.
Once again, a "D" is entered for 1698, followed by more recorder years until 1715. A
"D" is entered for 1716, followed by "I" for each year until 1729. Finally, the outer
year, 1730, is denoted by a right curly bracket CI"). The Data Entry Module makes
this task fast and relatively easy.

A special situation arises when a tree that has been injured by fire (and is
therefore considered a recorder tree) grows over the fire-scar wounds, essentially
becoming a non-recorder again until the next large fire comes along to scar the outer
cambium. For example, a tree with a pith date of 1383 was scarred by fire in the
year 1403 and the tree became a recorder tree. The user should therefore enter the
recorder symbol "I" for all years after 1403. Fires also scarred the tree in 1410 and
1424. However, after 1424, the tree quickly healed itself, growing over the wounds
caused by these three fires, and causing the tree to temporarily have an appearance
that it has never been scarred by fire. In 1716, the tree is once again severely
damaged by fire and the tree became a recorder of subsequent fires until it died in
the early 1900s. Note that we have four phases regarding the classification of this
tree. First, the tree was a non-recorder from 1383 to 1402 and the user would enter
null years for this segment. Second, the tree becomes a recorder from the period
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1404 to 1424 and the user would enter recorder years for this segment. Third, the
tree then becomes a non-recorder from 1425 to 1715 and the user would once again
enter null years for this segment. Finally, after 1716, the tree once again becomes a
recorder tree.

Each FHX2 data file begins with the words "FHX2 FORMAT" on the first
line to let the software know this is a legitimate FHX2 fire history data file. If these
words are NOT encountered on the first line, then FHX2 will abort reading the data
file and an error message will alert the user of the invalid data format. The second
line contains three numbers: the beginning year of the data file, the number of
samples, and the length of the ID field. All this information is entered by the user
during data entry. Each column must also be identified by the ID given that particu-
lar tree. For example, if the tree in the example above had an ID of CBE01, then
the five characters in the ID would precede the fire history information in the
column beginning with the year 1650. The rest of the data file takes the form of a
matrix. The number of samples per site determines the number of columns per file,
while the number of years represented by a site is the number of rows. Therefore,
all the information we entered for the example above would be stored in one
column beginning with the year 1650.

Table D.2 is an example of a complete FHX2 formatted data file. Note that
not all trees begin in year 1810- only one, as is usually the case. The next number
indicates that nine samples (columns) are included in the data file, and that the
length of each of the sample ID's is five characters long. The next five lines contain
the sample ID's for each sample (column) and are read from top to bottom. For
example, the sample ID in column one is "CER03" while the sample ID in column
eight is "CER10." After the ID's comes a blank line. The first line of data in the file
(".[ 	 ") represents all fire history information for the year 1810. (Note: The years
to the right of each line are not found in the data file, and are shown here to help
explain the data file structure.) In this case, the only information is the pith date for
sample CER04 in the second column. Sample CER03 in column one has an inside
ring data of 1818 as noted by the curly right bracket_ Note that null years occur after
the inside dates as these years are not considered recorder years until the tree first
becomes scarred by fire. The first fire is noted in 1825, which shows up on both
samples CER04 (column two) and CER07 (column five). The position of the scar in
sample CER04 is in the early portion of the earlywood (as noted by the capital letter
"E") while the position of the scar in sample CER07 is in the middle portion of the
earlywood (as noted by the capital "M"). After the initial fire on most samples,
recorder years are noted by the symbol "i". Most samples end with left curly brack-
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TABLE D.2 An example of a data file in FHX2 format The column of dates to the
right of each line is not part of the data file and is used here for explanatory pur-
poses only.

.....

.....
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ets ("1"), indicating outside rings are present, but no definite bark dates are possible.
Samples CER04 (column two) and CER06 (column four) both end in right brackets
indicating bark dates.

The special situation discussed previously is shown for sample CER12 in
column nine. Notice that this sample has a pith date of 1880, followed by null years
as expected. The first fire scar on this sample occurred in the year 1888 and the
intra-annual position of the scar could not be determined as noted by the letter "U".
Note that null years continue even after the first fire scar. In this case, the tree was
perhaps so badly damaged or burned off by subsequent fires that the ring record is
unclear along its entire outer surface. Only two other definite fire scars are ob-
served for the years 1907 and 1925. The null years will allow the Statistical and
Graphics Modules to recognize that this tree is not a very good sample for fire histo-
ry, yet it contains information on fire history that should not be ignored. In fact, the
Statistical and Graphics Modules will treat the years 1880, 1907, and 1925 as valid
years for estimating annual sample sizes, percentage of trees scarred in any one
year, etc., because fire history is available for those years.

CURRENT MATRIX LIMITS
The FHX2 system can analyze data matrices that start with year -500 (500

BC) and end with the year 2005. The beginning year of -500 allows the user to enter
fire history information from such long-lived trees as giant sequoia. Sequoias col-
lected for fire history analyses are generally less than 2,000 years of age, so the limit
of -500 will allow data entry of most fire history series. The ending year of 2005 is
simply set to ensure the usefulness of the FHX2 system well into the next century,
though upgrades will be released in the future. All Modules in the FHX2 system can
analyze matrices that range between one to 99 series. Most sites contain between 10
and 30 samples, and the upper limit of 99 is set to allow the user to merge two or

more matrices into a much larger matrix (see section below for information regard-
ing merging matrices).

ENTERING FIRE HISTORY DATA
In the analysis of fire history from tree rings, the information obtained should

be recorded on a standard form to help facilitate data entry. The exact information

recorded on each form will depend on the research objective and the locations of
the study sites, but there are certain aspects that should be recorded for all samples.
The form should have space where the user can enter the site name, the site abbre-
viation, the date of collection, and the name of the collectors. This may seem trivial
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to record on all forms from one site, but we have found it is better to have excess
information than not enough. The form should contain lines that contain the sample
ID, the beginning year, the type of beginning year (pith or innermost ring), the
outside year, and the type of outer year (bark or outermost dated ring). The species
should also be recorded using the standard four-letter species code developed by the
International Tree-Ring Data Bank (Grissino-Mayer 1993). After all this header
information, the form should be divided into lines that contain the year of the fire or
injury, the type of injury (fire scar or other injury), the season of the fire scar/injury,
and the clarity of the fire event within the ring. Additional information for each fire
event year can also be entered on this form, including:

1.whether excess resin ducts are present in the ring (indicating an injury);
2.whether the injury was associated with a subsequent growth release or growth

suppression;
3.whether abnormal ring growth had occurred (e.g. "expanded latewood"

common in giant sequoia during fire years) during or after the year of injury;
4. the estimated length of the scar in centimeters or expressed as a percentage of

the circumference;
5. the side of the tree on which the fire scar or injury occurred;
6. any additional comments that may be useful for interpreting fire history.

Note that sometimes an inner date for a sample can be a fire-scar date. This some-
times occurs when a section is removed from a tree, living or dead, and the inner
portion of the sample breaks along a weakness in the xylem caused by a past fire.
Usually these inner scars are quite obvious and the exact determination of their year
of occurrence can be confirmed by fire-scar dates from other samples, as discussed
previously.

To begin entering fire history information, start the Data Entry Module by
selecting "D" from the FHX2 Main Menu, or by typing "fhenter" at the DOS prompt
The Data Entry Module Main Menu is divided into numbered steps that make data
entry easy and intuitive. In Step One, the user must first set up a new (or import an
old) matrix to contain the fire history information. In Step Two, the user must speci-
fy an output file to contain the information. In Step Three, the user enters the
Sample ID. In Step Four, the user enters the beginning year for the sample. The
fire history information is entered in Step Five, and the entered information is saved
in Step Six. Note that, after beginning the program, each step says that it has not
been set up or no information has been entered. As each step is completed, these
lines will change to reflect the new settings or to inform the user of the new changes.
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STEP ONE: SET UP, IMPORT, OR CHANGE MATRICES

Step One is actually a number of functions, but all of these must be satisfied
before a matrix may be edited or entered. A new data matrix may be set up, or one

that had already been created may be imported to add new samples. The parame-
ters of a matrix (the number of rows and the number of columns) may be changed to
accommodate a longer sample or the addition of new samples. Let's start by assum-
ing the researcher has dated all samples, and all information resides on standard fire
history data entry forms.

Setting Up a New Matrix
To set up a new matrix, you need four pieces of information regarding the

matrix. First, the user needs the earliest tree ring date represented by any of the
samples. Second, the user needs the latest year of any sample. Third, the user needs
to know the number of samples to be entered. Finally, the user needs to know how
many characters to specify for the ID's. When these four items are recorded, the
user is ready to enter information by selecting "1" to begin setting up the data matrix.

After pressing "1", a new menu opens. This menu contains options to "Set up
a new matrix," "Import an old matrix," and "Change matrix settings." Choose to set
up a new matrix, either by pressing "S", or by clicking on that line once with the left
mouse button. Another menu will drop down that contains four lines for the four
items to be entered, as well as the default settings used by the system. Begin by
telling the FHX2 system the very first year represented by any sample at your site.

Do the same for the very last year represented by your site. Then enter the number
of samples to be entered into the matrix. Finally, enter the length (number of
characters) of the sample ID's. Note that you must enter the number of samples or

else the matrix will not be considered set up yet Using the example shown in Figure

1, we would have entered the following information in this first step: First Year of

Matrix: 1810; Last Year of Matrix: 1994; Number of Samples: 9; ID Length: 5. After
the information has been entered, hit "Q" or the ESC key to exit back to the previous
menu. Also close this next menu to put you back at the Main Menu. The lines in
Step One will now show the settings input by the user, and you're now ready to move
on to Step Two.

Importing an Old Matrix
The user can import any data file in FHX2 format entered from a previous

data entry session. The user may then finish adding the remainder of the samples, or

add a new sample. A matrix may be imported when a user wishes to update new
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information to samples already entered. To import a matrix, type "I" from the menu
and type in the name of the data file to be imported. Remember to include the
complete DOS path if the file exists in a directory other than the one currently
logged into. Once the data have been imported, the parameter information is listed
below Step One and the program informs the user that the data was imported. The
data are now ready to be re-edited, or new data input.

Changing Matrix Settings
After importing or setting up a new matrix, the user may wish to change one

or more of the four matrix settings (i.e., first or last year of matrix, number of
samples, or ID length). Note that, if the user tries to enter a sample and this sample
will exceed the number of samples currently specified, the program will alert the
user to first change the matrix settings to include the new sample (i.e. increase the
sample size by one). Likewise, if the user tries to enter a beginning year for a
sample that precedes the currently specified beginning year of the matrix, the soft-
ware will alert the user to change the beginning year of the matrix first This is
necessary because the software must first initialize the new cells that will contain the
fire history information within the matrix. To change any of the currently specified
matrix settings, simply choose "C" from the Step One menu and select which setting
you wish to change. Once you return to the Main Menu, the new settings will be
listed in the lines below Step One.

STEP 2: OUTPUT FILE NAME
After selecting "2" from the Main Menu, the user must specify an output file

name in the dialog box that pops up. Remember to include the full DOS path if you
have not specified the path in the Workspace. If you wish to create the file in the
current subdirectory, just give a file name without a path preceding it. You should
note that if a file name is specified and the file already exists, the FHX2 system will
assume you wish to overwrite the old file when you save the data in Step Six. No
data is overwritten until the user saves the data in the final step. If you are unsure
whether the file exists or not, simply exit to the DOS shell and inspect the current
directory. Keep backup copies of all your data! The user can actually specify the
output file name in Step Two prior to reading the data in Step One, and the file
names in both steps can actually be the same. However, it is good practice to keep
the file names unique unless the user wishes to update a file already created in a
previous session.
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STEP THREE: ENTERING THE SAMPLE ID
In this short step, the user enters the ID for the sample to be entered. At this

point, the user should have all the fire history information sheets for each sample in
front of them in the order the user wishes to enter the data. After selecting "3" from
the Main Menu, a dialog box will open, and the user should enter the ID as shown
on the sample form. The length in characters of the ID had already been specified
in Step One above, and the program will not accept lengths greater than the length
specified. If the length entered by the user is shorter than the length specified, the
remainder of the ID is filled with spaces. If the user enters a sample ID and the
program determines this will exceed the data matrix limits specified in Step One, the
program will not accept the new entry and will remind the user to change the matrix
settings prior to additional data entry.

STEP FOUR: ENTERING THE BEGINNING YEAR
The user should then enter the beginning year for that particular sample. Do

not worry about entering what type of beginning year it is (pith or innermost ring).
This will be specified in the next step. Remember that the user can not enter years
that are outside the range of the beginning and ending years as specified in Step
One.

STEP FIVE: ENTERING FIRE HISTORY DATA
The program is now ready to have fire history data entered. Note that the

user does not need to enter all information on the form. You will need:
1. the type of the innermost ring date (pith or innermost ring);
2. the type of the outermost ring date (bark or outermost ring);
3. the year of the fire scar or injury;
4. the type of injury (fire scar or other injury);
5. the season of the injury determined from the intra-annual position of the

injury within the tree ring;
6.which segments of the sample should be null years or recorder years.

Remember that seasonal information for a fire scar is always represented by capital
letters while all other injuries are designated by lowercase letters. The information
on the form should contain this seasonal designation. If the seasonal designation for
any scar or injury could not be determined, the user should enter either "U" for fire
scars, or "u" for other injuries. Because data entry is a keyboard process, the mouse
becomes temporarily de-activated.

The next screen is divided into two areas. The right half contains a list of all
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the character symbols the user will need to enter the fire history information, along
with their explanation. The left half of the screen is the actual data entry window.
This window is divided into three columns: a year column, a column containing the
old symbol, and a column that will contain the new symbol. A cursor will appear,
and the program will place the user in the third column at the first year entered in
Step Four for this particular sample. The sample ID is also listed at the top of the
window as a reminder. In the second column is the present symbol associated for
that year. At this point, the user should enter the appropriate symbol. For example,
if this is the beginning year, the user should type in either a left bracket (pith data)
or left curly bracket (innermost ring date). After entering the symbol, the program
will advance to the next year, and the user should continue entering the appropriate
symbol.

Some additional symbols are listed in the right portion of the screen that the
user may recognize as not being symbols used in fire history analyses. These are: the
plus sign (+), the up arrow (r), the minus sign (-), the down arrow (i), and the letter
"F". These are used to facilitate movement around the data entry window. If the
user wishes to advance one year and keep the symbol for that year represented in
the "Old Symbol" column, then the user can press the "+" key or the down arrow. If
the user wishes to back up one year at a time, perhaps to correct a mistake, the user
can press the "2 key or the up arrow. The "F" key is a special function used to save
time during data entry. "F" stands for "Fill next 50 years." While entering data, the
user notices the next 200 years are null years. Rather than pressing the null symbol
(".") 200 times, the user can enter the null symbol once and then press "F" on the next
year. This will enter, or "fill," the next 50 years with the null symbol. Pressing "F"
three more times will quickly enter the null symbol for all 200 years in just a fraction
of a second. If certain years interspersed in these 200 years are not null years, the
user can go back to those years in Step Four, enter the appropriate year, return to
Step Five, and enter the appropriate symbol. The program will "fill" the series with
the last symbol entered. It is up to the user to make sure that the "fill" symbol is
accurate, although a mistake using this function can easily be corrected.

Once all data have been entered for the entire series, the user should hit "Q"
to stop the data entry process. At this point, the user will be placed back in the Main
Menu of the Data Entry Module. It is good practice to review the data that have
been entered. Go back to Step Four, and enter the beginning year for the sample
for which data had just been entered. Exit back to the Main Menu, and begin Step
Five. Using the plus key or the down arrow, advance one year at a time, checking
the symbols that were entered. This may seem unnecessary at first, but mistakes
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may be found. The data entered should always be checked by the principal investi-
gator as well. If the data entered are accurate, then the user can return to the Main
Menu.

STEP SIX: SAVING THE DATA
After data have been entered, the user should always save the matrix after

each sample entered. This is a good habit because a sudden loss of power, for
whatever reason, will cause the user to lose all data entered if it has not been saved
to the hard disk. Never enter sample after sample without saving the samples first.
A line will appear next to the Step Six line reminding the user that new data have
been entered, or old data have been changed, and that these data need to be saved
immediately. Whenever any cell in the matrix has been altered from its previous
symbol, the line will appear saying "Data need to be saved." Pressing "6" at this point
will save the current data matrix to the hard disk, and the reminder will disappear.
At this point, the program is now ready for the user to enter fire history information
for the next sample.

If the user tries to exit the Data Entry Module without first saving the data,
the program will alert the user that the data have not been saved, and ask whether
or not to exit the program. If the user does not choose to save the data, all changes
made to cells in the matrix will be lost. This feature may be convenient if the user
decides to abort the data entry process for one reason or another. Simply exit
without saving the data. If the user tries to save the data without first specifying an
output file, the program will alert the user to first enter an output file name prior to
saving the data.

DATA ENTRY UTILITIES
Show Series

"Show Series" does exactly that By selecting "S" from this menu, a new
window will open in the upper righthand corner of the screen showing the sample
ID's in the order they were been entered. Each series ID will have a number beside
it to the left indicating its column position in the data matrix_ The window will only
display 19 sample ID's at a time. The next 19 ID's can be viewed by hitting the
"return" key, or by clicking the left mouse button. The user can close the window at
any time by hitting the ESC key, or by clicking the right mouse button. This function
is particularly useful because the user will need to know the position of the sample
within the matrix before any information can be changed.
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Insert Series
If the user wishes to insert a sample between two series that have already

been entered, the user should select "I" from this menu. The user should have al-
ready determined in which column the new sample should be inserted by using the
"Show Series" function described above. A dialog box will open asking the user in
which column to place the new sample. After specifying in which column the
sample should be inserted, the program will then increase by one column position all
the succeeding series. For example, if you specify column four to insert a series, and
the data file already contains five series, the data for the sample already in column
five will first be placed in column six, then the data for sample four will be placed in
column five. All cells for column four will be initialized by the software, and the
Module is now ready for you to enter the information for the inserted series. Note
that, at this point, the sample ID has been set by default to be all X's (e.g. "XXXXX"
for an ID length of five). This should be changed in the next function. Also note
that if the user tries to insert a series and the total number of series exceeds that
specified in Step One, the software will alert the user to first change the matrix
settings prior to inserting a new series.

Rename Series
This function simply allows the user to change any sample ID already en-

tered. To rename a series, select "R" from the menu. A dialog box will open asking
the user for the number of the sample to be renamed. The number corresponds to
the column occupied by that sample in the matrix obtained by showing the series. In
the example above, the user needs to change the sample ID from the default given
by the software. The user would enter "4" when asked which sample to rename. At
this point, the dialog box will list the old sample ID, and ask the user to enter the
new sample ID. After entering the new ID, the user can check to see its correct
placement by showing the series. The same rules for sample ID's regarding their
length as described previously applies to the entry of ID's in this function.

Delete Series
This function is the exact opposite of inserting a series, except that the user

can select to delete one series at a time or an entire block of series. To delete one or
more series from a matrix, select "L" from the menu. A dialog box will open asking
the user for the number of the first series to be deleted, as well as the number of the
last series to be deleted. As with renaming series, the number is simply the column
positions of the samples to be deleted, which can be obtained by using the function
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to show the series described above. Once the column number for both the beginning
and ending series to be deleted have been entered, the software will decrease all
succeeding samples by one column. For example, if the user selects to delete the
one series inserted in the example above, the user should enter column "4" for both
the beginning series and ending series to delete. The data for the sample in column
five will first be copied to the cells in column four, and the data in column six will be
copied to the cells in column five. The sample ID's will, of course, follow the data as
well. If a range of series is specified to be deleted, all series within and inclusive of
the columns specified by the user will be deleted. Note that deleting a series de-
stroys the data in the column because it must be overwritten by the succeeding ser-
ies. There is no way to retrieve a column (sample) once the sample has been deleted
and the file has been saved. If you have deleted a series, and you realize it should
not have been deleted, the user should exit the data entry procedure for this matrix
without saving. Remember that the original data file is not overwritten until the
user chooses to save the data in Step Five.

Move Series
This feature allows the user to move data for a sample from one column to

another. To move a series, select "M" from the Step Three menu. A dialog box will
open that asks the user which series to move. As before, the number to be entered is
the column number of the series obtained from the function to show the series de-
scribed above. The program will then ask the user to enter which column to move
the series to. Once the user has entered this information, the program must rear-
range the matrix. It does so by first copying the column to be overwritten by the
move to a temporary buffer. The column to be moved is then placed in the vacated
column, and the program then proceeds using the same functions to either increase
or decrease the columns, depending on whether the move is "up" or "down." Sample
ID's always accompany the data as well. The move and subsequent rearrangement
of the new matrix can be verified by once again using the "Show Series" function.

Sorting Series
This option is one of the most powerful for analyzing past spatial and tempo-

ral patterns in fire history data sets, and the investigator should try several of these
options to gain a better understanding of factors influencing fire regimes. For
example, by sorting the data set on the year of the first fire scar of each series, the
researcher may observe which fires were particularly severe to scar the majority of
trees, and possibly causing changes in age structures. Sorting the entire data set by
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the first year of each series may help the investigator isolate which fire year caused
an increase in establishment

To begin, select "0" from the Utilities Menu. A new window will open
showing the eight available options for sorting the data. These options include
sorting by: (1) inside beginning year for the samples; (2) outside ending year; (3)
inside first fire scar for the samples; and (4) outside last fire scar. Note that the sort
order can be either ascending or descending, giving the full eight options. When
sorting on fire scars, other indicators are ignored. Example ranges are displayed to
help the researcher envision the final order in which the series will be sorted.
(These ranges are just examples, and do not reflect the ranges in the actual data set)
Remember that when the data are saved in Step Six, the original data set will be
overwritten unless the user has supplied a new file name (e.g., "CBESORT.DAT").

Merging Matrices
An important feature of the Data Entry Module is its ability to merge one or

more matrices into one larger matrix. For example, the user may wish to combine
the fire history information from two sites into one site because the sites are essen-
tially homogeneous and close to each other. Or, the user may wish to perform statis-
tical tests to determine whether the fire regime at one site is statistically different
from the fire regime at another site. Using this feature will allow the user to merge
one or more matrices into one larger matrix. To merge two matrices, select the
"Merge Matrices" Option from the Utilities Menu by typing "M", or by clicking the
left mouse button on that line. A new menu will drop down containing three lines
which the user must first enter. The user should enter the file name of the first
matrix to be merged, then the file name of the second matrix to be merged. Note
that the first matrix will occupy the columns to the left of the second matrix. Next,
the user should specify the file name that will contain the merged fire history infor-
mation. Note here that the output file name must not be the same as either of the
first two files names because all three files must essentially be open at once, and no
software can read and write to two files with the same file name at the same time.
Selecting "M" from this menu will merge the two files. The user will be notified
when the merging process is complete (usually this is a very fast operation).

The user can easily merge three or more matrices as well. The first two
matrices should be merged according to the methods described above. The output
file containing the two merged data files should then be input as the First Matrix to
be merged in the next step. The third matrix to be merged should be entered on the
line for the Second Matrix. This process can be repeated until all matrices have
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been merged into one data file. Note that more than 100 samples can be merged
into one data file, but the FHX2 software will only read the first 100 samples.
During the merging process, the software will determine which beginning year to use
based on the earliest of the two beginning years from the two matrices. The same
process will determine the last year of the matrix. The sample ID length will be the
longer of the two ID lengths specified on the second line of each data file.

The user can also merge one or more data files and actually separate these
sites for greater visibility when graphing the information. For example, the user
may wish to merge two data files from nearby sites, but maintain some separation
between them for visual purposes. The data files should first be merged according
to the processes described above. The user should then ESC back to the "Step 1"
Menu and increase the size of the matrix by one sample. (From this point onward,
the discussion concerns functions described in later sections and the user should
refer to those sections for more details on their operation.) To continue, the user
should then ESC back to the Utilities Menu. Here, the user should first "Show" the
series and note the column numbers of the last sample in the first data file and the
first column of the second data file. The user should then choose "Insert" and enter
the column number after the last sample in the first data file. Finally, the user
should "Rename" the sample with all spaces to prevent the printing of anything
where ID's are normally drawn in the Graphics Module.

The separation between the two data files can either be blank or a line. To
keep the separation blank, the user does not need to do anything more. To ensure a
line is drawn between the two sites, the user can enter "Step 5" and enter nothing but
the recorder symbol ("I") for all years from the beginning of the data file to the end
for the inserted sample. Note, however, that this particular data file should not be
used in statistical analyses because the inserted "sample," with its recorder years,
would be considered a valid sample and be included in all determinations of sample
sizes and percentage scarred classes. This option is strictly for graphics purposes
only. The user can alternatively choose to draw Custom Lines using that particular
function in the Graphics Module rather than adding a fictitious sample to a data file.
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APPENDIX D.3 - THE GRAPHICS MODULE

The Graphics Module is used to create graphs showing the temporal and
spatial aspects of fire history for a given site. Several different programs comprise
the Graphics Module, each with its own function. The Module is supplied in the
program "FHGRAPH.EXE" which can be run from the FHX2 Main Menu or from
the DOS prompt The program FH GRAPH, in turn, calls other programs to per-
form certain functions. These programs include: INSTALL.EXE, used to install
video cards and hardcopy printing devices; VIEW.EXE, used to create screen plots
of the graphs created by FHGRAPH; and PLOT.EXE, used to print or plot the
graph displayed on the screen to a hardcopy device.

THE MAIN MENU
To enter the Graphics Module, select "G" from the FHX2 Main Menu, or

enter "fhgraph" at the DOS prompt The Main Menu of the Graphics Module is
divided into two sections. The upper portion contains all the functions used to
create, edit, and manipulate a graph, while the bottom portion contains auxiliary
functions that view or plot graphs, configure the hardware, and save or retrieve
settings. In other words, the functions on the bottom portion of the screen have
nothing to do with the actual graphs that are displayed on screen. To the right of
each function, in the upper portion of the Main Menu, are the current selections for
that particular option. Remember that any option that is currently active is high-
lighted in white letters. Inactive options are shown by black letters. In some func-
tions, not all options are able to be shown because of the limited space available in
the Main Menu. Note that additional "hot keys" are provided for the functions in
the bottom portion of the screen that make use of the function keys. For example,
to view a graph, the user could hit the letter "v" on the keyboard, or click the left
mouse button on the corresponding line, or simply hit the "F9" key.

Three important hot keys should always be remembered by the user. These
are the "F8" ("Redraw Graph"), "F9" ("View Graph"), and "F10" ("Plot Graph")
function keys. Function key "F9" will always create a new graph and display the
graph on screen with its current settings from anywhere within the Graphics Module.
This is extremely useful when the user is customizing a particular graph. No matter
in which menu the user is located, pressing "F9" will create a new plot file to the
hard disk, and then display the graph on screen. Function key "F8" is similar to "F9"
except for one important difference. "Draw graph" will simply redraw to the screen
the last graph created without using any settings changed since the last graph was
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created. This is useful when the user wishes to view the graph again without actually
writing the information to the hard disk. Pressing the "F10" function key will allow
the user to enter the plotting routines no matter where the user is located within the
Graphics Module. Note that these three functions are also listed on the Status Line
at the bottom of the screen as a reminder to the user. The user may also click the
left mouse button on either of these three functions on the status line to either
redraw an old graph, create and view a new graph, or plot a graph.

RETRIEVING A DATA FILE
Before any graph can be created, the user must supply a data file containing

the fire history information to be graphed. After selecting "R" to retrieve a data file,
a dialog box opens that asks the user to supply a file name, such as "PET.DAT".

Remember that the full DOS path must be typed in as well preceding the file name
if the user has not specified the path in the Workspace environment The program
will then search the directory for the file and, if found, will read in all data, usually
in a fraction of a second. To indicate that data are being read, the years are printed
in the dialog box as each line in the data file is read. After all data have been read,
the file name and DOS path are printed beside the line, along with the number of
samples in the data file. If the data file is not found, the program will alert the user
and return to the Main Menu.

SPECIFYING AN OUTPUT FILENAME
After data have been read in, the program automatically will assign a file

name to the file that will contain the graphics information, such as "PET.PLT". The
program will always take the left-hand portion of the data file name and append
".PLT" to it to indicate that this is a plot file. The user can always change the file
name by selecting "I" from the Main Menu. Remember that the plot file will be
written to the directory path specified in the Workspace environment, or will be
written to the current directory the user is logged into if no Workspace path has been
specified. After entering a new plot file, the name will be displayed beside the
second line.

The main advantage to this function is that the user can develop an unlimited
number of plot files for the same data set simply by using different file names for
the output file. For example, the user can create a graph containing the full sample
size represented in the data file with the appropriate additional or customized
options (e.g. title, ID heights, composite line information, etc.). The information
from this graph can then be saved in an initialization file for this particular graph so



328

that the user will not have to labor to re-create this graph (for more information on
"Getting and Saving Settings," see the appropriate section below). The user can then
create another plot file using a different name that would display more specific
information about the data file. For example, the user may wish to create a graph
using only a subset of years from the original data file. This graph can be created,
then the options from this particular graph can be saved in an additional initializa-
tion file for later recall. Because the initialization files take the name of the user-
defined plot file names (except with an extension of ".INI"), many unique graphs can
be created and stored by the user.

SETTING GRAPH OPTIONS
Certain options for the graphics display can be set with this function, only

some of which are displayed to the right of the Options line. This function performs
four separate operations. After choosing this option by selecting "H" from the Main
Menu, a new menu will open showing four available functions: (1) select a subset
range of samples to graph; (2) customize the colors displayed on the screen and on
the selected color plotter or printer; (3) add and customize a border for the graph;
and, (4) change the orientation or placement of the graph on the screen and on the
printed page.

Selecting Series to Graph
By default, the program will graph all series contained in a data file, indicat-

ed on the line below this function (e.g. "Series: 1 to 40"). Occasionally, however, the
user will want to graph only a particular subset of the data file. For example, the
data file may actually contain two sites, a high elevation site with 15 samples and a
lower elevation site with 20 samples, that were combined into one data file using the
Merge Function in the Data Entry Module. The user may wish to only graph those
15 samples from the higher elevation site. To select which subset of samples to
graph, select "S" from this menu. A new menu will open with the following func-
tions: (1) First series to graph; (2) Last series to graph; (3) Reset series; and, (4)
Show series. The first and last series to be graphed will be displayed to the right of
the first two lines.

To change the first and last series to be graphed, simply select either of the
first two functions and enter the appropriate sample number. Remember that the
sample number is simply the column that sample occupies in the data file. If you are
not sure which columns contain the subset of samples you wish to graph, select
"Show Series" from this menu, and the series ID's will appear as well as the column
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number which they occupy in the data file. Note the column numbers, and enter
these numbers in the dialog boxes that open for the first two functions. If at any
point you wish to reset the series back to the default of all series, select "Reset Ser-
ies", and the original first and last series to be graphed will appear to the right of the
first two lines.

Setting Graph Colors
Colors for all major graph elements can be easily changed by selecting this

function. There are six basic graph elements: (1) the x-axis and its labels; (2) the
composite axis and its information; (3) the lines drawn for each sample; (4) all text
used in the graph (i.e. title and ID's); (5) the legend if one is selected; and, (6) all
symbols used. The symbols themselves can be broken down into four sets: (1) sym-
bols used for fire scars; (2) symbols used for all other injuries; (3) symbols used to
designate major fire events (see information under the Events Menu below); and,
(4) symbols used in the composite line. Colors for all graph elements can be custom-
ized. The use of colors is actually only necessary to help differentiate elements on
the computer screen. If a black-and-white printer is being used, all elements of the
graph will print as black. Note that colors chosen can correspond to the pens on a
color plotter by matching the color number with the pen number. In this way, colors
that appear on the screen will be those used on the plotter. For more information
about plotting, see the section on "Plotting Graphs" below.

To change any colors, select "C" from the Graph Options Menu. A new menu
will open showing the current color settings for the six graph elements as well as for
the four types of symbols used. To the right of the menu, all colors are listed by
their numbers as well as by their names. The number assigned to each color is
designated by internationally-accepted standards to maintain compatibility between
screen and hardcopy graphics devices. To change the color of any graph element,
choose the appropriate letter. A dialog box will open asking the user for the number
of the color desired for that particular element After entering a number, the dialog
box closes and the new information is added below the line for the appropriate
graph element To see the effects of this color change, hit "F9" to view the graph
with the new color settings. When a symbol color is chosen to be changed, a new
window opens showing the four symbol types along with their current color settings.
The user can choose the appropriate symbol color to change and enter the color
desired. If at any point the user decides to change back to the original default set-
tings, the user can choose to "Reset default settings" from the "Color Options" Menu.
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Once all colors have been chosen, the user can enter ESC or type "Q" to return to
the Graphics Options Menu.

Adding a Border
The user can choose from among four type of borders to draw around the

current graph. To add a border, select "B" from the Graphics Options Menu. A new
window will open displaying the current settings for the border information. To
draw a border, select "D" from this menu. The option to draw a border will change
from "No" to "Yes", and the additional border options will become highlighted. To
turn off the option to draw a border, simply type "D" again. By default, the border
length is set to 10.5 inches but this can be changed by typing "L" and entering a new
border length in the dialog box. The border height is automatically determined by
the program, and depends on how many series currently being graphed. The border
height will always be set by default at an optimum height to include all series. If
additional graphics elements are chosen to be drawn as well, such as a title or a
legend, the program will automatically adjust the border height to include these
additional elements. The border height can always be manually adjusted by typing
"H" from this menu and entering a new height in the dialog box.

Four types of borders can be drawn. Typing "T" will toggle between these
border types, which include: (1) a single line border; (2) a double line border; (3) a
filled (solid) border; and, (4) a sculpted border. A sculpted border has two edges of
the border filled while the other two are double line. The last option in this menu is
to reset the length and height of the border back to their original settings. Once all
options have been set, type ESC or "Q" to return back to the Graphics Options
Menu.

The Orientation Menu
The user can choose between landscape and portrait orientation when view-

ing and printing/plotting graphs. Landscape orientation plots the long axis (the x-
axis) "sideways" or parallel to the length of the paper. This is the default orientation.
Portrait orientation plots the long axis parallel to the width of the paper. The user
can toggle between these two modes by first entering the Orientation Menu, and
selecting "0" for orientation. To help the user see how the printed graph will look
positioned on the paper, the user can choose the option "Add PageFrame." Turning
this option on will plot the 8.5" X 11" paper boundaries that encircle the graph. This
option is strictly for helping the user position the graph, and must be toggled off
before printing the final graph. The user can position the graph on the page by
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choosing the appropriate coordinates from the Orientation Menu. Note that these
coordinates can be easily determined by using the Digitizing function in the VIEW
program (see section below under "Viewing Graphs"). By default, the initial land-
scape coordinates are (0,0) while the initial portrait coordinates are (0,-11). Note
that reducing the y-coordinate for the portrait orientation will move the graph up
the printed page while increasing it will move the graph down the page. The initial
coordinates (0,-11) will print the graph at the bottom of the page.

THE EVENTS MENU
The Events Menu allows the user to select only certain fire events to be

plotted for each sample. An event can be either fire scars or other injuries. Because
seasonal information can be obtained for these events, it helps to see the distribution
of the different seasons over time to determine whether a change in the seasonality
of fires has occurred. The Events Menu can be used to plot or suppress the plotting
of only certain seasons if the user wishes. The user can choose to add the seasonal
designations directly above the symbols. The Events Menu is also used to draw all
chosen fire events according to the Composite Axis filter rules (see the section on
Composite Axis information below), or to plot only those major fire years that satis-
fy the Composite Axis filter rules. To enter the Events Menu, select "E" from the
Graphics Module Main Menu.

The "Standard Plot"
A new window will open displaying the current settings for the Events Menu.

The top portion of the menu shows the six fire events that will be plotted by their
seasonal designations. By default, all fire events, no matter what their season, will
be plotted, and this is shown to the right of each of the six lines. These six lines are
simple toggles. For example, if the user does not wish to draw the fire events with
"Undetermined" seasonal designations, the user would select "U" from the Events
Menu. This will toggle the Undetermined line to "Off," and, when graphed, all fire
events that have undetermined seasons will be suppressed, i.e. only those with
seasons determined will be graphed. If the user wished only to display the dormant
and early season fire events, the user would turn all other seasons off by selecting
the appropriate season. The selection of seasons to be displayed can be reset by
using the option to set all options "Yes" or to set all options "No." Setting all options
to "No" will essentially not allow any symbols to be plotted on the graph.
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The "Season Plot"

Setting all event options off may seem redundant at first. However, this is
useful for creating a "Season Plot" in which nothing but the letters of the seasons are
displayed after having chosen to "Draw Seasons." To display the seasons for the fire
events, select "S" from the Events Menu. This will toggle between "Yes" and "No."
The seasons will be added directly above the fire event symbols on each sample.
The seasonal designation is also "event-sensitive." In other words, the seasons will
only be added to those seasons (for example, only dormant and early season fires)
selected to be graphed by the user. Note that the placement of the seasonal designa-
tions can not be controlled by the user. The letters will always be placed above the
symbol, their appropriate location. Depending on the options selected for the graph
itself, the season letters may actually overrun some of the graph elements. For
example, if the user wishes to space the lines very close together (see the section for
the Line Element below), the season letters will necessarily overlap on top of the
symbols. The prevention of this problem is actually straight-forward, and judicious
customization of the graph (for example, by choosing certain symbols, or adjusting
the line spacing) by the user can prevent this from occurring.

Plotting Major Fire Years
The two remaining options in the Events Menu, "Use Composite Filters" and

"Draw Major Fires," concern the display of major fire years. Both options make use
of the composite filters, described in the Composite Axis information section below.
Briefly, there are three composite filters: (1) percentage scarred; (2) minimum
number of samples; and, (3) minimum number of samples scarred. The user can
customize these filters to show the fire history information displayed on the compos-
ite line, which represents the fire history for the entire site. In the Events Menu,
choosing "Use Composite Filters" will draw only those fire events in the main body
of the graph that satisfy the composite filters. For example, if you select to show
only those years in which 75 % of all trees sampled were scarred, using the composite
filters in the Events Menu will suppress the drawing of all fire events in all years that
do not satisfy this filter option. In other words, all fire events in the years in which
less than 75 % of all samples were scarred will not be shown. This is a way to
somewhat "clean" the body of the graph to display only those fires considered to be
the major fire events. Choosing "Draw Major Fires" is similar to this. All fire events
are once again drawn, but the major fire years that satisfy the composite filters will
be displayed in the color and symbol chosen by the user for major fire events (see
Symbols section below and the section for customizing colors above). This is a
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means for keeping the fire history information intact, yet still accentuate those years
considered to be major fire events.

ADDING A TITLE
From the Graphics Module Main Menu, select "T" to add information for

adding and customizing a title. A new window will open showing the current settings
for the "Add Title" option. The user must first toggle the "Add Title" option to "Yes."
The current settings will then become highlighted. Next, the user must enter the title
itself, by choosing "E" to enter the title. Upon selecting "E", a dialog box will open
with a ruler line to let the user know how long the title is currently. The title can be
up to 70 letters long. Remember that there are certain editing functions available to
the user, and these are described in the first chapter. After entering the title and
hitting the "return" key, the title will be partially displayed on the second line of the
Title Menu. At this point the user should hit "F9" to show where the current title is
being placed based on the default (X,Y) coordinates. Note that, if no title is entered
in the Title Menu, even after toggling the option to add a title "Yes", the Title and
Main Menus will default to "No" because no title was entered.

The first time a user adds a title, the title will most likely be misplaced. To
change the (X,Y) coordinates of the extreme left side of the title line, the user can
choose either "X" or "Y" to change the placement of the title. In addition, there is a
digitizing function in the VIEW.EXE program that helps the user place the title
anywhere on the graph. After the graph is completely displayed onscreen (see the
section of creating and viewing graphs below), the user can hit the ESC key to bring
up the VIEW Main Menu. (Note: the graph does not have to be displayed complete-
ly actually. It just helps. The user can hit the ESC key anytime after the first few
lines are drawn to enter the digitizing function.) Within this menu is the option to
"Digitize" and can be selected by using the up and down arrow keys to highlight this
line and then by hitting the "return" key. A crosshair will appear in the center of the
screen along with its (X,Y) coordinates in the bottom left corner of the display. The
crosshair can be moved anywhere on the graph by using the arrow keys. Once the
crosshair is located where the user wishes to begin the title line, the user should note
the (X,Y) coordinates. These are the values that should be entered in the Title
Menu under "X-coordinate" and "Y-coordinate."

The final option is to adjust the height of the letters displayed for the title.
By default, this value is set at 0.15 inches. However, some titles appear better at
0.18 inches, and the user should experiment to determine the proper height for a
particular graph. To change the title height, select "T" from the Title Menu and
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enter the new title letter height To view the settings, hit the F9 key and re-adjust
the height as necessary. Note that if the user wishes to change the font used for the
title, this is accomplished in the "Fonts Menu" (see section on fonts below). If a new
font is selected after positioning the title, the title with the new font will have to be
re-positioned as the new font will most likely have different character widths.

COMPOSITE AXIS ELEMENT
The Composite Axis graph element is perhaps the most important of all

elements as it reveals information about the temporal characteristics of the site on a
single line between the sample lines and the year axis. Subsequently, this element is
also the most complex and versatile, and the user has a wide variety of options
available within this Menu to help interpret the fire regime for a particular site. The
Composite Axis is nothing more than the aggregate information from the individual
samples compressed into one line. The user should spend the time to become famil-
iar with this element above all others, especially with the three filters. To enter the
Composite Menu, type "C" from the Graphics Module Main Menu. The first option
is simply a toggle to choose whether or not to draw the composite axis. The default
is to always draw the axis. In some cases, however, it is desirable to create a "clean-
er" graph without the clutter of the Composite Axis at the bottom of the graph, and
the user can toggle this option to "No."

The Composite Filters
The next three options are the Composite Axis filters used to show only a

subset of the site information that the user may feel is more important The first
filter is perhaps the most important, and controls the percentage scarred information
brought down to the Composite Axis. By default, the percentage scarred class is set
to zero percent, such that all fire years will be displayed on the Composite Axis
regardless of the percentage of samples scarred. If the user wanted to show only
those years on the Composite Axis in which at least 50% of the samples were
scarred for any one fire year, the user would select "R" from the Composite Menu.
A dialog box will open, and the user should enter "50." Viewing the graph will show
that the Composite Axis now only shows those fire years in which at least 50% of the
samples were scarred. This method allows the user to assess in which fire years
widespread fires occurred versus those years in which few specimens were scarred
(in other words, a low percentage scarred). Note that the minimum value for this
filter is zero while the maximum is 100.
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Sometimes, however, only two samples extended through a period and only
one contained a fire scar. Because 50 % of the samples in this year were scarred, this
information would be brought down to the Composite Axis and given equal weight
as a year in which ten samples were scarred out of a total of 15 samples. In this case,
the user would like to be able to control for sample depth, and this can be done using
the second filter. By selecting "M" from the Composite Menu, the user can select a
minimum sample depth that should be met before the information is compiled to the
Composite Axis. For example, specifying a minimum sample depth of four trees in
any one year would require at least two trees to have fire scars before being shown
on the Composite Axis. In the example given, the year in which only two samples
occurred with only one being scarred would not be shown on the Composite Axis.
Note that the minimum value for this option is one (because at least one tree has to
occur within any given period in order to be graphed) and the maximum is the
number of samples for the site. The minimum value can be set to zero when com-
pressing all information, fire scars and other injuries, to the Composite Axis (see
discussion on Including Other Injuries below).

In the example above, choosing a minimum sample depth of four trees re-
quired at least two samples to be scarred to satisfy the 50 % minimum percentage
scarred previously entered. We can go one step further and also choose a minimum
number of samples that have been scarred before the information for that year is
compiled to the Composite Axis. For example, if we wanted to show only those
years in which at least four samples were scarred, the user would select "A" from the

Composite Menu and enter "4" in the dialog box. When the graph is viewed, only
those years in which at least four trees were scarred will be brought down to the
Composite Axis. Note that the minimum value is one; however, this value can be set
to zero when compressing all information, fire scars and other injuries, to the
Composite Axis (see discussion on Including Other Injuries below).

The judicial use of these three filters allows a very close scrutiny of the fire
regime for a particular site. Depending on the site characteristics, the number of
samples obtained, the quality of the samples, and the length of the overall fire histo-
ry, the user may wish to only use one particular filter or various combinations of the
three. Note that when the graph is viewed, the options for the filters selected will
appear to the right of the Composite Axis.

Composite Axis Detail
The Composite Axis can be customized apart from using the filters by select-

ing "C" from the Composite Menu. A window will open showing four additional
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options. The first two options control the information displayed below the compos-
ite line. The default is "Line to Axis," which shows the years of fire events as a verti-
cal line from the Composite Axis down to the Year Axis. This option presents a
cleaner, less cluttered graph in which the temporal spacing of fires is much more
apparent. In addition, the appearance simulates a dendrochronological record of
tree rings as seen on an increment core. For this reason, this type of composite is
called an "event trace." Periods of high frequency fires will appear closely packed
along the trace while periods of low frequency fires will appear widely spaced along
the trace. The second option in the Composite Detail Menu, "Year with Line,"
shows the actual year of fire events with lines drawn upward to the Composite Axis
to help show the spacing between lines.

The next option is a toggle that determines whether or not to add the com-
posite line information to the right of the graph. By default, this information is
always given, and shows the selected filter settings to help the user identify exactly
what is being displayed on the composite. Occasionally, the user will want to sup-
press the text information, perhaps prior to importing the graphics file into another
graphics program such as CorelDraw, and this can be done by selecting "A" from the
Composite Detail Menu.

The last option, "Include Other Injuries," controls how to treat the fire events
that are not actual fire scars. Remember that these are entered in the data file with
small or lowercase letters, and represent some other injury possibly associated with
a fire event. Occasionally, the user may wish to treat these other injuries as direct
indicators of fire events as opposed to indirect indicators. For example, on giant
sequoia trees, fire events are sometimes associated with a growth release after the
fire event. These growth releases persist for many years after the fire and are readi-
ly identifiable. In this situation, the growth releases can be treated as direct evi-
dence of fire receiving equal weight as if a fire scar was present By selecting "I" for
"Include Other Injuries," the software will treat the other injuries as direct evidence
of fire. This will cause the percentage scarred filter to include other injuries in its
computation. Note that this option does not apply to the other two filters - the
"Minimum scarred" filter will always apply to actual fire scars only, and the "Mini-
mum sample depth" will always apply to the number of trees only. For example, if
the user chooses to show only those years in which 50% of the trees were scarred,
and the user chooses to include the other injuries, a year in which two fire scars and
two injuries occurred in a year with eight trees will receive equal weight as a year in
which four fire scars occurred out of eight trees. This will cause these years to be
shown on the composite axis.
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Note that by choosing this option to include other injuries, the minimum
allowable value of "Minimum samples scarred" changes from one to zero. Remem-
ber that, by keeping the value set at one, at least one tree will have to scarred by fire
to show up on the Composite Axis. If a year has nothing but other injuries, this
information will not show up on the composite axis with the value set to one. Setting
the minimum to zero will allow a year in which only other injuries occur to be in-
cluded in the percentage-scarred evaluation, and will subsequently be shown on the
composite axis after choosing to include the other injuries. The user must know the
fire events and the ecology of fire for that particular region.

Composite Axis Symbols

The user has the option to select which symbols are displayed on the Com-
posite Axis to denote the fire years. To change or select any of the available sym-
bols, select "S" from the Composite Menu. A window will open showing the options.
By default, the option is set to "None" and no symbols are drawn on the Composite
Axis. This keeps the composite information less cluttered. For a complete descrip-
tion of the information available for symbols, see the appropriate section below
under "Symbols."

Export to File
The last option in the Composite Menu is to export the information on the

Composite Axis to a separate file. By exporting the information to a file, a user can
create a master data file containing several composites of various sites that were
sampled. After selecting "E" from the Composite Menu, a new menu will open
showing the various options to export the information. The first option, "E" to
"Enter file name," is to give the file containing the exported information a valid file
name. A new dialog box will appear asking the user to input the file name. The
same program procedure that inputs this file name is the same that inputs the file
name from the "Retrieve Data File" option from the Main Menu, so the user should
refer to that section above for additional information.

The next option selects one of two formats in which to export the composite
information. By default, the format is "FHX2," the standard fire history format.
Selecting "D" will toggle between FHX2 and "Epoch" format. "Epoch" format is
used by the Superposed Epoch Module for investigating the relationship between
fire and climate. Choosing "Epoch" will export the Composite information to a file
compatible with this Module. The last option is to enter an ID for this composite
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information, which is usually related to the name of the file containing the data
being graphed. For example, an accurate ID for file "PET.DAT" would be "PET."

After all the information is entered, the user can select "X" to export the
information. If the file name specified by the user already exists, and this file is in
FHX2 format, the program will then prompt the user to "(A)ppend, (0)verwrite, or
(C)ancel" the export process. If the user chooses to append to the file, all informa-
tion from the Composite Axis will be added to the pre-existing data file in a new
column. This is by far the easiest and fastest way to create a data file containing the
composite information for numerous individual data files. If the user chooses to
overwrite the file, note that all information in the previous file will be erased. Once
the information has been exported, the program will alert the user. After a success-
ful export, the user can return to the Graphics Module Main Menu and retrieve the
data file containing the exported information. Viewing the data will reveal a sample
line similar to the Composite Axis of the original data file.

ADDING A LEGEND
No graph is complete without a legend explaining the various symbols used,

and FHX2 makes it possible to add a legend to any graph. The legend appears as a
title box with the following symbols explained: fire scar symbols; other injury sym-
bols; pith date and inner ring date symbols; bark date and outer ring date symbols;
and, recorder and null year symbols. (For more information about these symbols,
see the section on symbols below.) Choosing "L" from the Main Menu will open the
Legend Menu. To add a legend, select "D" to "Draw Legend." This is a toggle that
decides whether to add or delete the legend from the graph.

The legend can also be positioned anywhere on the graph by specifying the
(X,Y) coordinates in exactly the same way as a title is positioned. For information
on how to determine the (X,Y) coordinates using the built-in digitizer, see the sec-
tion on Adding Titles above. Note that when positioning a legend, the position on
the graph is determined by the lower left corner of the legend box. The last option,
"L" for "Legend Scale," is a convenient feature for creating different sized legend
boxes. The default option is 100%, a full-sized legend box. However, the user may
wish to position the legend box within a very tricky graph containing numerous
samples of varying length. By changing the legend scale, the legend box can be
expanded or contracted to fit almost anywhere within the graph. Note that the
legend position as determined by the (X,Y) coordinates does not change when
changing the legend scale. The software will always place the lower left corner of
the legend at the specified (X,Y) coordinates no matter how large or small the
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legend box. If the graph is extremely complex and there is no room for placing a
legend of any size, the user should "expand" the graph itself by choosing a new
beginning year for the x-axis (see the section below on how to change x-axis infor-
mation). The legend can then be placed towards the left side of the graph in the
newly created space.

ADDING OR CHANGING LINE INFORMATION
The lines drawn for each of the samples can be customized in any number of

ways. To enter the Lines Menu, select "N" from the Graphics Main Menu, and the
Lines Menu will appear. The first option is nothing more than a toggle whether to
draw the lines for each sample or not The default is to always draw the lines.
Turning this option off will draw all other features for the samples, but will suppress
the drawing of the horizontal line for each sample, thus losing the information on
null and recorder years. However, the resulting plot, called an "Event Plot," is es-
thetically pleasing because the graph becomes less cluttered and the fire years
appear to align much better. Note that this toggle can be turned off, the option to
draw the seasons turned on, and no symbols selected to draw a "Season Event Plot"
in which nothing appears in the graph except the seasonal designations of the fire
events.

The next option in the Lines Menu allows the user to change the amount of
separation (in inches) between the sample lines. The default is automatically
determined by the software and depends on the number of sample in the data file.
Changing the line separation to a smaller value brings the lines closer together from
the top down. Conversely, increasing the value increases the separation between
lines. The user can experiment with this value in order to optimally fill a page with
the graph. Note that a separation of 0.157 inches allows the "Long Vertical Bar"
symbols (see section on Symbols below) to just touch, creating the illusion of a con-
tinuous line for a year in which fire was widespread. The default line separation can
be returned by selecting the "Reset Separation" option from within this menu.

The next option controls whether or not the sample ID's are drawn to the

right of each line in the graph. This is also a simple toggle, and setting it to "No" will
suppress the drawing of ID's. This also creates a more simple and esthetically pleas-
ing graph when the additional information of the ID's is not required. The height of

the ID's can also be changed by selecting "H" from the Lines Menu and entering a
new height (in inches). A height should be chosen for the ID's where the ID's are

still clearly readable with a small gap between the letters.
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SYMBOLS
Symbols can be chosen by the user to show all fire events for four separate

classes of event types: (1) fire scars; (2) other injuries; (3) major fire events; and 4)

composite axis symbols. Separate symbol types can be chosen for all four categories,
and the user should experiment by viewing the graphs with each of the symbols.
Nine symbols are available:

1) Triangles: equilateral triangles pointing downward.
2) Triangle Pointers: narrow triangles that taper toward to the tip pointing

downward, resembling small arrows.
3) Centered Diamonds: four-sided diamonds centered with the horizontal axis

across the sample line.
4)Wildfire Flames: a small surface flame sweeping to the right, often used to

designate major fire events (see Events Menu above).
5) Short Vertical Bars: a small vertical bar centered on the sample line.
6) Long Vertical Bars: a longer vertical bar centered on the sample line.
7) Vertical Lines: a simple line drawn vertically and centered on the sample line.
8) Pattern: a thicker symbol with diagonal cross-hatching to help designate major

fire events.
9) None: no symbol drawn for this particular event type.

In addition, the first seven symbols can be drawn as a solid or open symbol. To
choose symbol types, select "M" from the Graphics Module Main Menu. A new
window will open showing three of the four classes of event types: (1) fire events;
(2) other injuries; and, (3) major fire events. The symbols for the fourth event type,
the composite axis symbols, are selected from the Composite Menu discussed above,
but the procedure will be the same as described in the following section. The user

should then choose one of the event types listed in this Menu.
After choosing an event type, a new window will open showing the nine

symbols types listed above. Note that the symbol type is listed in the Title Bar at the

top of this window to remind the user which event type was chosen. To the left of
the symbol currently chosen for that event type, either a check mark or the letters
"F" or "0" will appear. The letters "F" and "0" indicate whether the symbol chosen is
"filled" (solid) or "open." To select a symbol, press the appropriate number next to
the symbol. If the symbol is anything other than a Pattern type or "None," a new
smaller window will open asking the user to select either a "Filled" or "Open" symbol
type. After selecting "filled" or "open," the small window will close and return to the
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Symbols Menu, and an "F" or "0" will appear next to the chosen symbol. If this
choice is satisfactory, the user can hit ESC or select "Q" to return to the previous
Symbols Menu. After choosing a symbol, the user should press "F9" in any of the
three Symbols Menus to view the current symbol type and determine whether it is
appropriate for this graph.

This procedure applies to all four event types, and the user can "mix and
match" any symbol for any event type. For example, the default symbol for fire
events (fire scars) is a solid long vertical bar, while the default symbol for other
injuries is an open long vertical bar. The user may wish to draw short open vertical
bars for other injuries to "minimize" the visual effect of this event type. Alternative-
ly, the user may wish not to display the other injury event type by selecting "None"
form the Symbols Menu. This will allow only fire events to be drawn. As men-
tioned before, the user may wish to draw a "Season Graph" by choosing to draw the
seasonal designations from the Events Menu (described above) and selecting "None"
for the symbols for both fire events and other injuries. If the user has chosen to
highlight the major fire events in the Events Menu using the Composite Axis filters,
the major fire years satisfying the composite filters will be drawn in the body of the
graph with the currently chosen symbol. By default, this symbol is the wildfire
flame.

THE X-AXIS ELEMENT
The x-axis on which years are displayed is entirely customizable by the user,

including the range of years displayed, tic marks, and tic labels. To change any at-
tribute of the x-axis, type "X" from the Graphics Module Main Menu. A new
window will open displaying the options available.

Setting the X-Axis Range

The first two options control the range of years displayed on the x-axis. To
change the beginning or ending years, type "F" (for "First" year) or "L" (for "Last"
year) and input the new beginning or ending years in the dialog box. Hitting "F9"

will then display the graph with the new beginning and ending years. Note that the
default ending year is the year "2000" designed to maintain compatibility between
graphs for different data files. However, a year less than the year "2000" can always
be input by the user by changing the last year. The user can graph any subset range
of years between the beginning and ending years contained within the data file. On
occasion, the user may wish to extend the first year of the graph back in time, per-
haps to make the graph compatible with the graph from a longer data file for anoth-
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er site (allowing the user to overlay graphs one on top of another with a common x-
axis). The user may input a year less than the default beginning year. Note that this
option also allows the user to create "open space" at the beginning of the graph that
may be used to position a legend. The default (original) beginning and ending years
can always be returned by selecting "Reset Range" from the X-Axis Menu.

Setting the X-Axis Length
The length of the x-axis can be changed by selecting "X" from the X-Axis

Menu. The default length is nine inches, designed to fill the length of an 8.5" X 11"
paper in landscape mode. The user may wish to extend the length of this x-axis if
the printer or plotter being used can support longer lengths. A 12 inch length for the
x-axis is ideal for graphing on paper 14 inches in length. Note that when graphing
these longer axes, the graph may extend far off to the right of the screen. These
areas of the graph can be viewed by either pressing the "2 key (to reduce the screen
display) or pressing the right and left arrows to position the graph on the screen (for
more information about options available while viewing, see the section on Viewing
Graphs below). Note that the x-axis length need not be set differently when graph-
ing in Portrait mode because the graph is always graphed in landscape mode and re-
scaled and re-positioned to graph in portrait mode. If the length of the x-axis is
increased, the user may wish to customize the placement of the tic marks and tic
labels (see next section below).

Customizing Tic Mark Information
The drawing of tic marks, major tic marks, and tic labels on the x-axis can be

changed according to the user's preferences. The default settings for all three
properties are set by the program depending upon the number of years in the data
file. Choosing "M" will open a dialog box and the user should enter a new value (in
years) to draw tic marks. Major tic marks are tic marks longer in length, usually
used to denote decade years, every 50th year, and/or every 100th year. Choosing
"T" from the X-Axis Menu will open a dialog box and the user should input the new
value (in years) to draw major tic marks. Tic labels are the years associated with the
tic marks and are usually drawn at convenient locations on the x-axis. Selecting "I"
will open a dialog box and the user can enter a new value (in years) indicating when
to add tic labels. To reset the default tic mark information, select "D" from the X-
Axis Menu.
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SELECTING FONTS
Several fonts are available for all text, including: (1) the title, if one is added;

(2) the sample ID's; (3) the Composite Axis text information; and (4) the seasonal
designations, if added. Note that changing fonts does not affect the text in the
legend, the tic labels, or the year on the Composite Axis, as these text elements must
always remain static to allow them to be scaled or positioned. The fonts available
include: (1) Sans Serif (or Simplex); (2) Sans Serif Bold; (3) Script; (4) Script Bold;
(5) Times Roman; (6) Times Roman Bold; (7) Times Roman Italic; and, (8) Times
Roman Italic Bold. The default font is Sans Serif, a simple font with a clean display
on screen and in the final hardcopy graph. This font also takes less time to graph,
and plot to either screen or hardcopy devices (less maneuvering by the plotting
positions). To select a new font, select "F" from the Graphics Module Main Menu,
and a new window will open displaying the available fonts. The user should select a
font, then hit the "F9" key to view the graph with the new font.

ADDING CUSTOM LINES
Researchers have found it beneficial to accentuate the major fire years

within a graph by means other than symbols. For example, the user may wish to use
triangle pointers to indicate fire events, and keep the use of other symbols to a
minimum. To highlight the major fire years, the user may wish to bracket these
years, as well as the symbols, with vertical lines. This can be accomplished by adding
custom lines. The user can input the (X,Y) coordinates for the beginning and ending
locations of the line, and the software will add the line between those coordinates.
Note that a custom line can be added to any point in time of particular interest to
the researcher, whether it is a single year or range of years. For example, one or
more lines can be used to designate points in time when major (or minor) shifts in
the fire regime occurred. In addition, the lines do not have to be verticaL Horizon-
tal lines can be placed anywhere in the graph, perhaps to separate two sites that exist
in the same data file (see section on merging data files in the Data Entry Module
documentation for more information). With judicious placement, the user can
create three-sided "brackets" (either vertical or horizontal) to designate certain
periods of particular concern to the user, or to help designate "groups" of samples
within the data file being graphed. Up to 18 custom lines can be drawn on any one
graph. Custom lines are drawn in the same color chosen for the Composite Axis.

Prior to entering the coordinates for the custom lines, the user should first
determine the coordinates using the digitizer function of the View program, dis-
cussed in the Titles section above. Remember that the line requires two sets of
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coordinates, one each for the beginning and ending points of the line. Note that if a
horizontal line is to be drawn, the Y-coordinate will be the same for both points.
Likewise, if a vertical line is to be drawn, the X-coordinate will be the same for both
points. To begin adding custom lines, select "U" from the Graphics Module Main
Menu. A new window will open for the Custom Lines Menu, which is divided into
two sections: the options section at the top and the coordinate section containing the
"Line Numbers" (up to 18) below.

To add custom lines to any graph, first select "A" from this menu. This is a
toggle that switches from "Yes" to "No." To begin entering coordinates, enter "E"

from this Menu, and a dialog box will open prompting the user for all four numbers
needed for the two points. The user will enter the (X,Y) coordinates for the first
point, followed by the (X,Y) coordinate for the second point Once all point infor-
mation has been entered, the (X,Y) coordinate pair will appear on the first line of
the table in the Custom Line Menu. To change the coordinates for any line, select
"C" from this Menu and the program will ask the user for which line to change the
coordinates (if more than one line has been entered). After the user indicates which
line, the program will once again prompt the user for the four numbers needed for
the two points. To delete any coordinate pair, select "D" from this menu and enter
the line number to be deleted when asked by the program. Any lines below that line
number will then be raised up one level. After all information has been entered, the
user should hit "F9" to view the graph and the placement of the custom lines.

SAVING ALL GRAPH SETTINGS
After a graph has been meticulously customized by the user, the settings and

options chosen for the graph should be saved in an initialization file that can be
recalled later. This prevents making the user remember all the original options and
settings from a previous session. To save settings, select "S" from the Graphics
Module Main Menu. A window will open indicating the settings are being saved.
All settings, whether active or disabled, are stored in a file containing the first part
of the file name for the plot file of the original data file. For example, a plot file
named "PET01.PLT" will have an associated initialization file named "PET01.INI"
containing all the settings. Note that as many initialization files as plot files can be
created and saved. In other words, each data file can have many plot files, each with
its own initialization file. To create different plot files, just create new names for
each plot that are unique using the "Output File Name" option from the Main Menu
(e.g. "PET02.PLT," "PET17-18.PLT," etc.). Once the graph is customized, save the
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settings. The first part of the new plot file name will be used for the initialization
file.

RETRIEVING GRAPH SETTINGS
Conversely, a set of saved options can be retrieved by typing "G" at the

Graphics Module Main Menu. If no initialization file exists that uses the first part of
the plot file name, then the software will alert the user and no action will be taken.
Any valid initialization file can be retrieved by first inputting the proper plot file
name for which the settings were saved. For example, to retrieve the settings for the
graph "PET02.PLT," the user must first input this name using the "Output File
Name" option from the Main Menu, and then type "G" from the Main Menu. The
retrieved settings will then be added to the right side of the Main Menu.

CONFIGURING THE HARDCOPY AND VIDEO DEVICES
Within the Graphics Module main Menu is an option titled "Set Configura-

tion," accessed by selecting "O." This option should be used to: (1) install a hardcopy
device; (2) specify the printer port; (3) indicate whether to send the output to a
graphics file rather than a hardcopy device; and (4) select a video adapter. After
selecting "0" from the Main Menu, a new window will open, and the user should
select whether to install a "Graphics Card" or "Printing Device." To change the
graphics card, select "C" from the Configuration Menu. Usually, the software does
an adequate job by setting the choice to "Automatic."

Installing a Hardcopy Device
To install a Printing Device, select "D" from the Configuration Menu. At this

point, control is turned over to the program PLOT. EXE in installation mode using
the " /i" parameter (see Installing the Software in the FHX2 General Overview
documentation). The Graphics Module screen will be cleared, and a new screen will
appear that lists the current configuration of the printing device. These options in-
clude: (1) Printer/Plotter; (2) Output Port; (3) Baud Rate; (4) Plot Size; (5) Pen
Velocity; and (6) Plot Rotation. To change a printer or plotter output device, select
"1" from this menu. At this point, the user can scroll through four screens containing
120 different printer/plotter devices supported by the FHX2 system via software
furnished by Golden Software, Inc. (see page one of the FHX2 documentation for
more information). Once the user has identified an appropriate hardcopy device,
the user should select the number beside the device and hit return. The change will
be reflected in the Current Configuration screen.
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The next option in this menu is to specify the port to which output should be
sent. Alternatively, the user can specify a file name to which the printing instruc-
tions can be sent rather than to a printing device. After selecting "2" from this menu,
the screen will list the available ports to which output can be sent, including LPT1,
LPT2, LPT3, COM1, and COM2. By default, the first parallel port (LPT1) is always
specified as this is the port to which output is usually sent on DOS-based personal
computers. An important option here is to specify an output file name that will
contain the printing instructions for that particular printing device rather than send-
ing the output directly to a printer port Using this option, the user can create plot
files containing the actual printing instructions for that particular hardcopy device
for any created graph.

The user should not have to change the option for "Baud Rate." The size of
the plot can be changed from its default of 8.5" X 11" by selecting option "4" from
this menu. Option "5" can be used to change the pen velocity on hardcopy devices
that use pens. Changing the pen velocity can ensure that graphs are drawn cleanly
by specifying a slower velocity. The final option, to rotate the plot, simply rotates
the plot 90 degrees from its orientation coming into the hardcopy device.

Printing to an HPGL File
Perhaps the most important non-hardcopy output device is an output file

created in Hewlett-Packard Graphics Language (HPGL) format, a format recog-
nized by nearly all major graphics packages. By sending the output to an HPGL file,
the user can import this file into many different software packages that support
importation of HPGL files, such as many word processors (e.g. WordPerfect) and
graphics programs (e.g. CorelDraw). I highly recommend using this option frequent-
ly within the FHX2 system. The initial graph can be created by FHX2. However, a
program like CorelDraw can import the graph in HPGL format, and the user can
change, rotate, edit, add, delete, manipulate, and color any of the individual objects
(e.g. lines, symbols, text, etc.) within the FHX2 graph. One word of caution. On
graphs with many fire events, I recommend using open symbols rather than filled
symbols because this will decrease the amount of time to import the graph and will
make using the graphics software much easier when manipulating the individual
objects, especially the symbols.

To send the output to an HPGL file, select "1" from the Installation Menu,
and advance to the second screen. Select "43" from this screen, "Hewlett Packard
Graphics Language," then hit return. This option will now show in the first line of
the Current Configuration settings. In addition, note that the option for "Output
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Port" now reads "xxx.PGL" indicating that, when the user sends the graph to an
output port, the graph will be routed to a file with the extension ".PGL". Once the
HPGL graphics file has been created, the user will be returned to the Graphics
Module Configuration Menu. The graphics file is now ready to be imported into
another software package.

VIEWING GRAPHS
Two functions are available in the Graphics Module Main Menu that display

the current graph on-screen, and it is important to know the difference between the
two. The first is "View new graph," be accessed by pressing "F9" or selecting "V".
The second is "Redraw old graph," accessed by pressing "F8" or by selecting "W".
Choosing to "View new graph" will create a completely new graph file with the
current settings, and is usually selected after changing any options. Once chosen, the
software will create a graph from scratch to a plot file. Choosing to "Redraw old
graph" will simply display on-screen the contents of the last plot file created without
updating any new settings that the user may have changed. Choose this option to
view the previous graph and to help change any of the settings. Redrawing the
graph is much faster than creating a new graph from scratch.

Before continuing, it is helpful know exactly what the software does when
creating and viewing graphs. When creating a new graph, a window will open titled
"View Graph" to let the user see the progress of the graph creation. The software
first opens a plot file with the name given in the "Output File Name" field from the
Main Menu. The X-axis Element is first added using the range settings specified by
the program. The program then creates the Lines for each sample, within the
appropriate range of the X-axis, to which it then adds: (1) the appropriate symbols
with the selected colors; (2) the ID's to the right of each line if added; and (3) the
seasonal designations for each fire event if selected. Once all samples have been
added, the Composite Axis element is added, if selected. A title is added (if select-
ed) followed by any custom lines (if selected), and finally the Legend Element is
added (if selected). At this point, it is important to note that the plot file exists in a
format created by Golden Software, Inc., to speed the display and plotting of a
graphics file. In this format, it cannot, as yet, be imported into another software
package. For more information on exporting the graphics file to a file in Hewlett-
Packard Graphics Language (HPGL) format, see the appropriate section above.

Once the plot file containing the graph information has been created, the
FHX2 software then "calls" the VIEW.EXE program (created by Golden Software,
Inc.) and passes along the plot file name as the only parameter (i.e. "view.exe
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pet.plt"). Note also that the program VIEW.EXE can be run from outside the FHX2

system by typing "view.exe <plot file name>" at the DOS prompt. The program
will then display the contents of the graphics file on-screen. If for some reason the
program VIEW.EXE can not be located, no action will be taken by the software and
the user should exit the system to determine the cause of the problem (e.g. was the
VIEW program accidentally deleted?).

Running the VIEW Program
The graph is displayed on-screen in a rectangle to the right of the screen.

Note that this rectangle has no meaning as to the boundaries of the page itself (for
information on displaying a page boundary, see the section above under the "Orien-
tation Menu"). To the left of the rectangle is a blank area. Pressing the ESC key
will reveal the VIEW Menu within this area. Several options are presented: (1)

Resume; (2) Trace; (3) Go; (4) Digitize; (5) Restart; and (6) Quit. These options
are chosen by using the up and down arrow keys to highlight the desired option, and
then hitting the RETURN key. For example, to return back to the Graphics Module
Main Menu, highlight the line containing "Quit" and hit return (alternatively, the
user can hit the "Q" key to highlight the line then hit the RETURN key).

The option to "Trace" will almost never be used by the user as this function
plots the graph one line at a time. The option "Go" is used to plot multiple lines of
the graphics file and should not be used that often by the user. "Resume" continues
the plotting of all lines in the graphics file. "Restart" can be chosen by the user to
begin drawing the graph from the beginning - this must be done by also selecting the
"Resume" option after selecting "Restart."

Obtaining Coordinates using the Digitizing Function
Of these options, the most important is the option to "Digitize," already dis-

cussed in a previous section. The digitizing function allows the user to determine the
(X,Y) coordinates needed for: (1) positioning a title; (2) positioning a legend; (3)

determining the spacing needed between lines (samples) on a graph; (4) determining
starting and ending coordinates for custom lines; and (5) determining the (X,Y)

location for positioning the entire graph on a piece of paper (see section above for
the "Orientation Menu"). To obtain the coordinates for any point on the graph,
highlight the line containing the Digitizing function and hit RETURN. A crosshair

will appear in the middle of the screen that can be moved by using the up/down and
left/right arrow keys. The coordinates of the location of the crosshair are printed in
the lower left corner of the screen, and these should be recorded once the correct
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position is obtained for the desired element. Note that using the "1-9 Zoom/Pan
increment" can increase or decrease the lengths which the crosshair moves across
the screen. Pressing "1" followed by an arrow key will move the crosshair a very
small amount, while pressing "9" followed by an arrow key will cause the crosshair to
jump a large distance across the screen. To stop digitizing, hit the ESC key to once
again bring up the VIEW Menu.

Panning and Zooming the Graph
At the bottom of the screen are special instructions that read "Arrow keys

Pan, +Zoom in, -Zoom out, 1-9 Zoom/Pan increment, ESC exits." The graph dis-
played within the rectangle can be moved within the screen by using the arrow keys
("Arrow keys Pan"). The graph can be enlarged by pressing the "+" key (" +Zoom
in"). Repeatedly pressing the "+" key will continue to zoom in on the graph. The
exact opposite occurs by pressing the "2 key ("-Zoom out"). The function to zoom in
on the graph is useful for precisely determining the (X,Y) coordinates of a particular
element the user wishes to position. The graph should first be enlarged within the
desired section using the "+" key and positioned correctly within the rectangle using
the arrow keys. The user can then select "Digitize" from the VIEW Menu. The last
option, "1-9 Zoom/Pan increment" has already been discussed above, but it also
applies to the zooming rate and panning distance of the graph. Selecting a large
number will cause a large jump to occur during both zooming and panning, while a
small value will have the opposite effect.

PLOTTING A GRAPH TO A HARDCOPY DEVICE
Once a graph has been completed, the last option is to plot the graph to a

hardcopy output device. Before doing so, be sure you have selected the correct
output device in the installation process described above in "Configurating a Hard-
copy Device." Once the hardcopy device is installed, select "P" from the Graphics
Module Main Menu, or strike the "F10" key. The system will then launch the pro-
gram "PLOT.EXE" and pass along the output file name as the first parameter (i.e.
"plot.exe pet plt").

During the plotting process, the program will first prompt the user whether to
shift the graph on the paper. Presumably, the user will have already positioned the
graph using the functions available in the "Orientation Menu" described above.
However, the user can always answer "Yes" to this option and then answer the
prompts requesting how much to shift the graph in both the "X" and "Y" directions.
Usually, the user will simply answer "No" to the first question. However, on some
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printers, the user may have to shift the plot by a few tenths of an inch in either direc-

tion. The program will then prompt the user whether to scale the graph. This option
may occasionally be useful for reducing the size of the plot to fit within designated
margins for a publication. The user should answer each question asking how much
to reduce in both the "X" and "Y" directions. For example, answering 0.5 to both
questions will reduce the overall graph by 50%. If a graph is either reduced or

enlarged, the user should also consider how these changes will affect the placement
of the graph on the paper. A good rule of thumb is to first plot out the graph
(perhaps in draft mode to save ink) and determine which options (shifting, reduc-
tion, or enlargement) would be adequate for this graph. If a plotting device (as
opposed to a printing device) has been chosen for the output, the program will also
ask whether or not to change the pen velocity.

Once all questions have been answered, the program will then create an
"optimized" output file containing the original information in the graph. The opti-
mized file has the same first part of the original file name with the extension ".OPT"
(e.g. "PET. OPT"). The optimization process may take several seconds depending on

whether a math coprocessor is present on the personal computer system, and on how
many lines currently exist in the plot file. Note that the "OPT" file is a proprietary
format of Golden Software, Inc., and is not a graphics format ready for exchange or

importation. Once the plot file has been optimized, the program will then send the
information to the installed hardcopy device. Two actions by your system should be
noted. First, as information is sent to the hardcopy device, the PLOT program prints
periods on the screen to show the user that the operation is currently taking place.
Second, depending on your hardcopy device, it should indicate somewhere that
output is being received (e.g. a blinking light on the front panel of your laser

printer). If a plotting device has been installed, then the plotter will plot the infor-

mation as it is received from the system. Once all information has been passed to
the hardcopy printing device, the graph is then printed.
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APPENDIX D.4 - THE STATISTICS MODULE

The Statistics Module represents a leap forward in the analysis of fire history
from tree rings, combining traditional analyses with more sophisticated analytical
techniques. The traditional analyses include calculations of the standard and wide-
ly-used descriptive statistics, including the Mean Fire Interval, while newer tech-
niques model fire interval data with a Weibull distribution. This section of the
documentation will use terminology outlined in several publications (Romme 1980;
McPherson et al. 1990; Johnson 1992), and the user should be familiar with these
terms.

THE OPENING MENU
The Statistics Module Main Menu is similar to the Graphics Module Main

Menu. The screen is divided into two parts. Statistical tests and functions are listed
to the left of the screen, while the current settings for those tests and functions are
listed in the right section of the screen. The first four functions are similar to func-
tions described previously in the documentation for the Graphics Module. The next
five options list the statistical functions and tests available. The five Statistical
Functions include: (1) individual summary information, sample depth information,
and running fire events; (2) analyses of the seasonality of fires; (3) fire interval
analyses; (4) tests for changes in temporal characteristics of the fire regime; and (5)
tests for spatial differences between two fire regimes. Note the status line at the
bottom of the menu which provides hot key information. From within any menu,
the user can: (1) run the currently selected set of analyses and view the resulting
output file by tying "G" for Go; (2) view the last output file created during the analy-
ses by typing "V"; or (3) exit temporarily to the operating system by typing "D."

VIEWING AN OUTPUT FILE
Once an analysis has been conducted, the FHX2 software will immediately

read the output file produced from the analyses, and display its contents on screen.
The results from the last analysis conducted can be viewed at any time by simply
selecting "V" from anywhere within any menu currently open in the Statistics
Module. Depending on the number of analyses selected, the output file produced
can be quite large. The user can navigate through this output file by using the avail-
able commands at the top of the screen once the output has been displayed. Note
that the name of the output file currently being viewed is displayed at the bottom
left hand corner of the screen.
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To advance the output one line at a time, select "P" to move the output file up
one line, and "N" to move it down one line. To advance the output one page at a
time, select "D" to move the output down one page, and "U" to move the output up
one page. To advance immediately to the end of the output file, select "E" (for
"end"). To advance immediately to the beginning of the output file, select "B" (for
"beginning"). To print the output file, select "P" from this menu. Note that the
output file is automatically sent to the LPT1 port. No other port options are avail-
able unless the user reassigns the port designations. To quit and re-enter the Statis-
tics Module menu, select "Q."

ENTERING A DATA FILE NAME
Before any graph can be created, the user must supply a data file containing

the fire history information to be analyzed. After selecting "E" to enter a data file
name, a dialog box opens that asks the user to supply a file name, such as
"PET.DAT". Remember that the full DOS path must be typed in as well preceding
the file name if the user has not specified the path in the Workspace environment.
The program will then search the directory for the file and, if found, will read in all
data, usually in a fraction of a second. To indicate that data are being read, the
years are printed in the dialog box as each line in the data file is read. After all data
have been read, the file name and DOS path are printed beside the line, along with
the number of samples in the data file. If the data file is not found, the program will
alert the user and return to the Main Menu.

SPECIFYING AN OUTPUT FILE NAME
After data have been read in, the program automatically will assign a file

name to the output file that will contain the results from the statistical analyses, such
as "PET01.0UT". The program will always take the left-hand portion of the data
file name, append "01" to it, then append ".OUT" to indicate that this is an output
file. The user can always change the file name by selecting "0" from the Main
Menu. Remember that the output file will be written to the directory path specified
in the Workspace environment, or will be written to the current directory in which
the user is logged if no Workspace path has been specified. After entering a new
output file name, the name will be displayed beside the second line.

The main advantage to using this function is that the user can develop an
unlimited number of output files for the same data set simply by using different file
names for the output file. For example, the user can create an output file containing
results from analyses over the full sample size represented in the data file. The user
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can then create another output file using a different name that would contain results
from a more specific set of analyses about the data file. For example, the user may
wish to run a set of tests using only a subset of years from the original data file. The
subsequent output file names can be numbered, such as "PET02.0UT," or the file
names can be more descriptive regarding the type of results contained in that partic-
ular set of analyses, such as "Fi. PET" for fire interval analyses on data set
PET. DAT.

SETTING THE RANGE TO ANALYZE
As in the Graphics Module, the user can select only a certain subset of the

entire range of years to analyze. Selecting a subset of years to analyze is crucial to
the overall analyses, because the user should ensure that certain analyses are con-
ducted over a set of years that has an adequate sample depth. Determining what an
adequate sample depth is depends on the site itself, the number of samples collected
at the site, the quality of the samples collected, the average number of fire events
recorded per sample, and the objectives of the particular research. Despite the
advances made in fire history research, determining what constitutes an adequate
sample depth is largely a subjective decision by the researcher. However, some
guidelines can be developed to help the researcher determine when to begin and
end the analyses. For example, an adequate sample depth may begin in the year in
which at least five samples record a particular fire event, or in the year in which 50 %
of all samples recorded a fire scar. The user may select to end the analyses during a
period when a marked change in the fire regime occurs, such as around 1880 when,
in the western United States, the fire regime becomes markedly changed due to
various human-related factors. The user should carefully inspect the Composite
Axis to help determine when to begin the analyses (see the documentation for the
Composite Axis in the Graphics Module for more information).

Selecting "R" from the Main Menu opens a new window in which the user can
change the range of years to be analyzed. To change the beginning or ending years,
type "F" (for "First" year) or "L" (for "Last" year) and input the new beginning or
ending years in the dialog box. The user can select any subset range of years be-
tween the beginning and ending years contained within the data file. The default
(original) beginning and ending years can always be returned by selecting "Reset
Range" from this menu.

SELECTING SERIES TO ANALYZE
By default, the program will analyze all series contained in a data file, indi-
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cated on the line beside this function (e.g. "Series: 1 to 40"). Occasionally the user
will want to analyze a particular subset of the data file. For example, the data file
may actually contain two sites, a high elevation site with 15 samples and a low eleva-
tion site with 20 samples, that were combined into one data file using the Merge
Function in the Data Entry Module. The user may wish to only analyze these 15
samples from the higher elevation site. To select which subset of samples to ana-
lyze, select "P" from this menu. A new menu will open with the following functions:
1) First series to analyze; 2) Last series to analyze; 3) Reset series; and, 4) Show
series. The first and last series to be analyzed will be displayed to the right of the
first two lines.

To change the first and last series to be analyzed, simply select either of the
first two functions and enter the appropriate sample number. Remember that the
sample number is simply the column that sample occupies in the data file. If the
user is not sure which columns contain the subset of samples to be analyzed, select
"Show Series" from this menu, and the series ID's will appear along with the column
number which they occupy in the data file. Note the column numbers that contain
the subset of samples and enter these columns in the dialog boxes that open for the
first two functions. If at any point the user wishes to reset the series back to the
default of all series, select "Reset Series," and the original first and last series to be
analyzed will appear to the right of the first two lines.

SUMMARY INFORMATION
The first set of analyses that should always be conducted is to generate

summary information about the individual samples, and about the site in general.
The information output from these analyses should always be printed in a hardcopy
format and archived, perhaps in a binder. Selecting "U" from the Main Menu will
open a new window containing several functions for outputting summary informa-
tion. These functions include: (1) individual summaries; (2) sample depth informa-
tion; and (3) fire frequency information for various durations. Note that all of these
functions are simple toggles that switch between "Yes" and "No." In the following
discussions, it will be assumed that the user has selected to run and view the selected
analysis being discussed by selecting "G" from the Statistics Module Main Menu.

Individual Summaries
Selecting "I" from this menu will output all information about each individual

sample to the specified output file. This function should always be performed prior
to conducting any additional tests. Once the information has been output, the user
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should check the output and ensure that all information entered about each individ-
ual sample is correct by comparing the information to the fire history sample sheets
that contain the original information. This is necessary because errors during data
input are bound to happen, and any seemingly minor error may change the character
of the fire information from any one sample. Once all information has been veri-
fied, the printed output from this function should be stored in case the original site
and sample data are misplaced. Any errors observed should be corrected immedi-
ately using the Data Entry Module.

The output file will always be preceded with a line indicating which data file
is being analyzed, as well as the series within the data file that have been specified.
The summary information presents: (1) the sample series number (column number
within the data matrix) and the sample ID; (2) the inner and outer ring dates, as well
as the types of ring dates (pith, innermost, outermost, or bark dates); (3) the length
of the sample (outer minus inner date plus one); (4) the number or rings considered
in any analyses ("number in final analyses" or actual number of recorder rings for
that sample); (5) all information about the fire history for that sample, including the
year, season, and type of fire event (fire scar or other injury), as well as the fire
intervals ("FI") between fire scars; and (6) all summary information for that particu-
lar sample, such as the total number of fire scars, total number of all indicators,
average number of years per fire, and the sample mean fire interval (average of all
fire intervals for that particular sample). Note that fire intervals are given only
between years that are designated as events recorded by fire scars rather than other
injuries. The statistic "Average number years per fire" is simply the number of valid
recorder years ("Number in final analysis") divided by the total number of fire scars.
Note that this statistic is different from the "Sample mean fire interval" which is the
average of all fire intervals listed for that sample.

At the very end of the Summary Information output is the Summary Informa-
tion for the entire site which contains: (1) the beginning and ending years of the data
matrix (and corresponding length); (2) the total number of samples in the data file;
(3) the total number of recorder years, fire scars, and other indicators for all sam-
ples; (4) the average number of years per fire (total number of recorder years divid-
ed by the total number of fire scars) and per all injuries (total number of recorder
years divided by the total number of fire scars and other injuries); (5) the average of
all sample mean fire intervals; (6) the total number of years with fire, along with the
corresponding percentage of years with fire (total fire years divided by total years
multiplied by 100) and percentage of years without fire (100 minus the percentage of
years with fire); and (7) the Mean Fire Interval (MFI) based on the percentage of



356

years with fire (percentage of years with fire divided by 100). This summary infor-
mation should not be confused with any statistical tests performed in other analyses.
This site summary information is strictly for summary purposes only.

Obtaining Year-by-Year Sample Depth Information
Occasionally, the user would like to be able to graph or analyze the changing

sample depth of the data file over time to help determine when to begin and end the
statistical analyses. Selecting "S" from the Summary Menu will create a large table
in the output file containing year by year information about the data file. The table
contains: (1) all years represented in the data matrix; (2) the number of samples
during a particular year; (3) the total number of actual fire scars, other indicators,
and total number of injuries (fire scars plus other injuries); and (4) the percent
scarred (fire scars divided by number of samples multiplied by 100). The year by
year listing is useful because the table can now be imported into any graphics pro-
gram or spreadsheet (as an ASCII file, space delimited), and the sample depth can
be plotted. The user should observe at which point the sample depth becomes
"stable," or "flat" because it is at this point the user may wish to begin the statistical
analyses. This is only a suggestion. The analyses can begin at any point the user
feels sample depth is adequate, and the user may wish to plot the sample depth
alongside the number of fire occurrences in any 10, 25 or 50 year period (see next
section below) to determine not only when sample depth becomes stable, but also
when the number of fire occurrences first approaches an adequate number. The
listing of fire scars, other indicators, total injuries, and percent scarred may also help
determine an adequate period for analysis, but is listed for summary purposes only.

Obtaining Year-by-Year Information on Fire Frequencies
The next three functions in the Summary Menu are used to indicate the

number of fire events that occurred during periods of pre-specified durations. To
standardize these durations among different studies, the durations chosen are 10, 25,
and 50 years in length. Selecting "1", "2", or "3", or any combination of the three, will
generate the sample depth table described in the previous section, with additional
columns that provide information on the number of fire events during the selected
duration. Note that these are "running" durations in which the periods always over-
lap by (n-1) years, where n is the selected duration. For example, selecting "2" will
generate an additional column (after the percent scarred column) that shows the
number of fire events in "running" (or overlapping) 25-year periods. The informa-
tion on fire frequency can be imported into a spreadsheet or other graphics program,
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then plotted year-by-year to show the changing number of fires over time. Note that
the number of fire events in any 10, 25, or 50-year duration can be easily converted
to fire frequency by dividing the number of fire events by the duration of the period.
For example, six fire events in a 25-year period yield a fire frequency of 0.24 fires
per unit time, or year. It is important to recognize that no statistical tests are associ-
ated with this summary information.

Obtaining Year-by-Year Information on Percentage Scarred
Selecting "4" through "6" will add columns to the table previously described

that show running calculations for the percentage of trees scarred. The percentage
of trees scarred can also be calculated for running 10, 25, and 50 year periods to help
determine whether changes occurred in fire spread patterns. For example, certain
periods may have experienced more widespread fires in which the majority of trees
were scarred during any one fire year. Note that these calculations only use the

years in which fire occurred, because including non-fire years in the calculation of
percentage scarred would bias the results. Therefore, this analysis is also dependent
on the number of fire years that occur in one of the pre-selected periods. The user

should try difference lengths for the periods analyzed to determine which of the
three are optimal.

Selecting "P" will calculate a "step" function for the percentage of trees
scarred in all fire years, but will override the non-fire years as if they did not exist.
For example, if the percentage of samples scarred in 1824 was 55 %, this value will
be listed for all years until the next fire year when a new percentage scarred value is
calculated. This function is useful because effects of "outlier" fire years (e.g., a year
when only 5 % of the trees were scarred in a period when the majority of percentage
scarred values was closer to 75 %, or vice versa) are minimized. Note that this is not
a running calculation as the previous three functions.

INFORMATION ON SEASONALITY
Information on the seasonality of past fires is critical to our understanding of

current (and future) fire regimes. The intra-annual position of the fire scar within
the annual tree ring provides a clue as to when during the growing season the fire
had occurred. Determining the actual season of the fire event will depend on local

and regional conditions, such as the elevation, topography, climatic influences, forest
composition and structure, and past land use history of the site. For example, the

seasonal interpretation for a fire scar in the middle portion of the earlywood from a
sample in the American Southwest may be different from the interpretation for a
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fire scar in the same intra-annual position from a sample in the Pacific Northwest.
While information on the seasonality of fires can be optionally entered using

the Data Entry Module, researchers should obtain this information from the growth-
ring record, and take advantage of the ecological information offered by these
analyses. During data entry, fire events may be entered without any seasonal desig-
nation by entering "U" ("undetermined") for the season. In this case, the seasonal
analyses will be superfluous.

The annual ring must be subdivided into cambial growth zones to obtain
seasonal information. Division of these cambial zones has been described previous-
ly in the literature, especially in studies conducted in the Southwestern U.S. (Baisan
and Swetnam 1990). The earlywood is divided into three separate zones: an early
portion (E), middle portion (M), and late portion (L). Any fire scar occurring in the
latewood is designated separately as "A". In addition, a fire scar can occur between
the boundary separating the latewood of the previous year from the earlywood of
the current year. This represents a fire that occurred sometime after the previous
growing season but prior to the current cambial growing season (during the period
of tree dormancy, designated as "D").

Unfortunately, tree dormancy spans across two years. Conventions have
been adopted to deal with this problem, and the adoption of additional conventions
may be necessary depending on local and regional characteristics. For example, in
the American Southwest, fire events after the cambial growing season are relatively
rare in the historical record because of the onset of the summer monsoon in late
summer and a return to higher moisture levels. Therefore, any dormant season fire
scar is assigned to the current growing season, or the year containing the earlywood
immediately after the fire scar. A different situation exists for the western slopes of
the Sierra Nevada where fire history studies have been conducted for giant sequoia
stands. Historical records indicate that fires usually occur later in the growing
season. Therefore, any dormant season fire scar is assumed to have occurred
immediately after the previous growing season, and the fire event is assigned to the
calendar year corresponding to the latewood cells preceding the fire scar.

If seasonal information has been entered, the user can begin the analyses by
selecting "S" from the Statistics Module Main Menu. A new window will open dis-
playing the options within the Seasonal Analysis Menu. The first option, "Analyze
Seasons," is simply a toggle between "Yes" and "No." The next two options allow the
user to group together certain seasonal combinations to provide a broader assess-
ment of the dominant season of past fire occurrence. The seasonal analysis can
therefore provide a fine resolution analysis on the individual seasons themselves, as
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well as a broader resolution spanning a longer period within the growing season.
The latter is termed the "dominant mode" of seasonal occurrence.

Selecting Season Combinations
By analyzing combinations of seasons, the user can determine whether fires

had occurred predominantly in one longer period or another. For example, the user
may wish to select those combinations that will provide information on whether fires
occurred predominantly early in the growing season or later in the growing season.
By default, the Statistics Module is set for such an analysis, combining the "D" and
"E" into an early season, and the "M", "L", and "A" into a later season. Of course,
these combinations may differ depending on the site being investigated, and the user
may decide to include the "M" designation in the early season. In the giant sequoia
habitat type, fires occurred predominantly after the current growing season and, by
convention, these are designated as "D" fire events assigned to the adjacent late-
wood cells. The user investigating giant sequoia fire ecology may wish to group the
"A" and "D" events into one season and all other events into another to determine
whether a period existed in the past when fires occurred earlier than the end of the
growing season. Any temporal and spatial change in the seasonal occurrence of fires
may be attributable to changing patterns of climate, vegetation, or human sources of
ignition.

The user may analyze two sets of combinations. To enter combinations for
either set, select either "1" or "2" from the Seasonal Analysis Menu. A new window
containing an expanded dialog box will open in which the user should enter the
letters for the seasonal combinations. The user can enter any combination of the
five valid seasons: D, E, M, L, or A. Note that any other letters that are not one of
the five valid letters are ignored by the software. Also note that any "doubles" are
ignored as well (e.g. entering "DEMD"). Letters may be entered in either upper or
lower case. Once the combination has been entered, the user should repeat the
process for the other combination. The seasonal designations for the combinations
are then displayed in the Seasonal Analysis Menu. At this point, the user may select
"G" to begin the seasonal analyses.

Intra-annual Distribution and Temporal Pattern
The output from this analysis is divided into three sections. The first pro-

vides information on the intra-annual distribution and temporal pattern of fire
events during any one year. All fire years are listed, one per row, over the range
specified by the user, along with the seasons determined from the fire scars arranged
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in temporal order beginning with the earliest designation ("D") and ending with the
undetermined designation. In addition, total sample depth is also given during each
fire year, completed with the right bracket character. Hyphens complete the infor-
mation on each fire year by indicating the entire number of samples in the matrix.
Note that the sample depth given can also aid in the determination of an adequate
period to analyze, in conjunction with the Sample Depth Table produced in the
Summary Information. Sample depth information in the seasonal summary is not as
comprehensive as the Sample Depth Table, but is easier to interpret.

This intra-annual information can provide clues to the behavior of fire during
any given fire year (Baisan and Swetnam 1990). For example, a wide range of
seasons may indicate that the fires began early and lasted late into the growing
season. This contrasts a year when most fires scars indicated fire occurred during
the dormant season. This intra-annual distribution can be plotted as bar graphs with
other graphics software or spreadsheets to visually assess possible fire behavior
during the fire year to help the user analyze the probable range of months the fire
burned in a particular area.

Dominant Mode of Seasonal Occurrence
The second section provides additional information on the intra-annual dis-

tribution and the dominant mode of seasonal occurrence. Each fire year within the
specified range is once again listed, one per row, along with the percentage of fires
that occurred within the individual seasons. As before, information in this section is
only given provided seasons were entered - no information will appear if seasons
could not be determined. The percentages allow bar graphs to be created (with
other graphics packages) similar to those available from the information provided in
the first section without using absolute numbers. The dominant mode of seasonal
occurrence is provided in the bar graphs to the right side of this section using the
group combinations selected by the user. The user should carefully inspect this
section to determine whether changes in the seasonality of fire have occurred over
time. Any change in the dominant mode of seasonality could indicate the influence

of changing climate on local fire regimes.

Summary Information on Seasonal Analysis
The last section provides a summary of the seasonal information contained in

the data matrix over the specified range. The total number and percentage is given
for the number of fire scars in which seasons could be determined relative to the
total number of fire scars, as well as the number and percentage of fire scars in
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which seasons could not be determined. As with pollen analysis, the number of fire
scars in which seasons can not be determined may provide additional information on
the nature of preservation of fire-scarred material at that particular site, something
researchers should consider in future field work in the area (i.e. take additional care
during the cutting and sampling). The same information is provided for each indi-
vidual seasonal designation, and, finally, for the group combinations selected by the
user.

FIRE INTERVAL ANALYSES
The analysis of fire interval information is perhaps the most important for

analyzing a fire regime, because it provides information on how often fires occurred
in the past prior to and during periods of human disturbance. By evaluating the
intervals between fires that occurred in the past, researchers can help land manage-
ment agencies develop better management plans for dealing with the probable
occurrence of fires in the future. In addition, the analysis of fire intervals can pro-
vide information on the degree of fire hazard that exists for a certain area given the
time since the last major fire.

One advantage of the FHX2 system is the use of the Weibull distribution to
model fire interval data. The Weibull distribution was developed to provide better
models for data measuring time to mechanical failure (Hallinan 1993). Engineers
found the mean time between failure for mechanical devices did not follow a
normal distribution, and that analyses of failure information based on the normal

distribution would be biased and incorrect. For example, if the data were not
normally distributed, then the mean of the distribution would not be an adequate
measure of central tendency in the data. The Weibull distribution was named after
the engineer who first described and used a new distribution that was able to better
model data that was either highly negatively or positively skewed, yet was flexible
enough to also model normally distributed data and negative exponential distribu-
tions. The power of the Weibull distribution therefore lies in its flexibility. It can fit
a variety of shapes to data over a wide range of distributions (H allinan 1993; John-

son and Kotz 1970).
The normal distribution is often not an adequate distribution with which to

model the fire interval data. If the interval data approximate a normal distribution,
then all information derived from the model (e.g. the mean as central tendency and
the standard deviation levels used to determine exceedingly large or small intervals)
would be statistically robust On the other hand, the mean may not be the best
unbiased measure of central tendency in a non-normal distribution. In addition, a
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distribution that is skewed provides biased estimates of the 95 % confidence inter-
vals. Recently, fire ecologists have suggested more flexible distributions be used to
model fire interval data other than the normal distribution (Johnson and Van
Wagner 1985; Johnson 1992; Baker 1992). Occasionally, the use of the Weibull dis-
tribution to model fire interval data may not provide more accurate results than
would a normal distribution, but because the Weibull is flexible enough to also
approximate the normal distribution, its use is preferred over the more rigid inflexi-
ble distributions.

Choosing Percentage-Scarred Classes
To begin the fire interval analyses, select "F" from the Statistics Module Main

Menu. A new window containing the Fire Interval Analyses Menu will open.
Analyses can be conducted over a wide range of percentage-scarred classes, includ-
ing analyzing all fire years, regardless of the percentage scarred, to only those fire
years in which nearly all samples collected were scarred. The percentage-scarred
classes listed designate the most frequently used percentage classes, and should be
considered standard when conducting fire interval analyses. To select a particular
percentage scarred class, simply type the number listed to the left of the class. The
toggle to the right will switch to "Yes."

Various percentage-scarred classes can be analyzed. All classes may be se-
lected by selecting "Y" from this menu, while all classes can be de-selected by select-
ing "N." Occasionally, the user may wish to include the last incomplete interval at
the end of the temporal sequence, because this interval may contain additional
information on the fire regime. For example, in fire regimes that have been severe-
ly disturbed by humans, the last fire scar in the data matrix may have occurred in the
late 1800's even though numerous samples from living trees were collected to help
evaluate 20th century fires. The long fire-free period between the last fire in the
late 1800's and the year in which the samples were collected is a fire interval the
user may wish to consider including in the analyses. To include the last incomplete
fire interval, the user can simply select "I" from the Fire Interval Analysis Menu.
The toggle to the right will switch to "Yes," and the inclusion of this incomplete
interval will be mentioned in the output

Including Other Injuries
Choosing this option will allow other injuries to be treated as fire scars

because, in many instances, other injuries (e.g. excess resin production in a tree ring,
or expanded latewood in giant sequoia tree rings) can be considered as valid as fire
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scars for indicating fire events. To include other injuries in the analyses of fire
intervals, select "0" from the Fire Interval Analysis Menu. The toggle will switch to
"Yes." When the analyses are activated, other injuries in the data matrix (denoted by
lower case letters) will be treated as if they were fire scars, and will change the
intervals included in the analyses because the percentage of trees "scarred" will be
changed as well.

Minimum Samples Scarred
The next option also affects the number of intervals included in the analyses.

Often, the user will wish to include only those intervals that result from major fire
events as denoted by the absolute number of trees scarred as opposed to the per-
centage. For example, the user may wish to include only those years in which at
least five samples were scarred during the specified range of years. This option is
simply one of the filters as described in the Composite Axis Menu in the Graphics
Module. The minimum number of samples scarred may be changed by selecting "M"
from the menu. A dialog box will then open and the user can enter the new mini-
mum number of trees scarred to include in the analyses. In the resulting analyses,
only those years will be included in the analyses that satisfy the minimum require-
ment that has been set by the user. If the user wishes to include all fire events,
regardless of the number of trees actually scarred, the user should first choose to
include the other injuries, then set the minimum requirement to zero.

Number of Intervals to be Graphed
The user also has control over the number of intervals to be plotted in both

the frequency distribution and cumulative frequency distribution diagrams. By
default, this value is set to 30, so that the number of intervals in each interval class
will be plotted up to a maximum that corresponds to a 30-year interval. The number
of intervals greater than 30 years will be grouped together in the last class interval.
To change the maximum, the user can select "M" from the Fire Interval Menu, and
enter a new maximum. The largest interval that can be graphed is 99 years. Setting
the maximum value to be graphed to the maximum interval encountered (as ob-
served in the descriptive statistics discussed below) allows a finer resolution to be
displayed and imported into a graphics programs.

Analyzing Site Composite or Sample Information
The user may examine the fire intervals of the data set by two methods: (1)

fire intervals derived from the site composite (the default); and (2) fire intervals
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derived from the individual samples (point intervals). By far, the most common
approach is to analyze the composite information on fire intervals as derived from
the site composite. However, occasionally, the user may wish to analyze "point
intervals" as opposed to "site intervals." To conduct this type of analysis, select "C"
to toggle between analyzing the site composite or point samples. Note that this
analysis can only be conducted on the "All Scarred" class because fire intervals will
be derived from individual samples as opposed to the composite of all samples.
Once chosen, all other options are deactivated. Foe example, if the user had select-
ed to analyze the All, 10, and 20 percent scarred classes, then chose to analyze indi-
vidual samples, the options for the 10 and 20 percent scarred classes would toggle to
"No." Comparing the results from both the site and point interval analyses may
provide information on the areal extent of fires and the ability of fire to spread
within the site. If results indicate that the point intervals are much longer than the
site intervals, then some inference can be made on the ability of fire to spread within
the site.

Creating a Spreadsheet Table
The final option in the Fire Interval Menu allows the user to create a spread-

sheet table containing all basic statistics generated by the statistical analyses. To
activate this option, select "T" from the menu, and the toggle will switch to "Yes."
When the analyses are run, the program will create a file named "fhstats.tab" that
contains: (1) the site name; (2) the beginning and ending years of the site, as well as
any subperiod specified by the user; (3) the number of series analyzed; (4) the
percentage scarred class; (5) the total number of intervals; (6) the mean, median,
minimum, and maximum interval; (7) the standard deviation, coefficient of varia-
tion, skewness, and kurtosis of the data set; (8) the Weibull shape and scale parame-
ters; (9) the Weibull Median Probability Interval, and its associated frequency
probability; and, (10) the 100% hazard fire intervaL This information is presented
in a tabular format

Note that if the option to create the table is activated, and the file already
exists from a previous run, the information will be appended to the end of the file.
This allows the user to create a table, ready for importing into a spreadsheet or word
processor, that contains the summary information from numerous sites, as well as
for different percent scarred classes, or over different time intervals, or based upon
a different subset of samples within the main data set.
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OUTPUT PRODUCED BY THE FIRE INTERVAL ANALYSES
Once "G" has been selected, the results from the analyses are written to an

output file, read by the FHX2 software, and displayed on screen. The results from
these analyses are comprehensive, consisting of nine sections in two major parts.

Fire Intervals in the Analysis
The first section of the output lists the fire intervals used in the subsequent

analyses. The section lists each fire year that meets the requirements (i.e. filters) set
by the user regarding the percentage scarred, other injuries, and minimum number
of samples scarred. To the right of each year, the total number of trees scarred, the
total number of recorder trees, the percentage scarred, and the fire interval are
listed in separate columns. Remember that it is the last column of information, the
fire intervals, that will be analyzed. If the user selected to include the last incom-
plete interval, this will be indicated at the very bottom of the table. Also note that
the number of fire intervals used in the analyses is always one less (n - 1) that the
number of fire years that meet the requirements set because no fire interval is asso-
ciated with the first fire year (i.e. no prior fire year is available to allow an interval
to be established).

Descriptive Statistics for Actual Data
The next section in the output file lists the simple descriptive statistics for the

actual fire interval data. These descriptors include:
1)the total number of fire intervals used in the subsequent analyses;
2) the Mean Fire Interval;
3)the median value of the fire intervals, representing the mid-point value in the

fire interval data array (often a better indicator of central tendency in the
distribution than the mean, especially for distributions that are not normally
distributed);

4) the standard deviation of the fire interval data (the square root of the
variance - 68% of all data points will fall within one standard deviation above
and below the mean value, while 95 % will fall within plus and minus two
standard deviations);

5) the coefficient of variation (cv) of the fire interval data, simply the mean
divided by the standard deviation. The cv is used to compare distributions that
have different means and/or variances, thus providing a descriptor not affect-
ed by the scale of the data.

6) the skewness of the fire interval data. This descriptor is useful for determining
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the degree to which a distribution is not normal. A distribution that has larger
data values to the right of the mean will cause the distribution to be positively
skewed (often the case with fire interval data as the distribution is truncated to
the left of the distribution because no value can be less than one;

7) the kurtosis of the fire interval distribution, a statistical descriptor that indi-
cates the amount of "peakedness" in the distribution. Data that are clustered
about the mean with a few large and small intervals create a distribution that is
"peaked." Values less than zero indicate a distribution that is platykurtic, or
flat, while values greater than zero indicate a distribution that is leptokurtic, or
peaked;

8)the minimum fire interval;
9) the maximum fire interval. These last two descriptors can be used to measure

the range of fire interval data.

Frequency Histogram of the Actual Data
The next section provides a frequency histogram of the actual fire interval

data. A frequency histogram graphically displays the shape of the actual distribution
as a series of bar graphs (here, horizontally). Each bar represents the number of fire
intervals of that particular length in years. The very left hand column of this section
lists the fire interval itself. The next column lists the actual number of fire intervals
of this particular length. The third column lists the percentage of fire intervals of
this particular length. By default, the frequency distribution table will list all inter-
vals up to length 30 years, after which it will simply list the number of all intervals
greater than 30 years in length in one line to conserve space in the output file. The
range of intervals displayed can be set by the user in the Fire Interval Analysis
Menu. This portion of the output should be visually inspected to assess how much
the distribution deviates from a normal, bell-shaped distribution.

Cumulative Frequency Histogram of Actual Fire Interval Data
The next section shows the cumulative frequency histogram of the actual fire

interval data. The length of the fire interval is listed in the first column on the left
hand side, the number of fire intervals of that particular length are listed in the
second column, while the cumulative percentage of fire intervals is listed in the third
column The cumulative percentage is the percentage in the current interval length
added to the percentage in the previous interval percentage. The information in the
third column is then graphed as a bar graph to the right Because the cumulative
frequency distribution is measured as a percentage, the scale of the data based on
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the percentages is the same regardless of the shape of the distribution based on the
actual or absolute number of fire intervals of a particular length. In other words, all
cumulative frequency distributions will asymptotically approach 100 % at a particu-
lar interval.

This last property of a distribution allows some measure of comparison
between distributions based on fire interval data obtained from different habitat
types. For example, a fire regime characterized by high frequency fires (i.e. many
more shorter intervals that longer intervals) will display a cumulative frequency
distribution that rises rapidly on the left hand portion of the graph, then slowly tails
out towards the top as the few larger intervals are calculated into the frequency
distribution. This type of shape is called a logistic distribution. On the other hand, a
distribution containing fire intervals with only a few very small intervals, a few very
large intervals, and many intervals clustered around the middle will have a cumula-
tive distribution that first curves gently upward, then gently outward. This type of
shape is called a sigmoidal distribution. Eventually, researchers should be able to
characterize the fire regime of a particular habitat type based on its cumulative
frequency distribution.

Kolmogorov-Smirnov Test for Goodness-of-Fit
Prior to interpreting any results from the fire interval analyses, the user must

first investigate the distribution of the fire interval data to determine whether this
distribution can be modeled with other theoretical distributions (e.g., the normal
distribution). Several parametric and non-parametric statistical tests have been
devised to help determine whether a distribution approximates other distributions.
One of the most frequently used is the Kolmogorov-Smirnov (K-S) test Because the
shape of theoretical distributions is known, it should be possible to compare the
shape of the distribution of the fire interval data to hypothetical distributions. The
K-S test uses the two cumulative frequency distributions (one from the actual fire
interval data and the other from the hypothetical empirical distribution) to perform
the test by computing the d-statistic, the maximum difference between the two dis-
tributions in any particular interval (Govil 1984). This analysis uses the empirical
distribution because this is a step function that is often used to approximate the
sigmoidal shape of the highly complex cumulative distribution function for the
normal distribution.

Because the actual data are being compared to a hypothetical distribution, it
is also possible to determine the probability of obtaining a higher d-statistic simply
by chance. As with any other statistic, a correction must also be made for the
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number of observations used in calculating the statistic by adjusting for loss of
degrees of freedom. The more observations used to test the statistic (i.e. the more
fire intervals obtained for the analysis), the more robust will be the statistic. The
user should keep in mind that, if two distributions are very similar, then the d-statis-
tic will be very small. If the number of observations used are high (e.g. greater than
20), then the probability of obtaining a d-statistic equal to or greater than the ob-
served value will also be very high.

The first three lines of the K-S test are known as decision rules, commonly
used in statistical analyses to help interpret results. The first line states the null
hypothesis, designated as "Ho." The null hypothesis is the hypothesis of no differ-
ence between the distribution of the fire interval data and the empirical distribution.
This hypothesis will be tested using the K-S d-statistic. If the statistic is significant,
indicating that obtaining another statistic higher than this simply by chance is not
very likely, then the null hypothesis is rejected and the alternate hypothesis (desig-
nated as "Ha") is accepted (the data do not represent an empirical distribution). The
user must keep in mind that similar distributions will have a low d-statistic and,
subsequently, a high probability of obtaining a value greater than this simply by
chance. In general, the user will often find high values for the d-statistic when inves-
tigating fire interval data, indicating the data are not normally distributed.

Two-Parameter Weibull Distribution Parameters
The next step in the analyses of fire interval data is to fit a Weibull distribu-

tion to the data. As with all distributions, the Weibull distribution is a combination
of three different parameters: the shape parameter (c); the scale parameter (b); and,
the location parameter (a). This class of distributions is known as three-parameter

distributions. Often, distributions can be simplified, or reduced to two-parameter
distributions, by setting one of the three parameters to zero. This is the case with
fire interval data. Because no fire interval can be less than zero, the location
parameter (where on the x-axis of the coordinate system the distribution is located)
is essentially not necessary, which greatly simplifies the calculation of the other two
parameters.

The scale parameter will indicate the range of values along the x-axis encom-
passed by the Weibull distribution, and is therefore measured in years. Approxi-
mately two-thirds of all data contained in the interval analysis will be less than the
value of the scale parameter (Hallinan 1993). This property is useful because a
quick look at the scale parameter provides a crude measure of the range of years
being modeled by the Weibull distribution. The shape parameter is unitless, and



369

provides information on the overall form of the distribution being fitted to the data.
A value of 1.0 indicates that the data conform to a negative exponential distribution,
while a value near 3.4 indicates the data approximate a normal distribution. The
latter case may be verified by looking at the results of the previous K-S test. In
general, values for the shape parameter will often range between 1.5 and 3.5.

Equations and algorithms used to calculate all parameters of distributions
can be extremely complex. Methods used to calculate the two parameters for the
Weibull distribution in the Statistics Module were obtained from manuals on hy-
drology, where the fitting of distributions to data is extremely important. In the
output file, the first line provides the cumulative distribution function of the Weibull
distribution, showing the relationship among the three parameters. The shape and
scale parameters are then listed.

Kolmogorov-Smirnov Test for Goodness-of-Fit: Weibull Distribution
The next stage of the analysis is to determine how well the Weibull distribu-

tion, with the derived shape and scale parameters, fits the fire interval data. For
this, we turn once again to the K-S test because we wish to compare two distribu-
tions: the cumulative frequency distribution of the original data set, and the cumula-
tive frequency distribution of the derived Weibull distribution. The test statistic is
calculated in the exact same way as in the previous example when determining
whether the data approximate the empirical distribution. The only difference is the
new set of decision rules. In the case of the Weibull function, a low value for the d-
statistic indicates a close match between the two distributions, the desired outcome.
In this case, the probability of obtaining a higher d-statistic would be very high,
causing us to accept the null hypothesis of no difference between the original data
and the Weibull distribution.

Weibull Distribution Exceedance Probability Table
Once the Weibull function has been fit to the fire interval data, and the

Weibull distribution has been deemed a superior model as opposed to the normal
distribution, then important statistical descriptors can be derived. In the Exceed-
ance Probability Table, various probability levels are listed in the left hand column,
while the hypothetical fire interval associated with that probability level is listed in
the second column The exceedance probabilities can be regarded as percentages.
In other words, the fourth line of the table can be read, "95 % of all fire intervals will
exceed x years." The most important property of this table is the fife interval associ-
ated with the 50% level of exceedance probability. This interval is termed the



370

Weibull Median Probability Interval (WMPI) and provides a least biased measure of
central tendency in skewed distributions of fire interval data. The WMPI is analo-
gous to the MFI based on symmetric distributions. Exactly 50% of all fire intervals
will fall above the WMPI, while 50% of all fire intervals will fall below the WMPI.

The Exceedance Probability Table provides a listing of statistically significant
small and large fire intervals. In the FHX2 system, the .05 level of significance is
used, but any level can be established by the user. Any fire interval associated with
the 95 exceedance probability level or higher will therefore be a significantly
small fire interval (one-tailed test). Note that the significantly small intervals are
denoted by the "less than" sign ("<") while the significantly large intervals are
denoted by a "greater than" sign (">").

Two-Parameter Weibull Distribution Probabilities
The final stage of the fire interval analyses determines the probabilities

associated with the actual fire interval data obtained from the data set. In the first
column, years are listed in which fire occurred according to the filters set by the
user. Fire intervals are listed in the second column. It is this column on which the
analyses have just been conducted. In the third column, the probabilities are listed
for each fire interval as determined by the Weibull function. Note that significantly
small and large intervals are denoted by "less than" and "greater than" signs in the
second column.

The next two columns provide additional information obtained about the
distribution of the fire interval data based on the Weibull function. These are the
hazard function, h(t), and the probability density function, p.d.f. All distributions
can be thought as consisting of four separate functions: the cumulative distribution
function (c.d.f.), which we have already discussed; the survivorship, or survival,
function, equal to 1-c.d.f.; the probability distribution function (p.d.f.), in which all
values underneath the curve of the distribution equal to one; and the hazard func-
tion, which consists of one of two expressions in the c.d.f. The hazard function is
perhaps the most useful from the standpoint of fire interval data, because it provides
a measure of the hazard associated with a fire interval of given length. The hazard
function increases with longer fire intervals, and can be read as a percentage. Note
that the hazard function is a separate function apart from the significantly small and
large intervals determined using the c.d.f., and should be used independently from
any other statistics. The p.d.f. is supplied simply to provide additional diagnostic
information, but will follow the same trends noted in the hazard function.
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The hazard function is sensitive to extremely large fire intervals, and the user
should carefully select the range of years considered representative of the fire
regime prior to any human disturbances. In the American Southwest, a more realis-
tic measure of the hazard function would be provided by analyses conducted on a
period ending near 1880. For this reason, the fire interval associated with the 100%
hazard function probability is useful. In other words, we wish to determine the
maximum length of the fire interval in which the habitat can go without burning. To
compute this interval, a value of 1.0 (or 100%) is substituted into the equation for
deriving the hazard function, and the fire interval associated with this value is
determined. The result is termed the 100 % hazard fire interval.

Summary Information for the Weibull Distribution
The last section in the fire interval analyses is simply a summary of some of

the major findings. The WMPI is once again listed, followed by the 100% hazard
fire interval. The Weibull fire frequency probability is then listed, and is nothing
more than (1 /WMPI). This value indicates the probability of fire occurring in any
given year. The last statistic provided is the Average Prospective Life Time (APLT)
of the habitat based on the fire regime characteristics determined in the fire interval
analyses (Johnson 1992).

TESTS FOR TEMPORAL CHANGES OF THE FIRE REGIME
An important analysis of fire regimes is to determine whether a change has

occurred in some aspect of the fire regime at some point in time. The first clue may
perhaps be seen visually when examining the master fire chart created for a site.
For example, a researcher may see a change in the length of the fire-free periods
between the early part of the record and a later part. Or, the researcher may notice
that the percentage of trees that had been scarred appears to have changed between
one period and another. The central question is whether these changes are statisti-
cally significant. The researcher should not, however, rely solely on the statistical
significance of these tests. Changes may be apparent in the fire regime, but the
changes may not be statistically significant. The tests for statistical significance only
add a measure of robustness when evaluating the degree to which changes have
occurred.

Two aspects of the fire regime can be tested between two different, non-
overlapping periods. First, the researcher may test whether or not changes have
occurred in the fire intervals between fires. For example, an earlier period may
appear to have a longer average between fire years than does a later period. If
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changes in the average length of fire-free periods have occurred, then the researcher
should investigate possible reasons why these changes have occurred. Possible
explanations could include changes in sample depth, subtle changes from one cli-
mate regime to another, changes in land-use or land management practices, or
changes in the composition of vegetation and the fuel complex. Second, the re-
searcher may test whether the percentage of trees being scarred by fires has changed
between two periods. If changes in the number of trees being affected by fire have
occurred, this will provide information on the nature of the fuels, the capability of
fire to spread, and/or the maturity of the forest being affected.

Three aspects of the temporal and spatial characteristics of the fire regime
can be tested: (1) changes in the mean fire interval, or the mean percentage of trees
being scarred, between non-overlapping periods; (2) changes in the variability about
the mean; and, (3) changes in the overall distribution. Three basic tests are used in
these analyses (Barber 1988), as well as in the analyses for differences in spatial
characteristics of the fire regime (discussed in the following section). To test for
changes in the mean interval, or the mean number of trees being scarred, from one
period to the next, the FHX2 system uses the Student's t-test. To test for changes in
the variability about the mean interval, or about the mean number of trees being
scarred, from one period to the next, the system uses the folded-F test. Finally, to
test for changes in the overall distribution of the fire intervals or the percentage-
scarred between two periods, the FHX2 system uses the Kolmogorov-Smirnov test,
introduced in the previous section.

While not a prerequisite, results from t-tests and folded-F tests are more
robust if the data are normally distributed. Fire interval data are rarely normally
distributed. The same property holds for percentage-scarred data. Because the
percentage of trees being scarred has a lower bound (zero) and no upper limit, the
data tend to be positively skewed. We must somehow transform the original data
into a new data set that approximates normality. This transformation is accom-
plished using moments of the distribution itself (Box and Cox 1964; Draper and Cox
1969). The algorithm used for the transformation is based on the third and fourth
moments of the original data distribution (Le. the skewness and kurtosis of the dis-
tribution which indicate the departure of normality). No one-step transformation
ever completely transforms a data set to one whose distribution contains zero
skewness and kurtosis. However, it is not the transformation to perfect normality
that matters, but rather the transformation of a distribution to one that approximates
normality. Sometimes, the transformation has little effect
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One additional transformation takes place for ease in interpretation of the
final results. After the original data (i.e. the fire interval data or the percentage-
scarred data) have been transformed to normality, the data are then transformed
into the standard normal distribution by simply subtracting the mean from each
transformed data value and then dividing by the standard deviation of the distribu-
tion (Barber 1988). This transformation gives the data set a mean of zero and
standard deviation of one, useful for comparing fire regimes from different sites.
The additional transformation can be viewed as simply an additional term in the
equation for the first transformation. The transformations should be of little con-
cern to the user, because the transformations are simply the application of an equa-
tion to each data value, much like adding a constant value of one to each data value
to increase the overall mean. The final outcome of the transformation process is a
data set that approximates the standard normal distribution on which the tests may
now be applied.

Beginning the Tests for Temporal Changes
To begin the tests for changes in temporal aspects of the fire regime, select

"T" from the Statistics Module Main Menu. The Temporal Changes Menu will then
open displaying the options available to the user. The first options denote what is to
be tested, either changes in the fire intervals or changes in the percentage of trees
scarred. To choose fire intervals, select "F" from the menu. Likewise, to run tests on
the percentage of trees being scarred, select "P." Toggles to the right of each selec-
tion will indicate the user's choice. Note that tests on both aspects of the fire regime,
fire intervals and percentage scarred, can be tested during one run.

Selecting the Periods to be Tested
The next two options allow the user to select which periods are to be tested.

The periods are divided into a "control" period and a "test" period. The control and
test periods are not meant to imply that one period has been experimentally con-
trolled while some changes were artificially introduced into another period. The
terms are simply used to denote the periods, and could easily be considered as
"Period One" and "Period Two." However, the earlier period is here denoted as the
"control" period because we are assuming that a change has taken place during the
second period, which is to be statistically tested versus the first period. By default,
the Statistics Module evenly divides the range of years specified by the user into
these two periods. The user, however, has complete control over the range of years
in each of the control and test periods. The user should carefully inspect the graphs
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of the fire history for the site to choose which periods are to be tested, and should
also carefully consider the possible effects of small sample sizes. The tests are more
robust for large sample sizes, preferably above 20 data observations in each period.

To change the beginning or ending years for each period, the user can select
"C" for the control period or "T" for the test period. A menu will open, and the user
should select whether to change the first or last year. A dialog box will then open
and the user should type in the desired year. Once the years have been input, the
changes will be seen in the Temporal Changes Menu. The default division between
the control and test periods can be returned by selecting "R" from the Temporal
Changes Menu. One important note must be emphasized. It is critically important
that the periods be independent from each other. The periods must not overlap as
the two data sets must be mutually exclusive for the statistical tests to be valid.

Selecting Minimum Percentage-Scarred Classes
When analyzing both the probable changes in fire intervals and the number

of trees being scarred, the user has control over the fire years which enter into the
analyses and, therefore, the fire intervals between the years and the percentage-
scarred classes as well. This option is made available by allowing the user to specify
a minimum percentage scarred class to designate only certain years that become
included in the analysis. This option is similar to the option for the Composite Axis
in the Graphics Module where the user had the option to plot only those years on
the Composite Axis in which the percentage scarred was equal to or greater than a
certain user-specified level. This allows only certain years to be graphed on the
Composite Axis. For example, in the tests for temporal changes, the user may wish
to analyze only those years in which fire scarred at least 10% of all trees sampled.
By using this percentage, the smaller fires which scarred only a few trees in any
given fire year will be excluded. Similarly, the user may wish to analyze only those
major fire years in which 50 % of all trees were scarred by fire.

To specify a minimum percentage scarred class, the user can select "I" to
change the minimum percentage scarred class for fire interval analysis, or "S" to
change the minimum percentage scarred class for analyzing the number of trees
being scarred. A dialog box will open and the user should input a new percentage.

Changing the Minimum Number of Samples
Another filter the user may wish to consider allows only certain fire years to

enter the analysis if a minimum number of trees exists for that fire year. This option
is similar to the option contained in the Graphics Module for the Composite Axis,
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and in the Fire Interval Menu discussed above. Only those fire years will enter into
the analysis if the minimum number of trees scarred by fire has been met, which
subsequently will have a direct effect on the data arrays that contain either the
intervals between fires, or the number of trees being scarred by fire. Note that by
designating both the minimum percentage scarred class and a minimum number of
trees scarred by fire, the user has a large degree of control over the years to be
included in the analyses.

Specifying Whether to Include Other Injuries
As seen in the Graphics Module, the user can decide whether to include

other injuries in the analysis and have them treated as if they were fire scars.
Normally, no statistical analyses are conducted on the other injuries (designated
with lower-case letters in the data matrix) as fire scars are considered the only direct
evidence of a fire event. In certain situations, the other injuries may be as diagnostic
of a fire event as a fire scar, as discussed previously concerning the fire history of
giant sequoias. In this case, the researcher should consider including other injuries
in the analyses. To accomplish this, the user can select "0" from the Temporal
Changes Menu. The toggle to the right will reflect the change. Choosing to include
the other injuries in the analyses may dramatically change the results, because dif-
ferent fire years are included that will have a direct effect on the values contained in
the fire interval and percentage scarred data arrays. When choosing to include other
injuries, the FHX2 software first determines whether the minimum number of trees
scarred has been met If so, the other injury events are converted to fire scar events,
and the percentage scarred is then computed to determine whether it meets the
minimum percentage specified by the user. Only after these conditions are met is
the fire year included in the analysis.

Interpreting the Output
The first portion of the output provides a statistical description of either the

fire intervals or percentage scarred information for both the control and test peri-
ods. Statistics include: (1) the range; (2) the number of observations (Num Obs); (3)
the mean of the period; (4) the standard error of the mean (Std Err); (5) the vari-
ance about the mean; (6) the standard deviation (Std Dey); and, (7) the coefficient
of variation (cv). After the data from the two periods are pooled and transformed,
the results of the transformation described in the previous section are presented.
Statistics mentioned include: (1) the mean; (2) the standard error of the mean; (3)
the variance; (4) the standard deviation; (5) the skewness; and (6) the kurtosis. The
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latter two statistics should be examined as these give some indication as to the
degree the distribution departs from normality. The third portion of the output
shows the results of the transformation once the data have once again been separat-
ed back into a control and test period.

After the information about the transformation process has been printed, the
results from the statistical tests are then displayed in the next three parts, one each
for the three statistical tests described earlier. Note that decision rules are printed
for all three tests to help the user interpret the results. The decision rules are similar
to those already described in the section on fire intervals, and involve the set up of a
null hypothesis (i.e. "Ho," no difference between the two periods), and an alternate
hypothesis (i.e. "Ha," a difference does appear to be present).

The first section provides information about the results of the t-test for statis-
tically different means between the two periods. Note that two t- statistics are print-
ed. The first t-statistic should be used under the assumption of equal variances, as
noted in the decision rules. The second should be used under the assumption of
unequal variances. To determine which to use, the user should examine the results
of the folded-F test to determine whether the variances between the two periods are
equal or unequal.

The second part of the statistical tests involves the possible changes in the
variance of data values about the mean. This test measures the dispersion of data
values about the mean, as the range of values may have changed between the two
periods. The test statistic is the folded-F value where the larger of the two variances
is placed over the smaller and the ratio computed. A very large value in the numer-
ator respective to the denominator will result in a large ratio and possibly a statisti-
cally significant result

The final test is the K-S test which uses the d-statistic. The K-S test simply
determines the maximum distance between any interval year between the two cumu-
lative frequency distributions of the two periods. A large difference would indicate
that the two distributions are very different, further indicating that a change in the
fire regime between the two periods may have occurred. The user may occasionally
find that the K-S test indicates a statistically significant difference between the two
periods when the previous two tests did not The opposite may also happen. The t-
test and folded-F value may be significant while the K-S test is not It should be
remembered that the K-S test is non-parametric and not as robust as the two para-
metric tests. However, any significant result from the K-S test should be viewed as
indicating some difference between the two periods.
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TESTS FOR SPATIAL DIFFERENCES BETWEEN FIRE REGIMES
The first clue that spatial changes may have occurred in the fire regime may

be observed in the master fire chart for the site. The user should carefully examine
the graph to determine whether a group of samples differs in some aspect from the
remainder of the samples. For example, the first 15 samples collected at a site may
represent samples collected higher in elevation than the remaining 20 samples. The
investigator may wish to determine whether fire regimes of the two areas markedly
differ. Alternatively, some samples may have been collected in a habitat type that
has a lower fuel loading than the type from which the remaining 20 samples were
collected. The investigator may wish to determine whether the different habitat
types have an effect on fuel loadings and the resulting fire regime.

Two sites may be combined into one data file using the Merge function in the
Data Entry Module to determine whether the fire regime from one site differs
markedly from another site. In reality, the composite information from a number of
sites can be combined into one data file, allowing the researcher to analyze multiple
sites versus multiple sites. It is becoming more and more common to collect be-
tween five to ten individual sites from a region to obtain information on the spatial
characteristics of the fire regime (Swetnam 1983; Baisan and Swetnam 1990; Swet-
nam and Baisan, in press), and the FHX2 system can easily accommodate any
number of sites using merged Composite Axis information from these many sites.

It may be necessary to manually group the series differently if the grouping as
originally entered is not conducive to spatial analyses. One group must occupy the
top part of the matrix, while the second group must occupy the bottom part of the
matrix. If the samples are interspersed among each other, the user should use the
Data Entry Module to move the series to the desired locations within the data
matrix, making sure that one specific group occupies the top part and the other
group the bottom part

Beginning the Tests for Spatial Differences
To begin the spatial analyses, select "A" from the Statistics Module Main

Menu. The options available from this new menu are almost exactly as seen in the
previous menu for the Temporal Changes Analyses. The spatial analyses do not use
a control or test period, as the analyses are conducted over the entire period speci-
fied in the range of years by the user. In addition, the user must specify after which
series to divide the site. For spatial analysis, there must be two groups of samples,
and the groups are divided at the dividing series which the user must specify. By
default, the software chooses the middle series for the division, but this is rarely the
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correct divisor series. To help the user decide on which series to divide the group-
ing, select "S" from the Spatial Differences Menu and all series will be displayed.
The user should enter the series number (i.e. the column held in the data matrix)
that appears to the left of the sample ID.

Interpreting the Output
The tests used are the same tests as used in the Temporal Changes Analyses:

(1) the Student's t-test for analyzing differences in means; (2) the folded-F test for
analyzing differences in variances; and (3) the K-S test for analyzing differences in
the two distributions. The output is interpreted in exactly the same manner as the
output for the Temporal Changes Analyses, and the user can simply refer to the
previous section for that discussion. Note, also, that two aspects of the fire regime
can be tested spatially as well as temporally: changes in the intervals between fire,
and changes in the percentage of trees that were scarred by fire. The investigator
should have some a priori knowledge on possible reasons why differences exist
before beginning these analyses. If differences appear to exist visually, the user
should evaluate possible differences in topography, such as southern versus northern
aspects, and past and present land management practices, including degrees of past
grazing. Field notes should be detailed enough to help determine the differences.

Synchroneity of Fire Dates Between or Among Sites
The last suite of tests concerns the synchroneity of fires between or among

sites. Two situations can be tested, depending on the research objective. First, the
synchroneity of fires can be tested between two subsets of samples from within the
same site. For example, a single, contiguous site may be divided into an upper
elevation site and a lower elevation site, and tests performed to determine whether
the fire years are synchronous between these two subsets. There should be some
prior determination by the researcher of the criterion for dividing the site into two
subsites (e.g. topographic effects, soil type, habitat type, land use history, etc.).
Second, the synchroneity of fires can be tested between two non-adjacent sites under
the null hypothesis that the fire years that occurred at both sites are not associated.
For example, two fire history sites may be separated by 50 kilometers, and the re-
searcher has observed some fire and non-fire years are common between the two
sites. If the synchroneity of fire years between these two sites is indeed significant,
then the researcher can postulate which external mechanism(s) may be responsible
for causing this synchroneity of fire and n on-fire years between sites separated by
so great a distance.
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If two separate sites are to be investigated, the researcher has two options:
(1) combine the individual samples from both sites into one data file using the
Merge Matrices routine in the Data Entry Module; or (2) conduct the analyses only
on the composite information for both sites by exporting this information to a data
file in the Composite Axis Menu of the Graphics Module. Both options are suitable,
but the latter is much faster because only two time series are analyzed as opposed to
the many individual series that make up each composite series. If the first option is
chosen, the user must first divide the site after the appropriate series. If the second
option is chosen, the software will automatically divide the data file after the first
composite series. To begin testing for synchroneity, select "Y" from the menu, then
run the analyses by selecting "G".

The output produced by this option consists of five parts: (1) summary infor-
mation on the synchroneity of fires between the two sites; (2) a 2 X 2 contingency
analysis using the chi-squared test; (3) a 2 X 1 contingency analysis also using the
chi-squared test; (4) summary information for various similarity indices; and (5)
results from the Wald-Wolfowitz runs test The fire years for both sites are listed in
the first two columns, while columns three and four provide information on the
synchroneity of fires. The last column provides information on the number of
synchronous or asynchronous runs that occurred over time between the two sites. In
this column, a "+" sign always indicates a synchronous event, while a "2 sign indi-
cates an asynchronous event

The first two tests performed are chi-squared tests of association (Barber
1988; Ludwig and Reynolds 1988). The first of these considers all years from the
beginning to the end of the range of years specified by the user. A 2 X 2 analysis
consists of four cells. The first cell ("a") contains the number of "+ +" fire events in
which fire occurred at both sites. The second cell ("b") contains the number of
events that occurred at Site A, but not at Site B ("+-"). The third cell ("c") contains
the number events that occurred at Site B, but not at Site A ("-+"). Finally, the
fourth cell ("d") contains the number of years in which fire did not occur at either
site ("--"). These values are printed in column two, while column three contains the
expected number of events under the null hypothesis that fire years between the two
sites are not associated. The fourth column contains the calculation of the chi-
squared statistic. Significance is denoted at the .05, .01, and .005 levels. If the ex-
pected value in any one cell falls below 1.0, then the Yates correction for continuity
is applied (Ludwig and Reynolds 1988), and the corrected chi-squared is printed as
well.
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The 2 X 1 contingency analysis expands on this first analysis, and is similar to
a coin toss in which the results can be either synchronous fire years ("heads") or non-
synchronous fire years ("tails"). Only fire years are considered in this analysis. The
number of fire years in which fire did not occur at either site (the "d" cell) is not
used. In addition, note that the values in the "b" and "c" cells are grouped because
either situation is a non-synchronous fire year. Because only fire years are used in
this analysis, statistical significance is more difficult to achieve due to the fewer
observations and cells used. If the two subsites are contiguous, then we would
expect fires to have spread between the two subsites, and the chi-squared statistic
should indeed be significant If the statistic is not significant (indicated by "NS" in
the output), then the researcher should postulate possible reasons that would pre-
vent fire from spreading between the two subsites.

The fourth section of the output lists various similarity indices commonly
used in ecological analyses (Hubalek 1982; Ludwig and Reynolds 1988). Similarity
indices measure the degree of association between two sets of binary (presence-
absence, or plus-minus) data. These indices also use the exact same values for the
four cells as used in the calculation of the chi-squared statistic, which itself is also a
measure of association. Most indices, however, do not use the value for the "d" cell,
because the researcher is usually not interested in the complete absence of data.
The first four indices listed, the Ochiai, Jaccard, Dice, and Kulczynski indices, do not
use the "d" cell. Not incorporating the "d" cell into the analyses has spurred
continuous debate in the ecological literature (Hubalek 1982), because some re-
searchers argue that the complete absence of data provides some form of informa-
tion. For this reason, two additional indices are listed that incorporate the "d" cell
into their calculations. These are the Yule Index (also known as the "tetrachoric
correlation coefficient") and the Baroni-Urbani & Buser Index. Hubalek (1982)
determined that these six indices were the most appropriate of 43 indices evaluated
based on certain criteria.

Similarity indices usually have a range between zero, indicating no associa-
tion whatsoever between the two data sets, and one, indicating perfect association
between the two data sets. (The Yule Index has a range between -1 and 1, similar to
r-values, or correlation coefficients. The values have been resealed to range be-
tween zero and one to maintain compatibility among indices. See Hubalek, page
673, for a discussion of this transformation).

The last test performed is the Wald-Wolfowitz runs test (Barber 1988), and is
similar to the previous tests in that only fire years are considered in this analysis.
The sequence of synchronous and asynchronous fire years forms separate sequences
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of positive and negative runs. These runs can be statistically evaluated to determine
whether the overall sequence was generated by a random process. The first five
rows provide summary information that can be obtained from the previous table. If
the total number of runs is less than that expected due simply by chance, then the
sequence of runs was not generated by a random process.

Note that rejection of the null hypothesis can actually lead to two alternate
hypotheses. If the sequence was not generated by a random process, then two situa-
tions can arise: either there were more negative (non-synchronous runs) or more
positive (synchronous) runs than expected simply by chance. The "direction" of the
alternate hypothesis is determined by the larger of the positive or negative observa-
tions. The test statistic used is the W-statistic, which is the expected number of runs
plus two standard deviations, both of which are printed in the output. If the total
number of runs is less than this statistic, then the sequence of runs was most likely
not generated by a random process. Only the .05 level is used in this analysis.
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APPENDIX D.5 - THE SUPERPOSED EPOCH ANALYSIS MODULE

The program FHE VENT was written by Richard L. Holmes and Thomas W.
Swetnam, and I gratefully acknowledge their assistance in integrating the program
into the FHX2 system. Some portions of this documentation were extracted from
their original documentation.

INTRODUCTION
Superposed epoch analysis (SEA) is a powerful tool used to determine the

degree, strength, and/or influence a particular variable has prior to and during a
certain event, under the assumption that the selected variable has some degree of
influence upon that type of event (Lough and Fritts 1987; Swetnam and Betancourt
1992; Swetnam 1993). In most portions of the United States and North America,
fire events are closely associated not only with the immediate weather patterns, but
also with overall climate trends for the past several years. The problem to be over-
come is the quantification of the degree of influence of climate on observed fire
events: given a set of years in which climate has certain characteristics (e.g. dry from
one year to the next), what is the likelihood that a fire event will result, and what can
we say about the possible severity of that fire event?

In fire history analyses, the event type is the record of fire years while the
variable considered largely responsible for that event (as well as for the severity of
the fire event) is climate. In the FHX2 system, two variables are required. The first
is a list of fire years created using the Composite Axis Export function as described
in the Graphics Module documentation. The second variable can be: (1) a tree-ring
chronology that spans the length of the desired period, or (2) an actual reconstruc-
tion of a particular climate variable based on a local tree-ring chronology. The
format for the fire event years is created by the software, while the format for the
climate or tree-ring data is Decadal format. Tree-ring chronologies produced by the
standardization programs CRONOL and ARSTAN produce chronologies in a
format compatible with the FHEVENT program.

In SEA, fire years are superimposed one on top of another. The climate
prior to, during, and succeeding these fire years is also superimposed as well, result-
ing in a "window" of n number of years encasing the fire year (year "zero" in the
window). The climatic characteristics are then averaged across all fire year events,
as well as for all years prior to and succeeding the fire year. To determine various
levels of confidence, bootstrapping methods are employed on simulated events
(windows picked at random) to provide robust estimates based on the actual data
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themselves. Bootstrapping is preferred because of the often low number of fire
events that must be analyzed (Mooney and Duval 1993). The result is the quantifi-
cation of average climate conditions that existed prior to and during the fire year.

To begin the SEA, select "E" from the FHX2 Main Menu or type "fhevent" at
the DOS prompt. The SEA in the FHX2 system works in two modes. The first is
the "direct" mode begun when running the program from the DOS prompt In this
situation, the user must enter all information according to the Event Program Menu.
The second mode is "interactive," and begins by typing "E" from the Main Menu of
the FHX2 system. The SEA Main Menu opens, and the user can enter the options
needed by the Event Program. Once the options have been entered, the user can
select "G" from the SEA Menu to begin the analyses.

The Event Program will always try to read input from an initialization file
prior to conducting the analyses. If no initialization file exists, default settings will
be used, and the user must change these as required for the analysis. The SEA
program is memory-intensive, and occasionally may not operate from the FHX2

Main Menu. In this case, the information can be entered, the FHX2 system exited,
and the Event program run from the DOS prompt If not enough memory is avail-
able, the user may wish to consider optimizing the memory of the computer using
MemMaker (DOS 6.0 and later) or any commercially-available software (see the
general FHX2 documentation for more information on memory optimization).

THE SEA MAIN MENU
After selecting "E" from the Main Menu, a new window opens for the SEA.

All options in the window must be activated before the SEA program will operate.
When entering information, note that the fields have certain fixed lengths. The
program will not allow the user to enter information over the necessary length. The
following options are available in this window:

Job ID
The Job ID must be entered by selecting "J" from this menu. By default, the

ID is set to "Z ZZ°' but this may be changed by the user. The Job ID simply identifies
a particular run of the Event program and should be unique for each run to allow
the user to identify that run.

Chronology file
This is the file that contains the independent variable, and can be either a

tree-ring chronology developed from nearby trees or an actual climate reconstruc-
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tion based on the same or nearby trees. The chronology file must be in an accept-
able format that is internationally recognized, such as ITRDB (the most common) or
Decadal format If these types of data are not easily available, the user may wish to
obtain nearby chronologies from the International Tree-Ring Data Bank (ITRDB)
which contains tree-ring data in an acceptable format More information about the
ITRDB can be obtained by writing: Bruce Bauer, Paleoclimate Program,
NOAA /NGDC, 325 Broadway E /GC, Boulder, CO 80303 USA, or by e-mail:
bab@mail.ngdc.noaa.gov, or by telephone 303-497-6280, 303-497-6513 (fax).

Fire events file
This is the name of the file that contains the list of fire years as developed

from the Composite Axis in the Graphics Module. The user should refer to that
documentation for more information regarding the exporting of the fire event
information. The file name should also be unique and easily identifiable.

Title for this run
This option allows the user to enter a title that helps identify exactly what is

being analyzed (e.g. "MLC Reconstruction vs Malpais Fires").

Years prior to event
The next two options allow the user to identify the window of time for the

analysis based on years prior to and years following the fire event With this option,
the user can enter the number of years prior to the fire event to be analyzed. These
years are of most interest in this analysis, because climate during these years may, in
some way, have affected the possibility of a fire event occurring. By default, this
value is set to five years, a value found to be optimal based on analyses conducted in
the American Southwest The user should consider changing this value based on
current knowledge of the climate and fire system for the local area.

Years following the fire event
This option allows the user to "close" the window. Analyzing climate follow-

ing a fire event is useful for examining the general trend of climate encasing the fire
years. The window must be defined to include the fire event year in some capacity
for statistical testing. Any value greater than one is acceptable.

Number of simulations
This option is used to designate the number of iterations used in the simula-
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tions for the bootstrapping process to determine confidence limits. By default, this
value is set to 1000. For optimum analysis, the number of simulations should always
be set > 500.

Beginning year of analysis
This option allows the user to enter the first year to begin the analysis. For

ease of use and interpretation, this value is normally set at some even value (e.g.
1600, 1750, 1800, etc.). Note that, in the following options, values should be entered
in multiples of each other (for example, by multiples of 50, 100, 200, etc.). The
beginning year of the analysis can be less than or greater than the first fire year as
well. For example, if the first fire year is 1623, the user may wish to enter the year
1600 as the first year of analysis.

Last year of analysis
The user should enter the last year when to end the analysis. Note that this

year can be less than the last fire year, but must be less than the year 2005.

Starting year for segments
The SEA is conducted on segments of years. This option allows the user to

designate on which year to begin the segment. Usually, this value is the same as the
beginning year for the analysis.

Length of segments
By default, the segment length is set to 100 years. The segment length is the

number of years on which to conduct the analysis. For example, if the beginning
year for the analysis was set at 1600 and the ending year set at 2000, with 100 year
segments, then the first segment tested would be 1600-1700. To conduct the analysis
over the full period, the segment length should be equal to the total number of years
between the beginning and ending years.

Lag between segments
This option allows the user to lag the segments by some designated value. By

default, this option is set to 50 years, allowing the analyses to be conducted on 100
year segments with a 50 year overlap. For example, in the above example, the first
segment tested would be 1600-1700, while the second segment to be tested would be
1650-1750. To test segments exclusive of each other, the lag should be set to zero.
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Include incomplete epochs
Occasionally, a fire event may occur close to the end of the chronology or

climatic series (i.e. the variable being investigated) such that the number of years in
the window extends beyond the end of the variable. The user can select whether to
include these incomplete windows by selecting "I" from the SEA Main Menu. The
default is to exclude these incomplete epochs.

Actual !random event simulation
Two methods are available to the user for designating which type of sampling

to conduct during the simulation. The first is actual event simulation in which the
time intervals between consecutive actual events are calculated, then shuffled at
random. Simulated event years are then picked with these rearranged time inter-
vals. The second method (the default) is to pick simulated event years independent-
ly at random from the variable being tested with replacement. Note that some years
may be picked more than once. This method is considered more statistically sound.

Save spreadsheet I ASCII files
This option allows the output to be presented in tabular format ready for

importing into a spreadsheet or word processor.

Get /Save setting
To write all the information to the initialization file, the user should save the

settings by selecting "V" from this menu. These may be retrieved by selecting "G"
later, and prevents the same input from having to be re-typed. Note that the settings
are automatically saved when the user selects "0" to run the SEA.

Go
Selecting "0" will run the SEA. If the settings have not been saved to the

initialization file, the program will do so. After selecting "0," the FHX2 system calls
the program FHEVENT. This program, by default, will attempt to read the settings
saved in the initialization file first prior to running.

OUTPUT PRODUCED BY THE SEA MODULE
The output produced by this analysis is divided into four sections for each

segment tested. The beginning of the output provides a summary of the options
chosen by the user. The first part of the output provides statistics on the climate or
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tree-ring variable being used ("Time Series Statistics"). The second part of the
output provides information and summary statistics on the years prior to, during,
and following the fire years for the site being tested as designated by the window
defined by the user ("Actual Events: CBE"). This is a critical portion of the output
because the user can quickly scan the mean values in the second column to deter-
mine the characteristics of climate during the event window. Note also that the
95 %, 99%, and 99.9 % confidence limits are provided in this portion of the output

The third part of the output provides similar information and statistics for the
number of simulations conducted ("Simulated Events"). Windows of similar length
were randomly picked out of the entire time series and the mean values calculated
for all years, regardless whether a fire year occurred or not. This provides the
"control" information with which to test the information in the previous section. For
example, we may see that the mean value obtained during the simulations for year
zero was 0.9566. The output may also show that two standard deviations (thus
designating the 95 % confidence level) on either side of this value indicates any
observed value below 0.8427 or above 1.0705 is statistically significant. The ob-
served mean value for year zero may have been 0.7903, indicating that the climate
during the year of fire was drier than normal. This observed value was therefore
found to be significant at the 99% level.

The fourth portion of the output provides a graphical display of the results.
The range of values for each year of the window is displayed as a vertical line. On
each vertical line are symbols designating the 95 %, 99%, and 99.9% confidence
levels based on the simulations. The observed values are designated on each line as
the "year" of the window.
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