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EDITORIAL
THOMAS W. SWETNAM

You will note several major changes in this issue
of the Tree -Ring Society's "flagship" publication.
First, in a general vote of the membership, the name
of this publication was changed from the original
"Tree -Ring Bulletin" to "Tree -Ring Research." This

may seem to be a rather momentous change for a
journal that has been published since 1934 under the
name "Tree -Ring Bulletin" ! In fact, I believe this
change is evolutionary rather than revolutionary. The
original Tree -Ring Bulletin served, in part, to publish
accurate tree -ring dates and chronologies for a Society that was largely located in North America, and

loadable Adobe Acrobat pdf files. Tree -Ring Research will also be included in most of the electronically- searchable databases.

Additional changes include a new Editor (yours
truly), and replacement of the Advisory Council
with a board of Associate Editors (so far these are
Dr. Henri Grissino- Mayer, Dr. Malcolm Cleave land, and Dr. Steven Leavitt). Many thanks are extended to the Bulletin's past Advisory Council and

Associate Editors. We especially thank Dr. Jeff
Dean for his many years of service as Editor.
Last, I will use this opportunity to make a plea
to
the members of the Society and the scientific
predominately in the Southwestern United States.
Much has changed since then. If you are fortunate community as a whole for (1) more submissions
enough to have access to the complete set of 56 of high quality papers, and (2) a spirit of openness
volumes of the Bulletin you can see for yourself the
impressive breadth and depth of contributions that
our journal has made. Here you will find articles by
virtually all of the great and legendary figures in our
field -from North America and other continents. A
general trajectory throughout these volumes has been
toward publication of original and significant scien-

tific papers. I believe that the new name we have
adopted marks a re- dedication of our Society's efforts to publish the world's most important and influential tree -ring research.

Although the name has been changed, for purposes of continuity we have kept the Volume numbers continuous with the Tree -Ring Bulletin series.
The current Volume is number 57, issue number one.
Our plan is to publish at least two issues per year.
We encourage all libraries to place Tree -Ring Research on their shelves in the same location as the
Tree -Ring Bulletin, and to update their catalogues
appropriately. Second, you will note that Tree -Ring
Research has a new format. The overall dimensions
of the journal are the same as the Bulletin, but we

are publishing in two columns rather than one. A
few other modifications have been made, but overall

we have kept most of the style and text formats of
the Bulletin. You may also note that our new publisher is Allen Press. This change has significantly
improved the efficiency of the publishing process,
mailing, and reprint service. Our new publishing arrangements will facilitate eventual co- publication of
an online version of Tree -Ring Research and downCopyright © 2001 by the Tree -Ring Society

and inclusiveness in our publishing efforts. To fulfill the great potential of Tree -Ring Research we
need more manuscripts of first -rate scientific con-

tent. The Editors, working with Allen Press, will
do our best to produce a quality and timely publication and to expand the visibility of our society's flagship journal. In his Editorial in the first
issue, A. E. Douglass identified the purposes and
scope of the Bulletin. Douglass emphasized the
utility of the Bulletin in laying the cornerstone of
our science (dating accuracy), while also the need
to be inclusive of all scientific uses of tree rings.
Although we have changed his journal's name, I
believe we are following through with Douglass'
vision:

Such publication represents a thoughtful effort to standardize the accuracy of tree -ring dating so that before presentation to the public such
dates shall have had every reasonable test to exclude error. This care, which had its immediate
connection with archaeology, has equal impor-

tance, we must remember, in all the scientific
lines associated with tree -ring study. It is only
by infinite care that the language of trees can be
correctly interpreted. While these are the present

purposes of the publication it is not intended
that the papers included should be limited in this

way. The door is held open for development
along any line to which the study of tree rings
may be of service to science.
A. E. Douglass,
Tree -Ring Bulletin (Vol. 1(1), 1934, pp. 2 -3)
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ABSTRACT
Since the mid- 1700s, slash (Pinus elliottii Engelm.) and longleaf (Pinus palustris Mill.) pines growing
in the coastal plain region of the southeastern United States were intentionally wounded ( "boxed" and/or
"chipped ") to induce the production of resin, which was then collected and distilled into turpentine and
its derivatives (termed "gum naval stores "). Relicts from this once- dominant industry are seen throughout
southern pine forests as boxed and chipped stumps or (rarely) still living trees. In this study, we dated the
years of chipping on slash pines growing in two locations in l.owndes County, Georgia, to (1) better
understand past forest land use patterns, and (2) raise public awareness of the ethnohistorical importance
of these trees to the cultural heritage of southern Georgia. We collected cores from ten living trees with
characteristic chipped surfaces ( "catfaces ") from Taylor -Cowart Memorial Park (TCMP) in Valdosta, Georgia, and cross sections from ten chipped stumps in the area surrounding Lake Louise, 12 km south of
Valdosta. We conclude that chipping at TCMP occurred in 1947 -1948, while two chipping events occurred
at Lake Louise around 1925 and between 1954 -1956. Our dating was facilitated by observing periods of
growth suppression, distorted and /or discolored rings, and the absence of some growth rings that may
indicate possible chipping events. We recommend that these chipped stumps and living trees be preserved
intact for their ethnohistorical significance, educational importance, and potential for future research.

Keywords: turpentine industry, gum naval stores, slash pine, Pinus elliottii Engelm., Georgia. southeastern US.

INTRODUCTION
The term "naval stores" is used to describe the
first and longest -lasting commercial industry in
North America (Butler 1998). As early as 1605,
English colonists in the eastern United States colCopyright © 2001 by the Tree -Ring Society

lected resin from pine trees that were "boxed" or
"chipped" (i.e. removal of bark, phloem, and usually the outer xylem) with axes (Veitch 1936; Malone 1964; Frost 1993; Butler 1998). Today, relict
stumps and living trees are occasionally encountered in second- and third -growth forests through3
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out the South that display the characteristic Vshaped streaks (caused by chipping) and rusted
metal gutters (that routed resin to cups). These
trees and stumps serve as unrecognized historic
memorials of an industry that helped support the
southern states during the difficult period of re-

teaching basic principles of dendrochronology,

construction that followed the American Civil War

The original method used for producing resin
during the Colonial period was to burn the base of
the tree, thus causing the pine to exude crude gum

(Veitch 1936; Forney 1987; Branch and Persico
1990).

In physical appearance, the chipped longleaf
and slash pine trees of the coastal plain region re-

semble the ponderosa pines (Pinus ponderosa
Dougl. ex. Laws.) and other tree species that were

debarked (or "peeled ") by Native Americans
throughout western North America (Swetnam
1984; Towner et al. 1999; Kaye and Swetnam
1999). Such trees are known as culturally modified
trees, or CMTs (Stryd 1998). CMTs are archaeologically important because they provide critical
information for understanding Native American
subsistence patterns, migration patterns, religious
practices, and medicinal practices. Although not
fashioned by Native Americans, chipped longleaf
and slash pines have been culturally modified.
These chipped CMTs stand as reminders of the
once -dominant naval stores industry and to the
type of work that employed many people in the
pine savannas of the coastal plain for several hundred years. Tree -ring dating of chipping events
could reveal not only when the industry was practiced within a certain area, but also emphasize the
ethnohistorical significance of these trees to the
cultural heritage of the coastal plain region.

The discovery of chipped stumps and living
trees in protected areas in Lowndes County, Georgia, provided an opportunity to use tree -ring dating
techniques to learn about past land use practices,
and to study the impact of human disturbances on
forest ecosystems. The goals of our study were to
(1) determine the dates of modification of chipped

biogeography, and ecology.

ETHNOHISTORY OF THE NAVAL
STORES INDUSTRY

that was collected in a hole dug beside the tree
(Herndon 1968; Butler 1998). To prevent debris
from collecting in the resin, a new method was
later adopted that used a cavity called a "box" cut
into the base of the tree (Schorger and Betts 1915;

Veitch and Grotlisch 1921; Snow 1949; Dyer
1960; Butler 1998) (Figure 1). Above the box,
workers would "streak" the tree once a week during the growing season with a special ax called a
"hack" (Snow 1949). The lower portion of this
worked area was called a "catface," while the en-

tire streaked surface was called a "face" (local
people still refer to standing trees as "catheads ").

This "boxing" method of collecting crude gum
dominated the naval stores industry in the US for
300 years until ca. 1900. As early as 1715, this

method was recognized as a waste of forest resources because of its destructiveness to individual
trees and depletion of entire forests (Snow 1949;
Wright 1979; Butler 1998).
The intentional wounding of pines caused large
amounts of resin to be produced (Veitch and Grotlisch 1921; Gerry 1922; McReynolds et al. 1989;
Butler 1998), perhaps as a defense mechanism by
the tree to inhibit additional internal damage from
disease and insects (Verrali 1938). In fact, the first

streak made on the tree was called the "healing"
streak for this very reason (Shelton 1976). Turpentine was distilled from the resin collected from

living trees (Veitch 1936; Perry 1968; Wright
1979) to create spirits of turpentine, rosin, soap,

varnish, candles, and pine oil (Butler 1998). This
stumps and living trees, (2) apply these data to process comprised the "gum naval stores" indusbetter understand past forest use patterns in the try. Resin was also distilled from dead resinous
area, and (3) create public awareness concerning pines (called "lightwood ") collected on forest
the significance of these stumps and trees to the floors to create tar (Wright 1979; Butler 1998), the
cultural heritage of south Georgia. Furthermore, "wood naval stores" industry. Tar was used as a
these relict trees and stumps could serve to educate

students in the geosciences by simultaneously

lubricant or further distilled (actually burned) into
pitch and used to coat and seal gaps between tim-
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Figure 1. A worker "box ing" the base of a pine tree ca. 1903. The basal cavity will collect resin that exudes from streaks that
will eventually be cut at angles into the tree above the cavity (from Butler 1998).

bers of sailing vessels (Herndon 1968; Perry
1968). Pitch was a necessity on every wooden sailing ship (hence the term " naval stores") to ensure
a water-tight vessel, to protect the wood from shipworms, and to coat and protect the sails. Tar and
pitch comprised two of the major exports to England during the Colonial Period (Malone 1964;
Herndon 1968; Butler 1998).
After the Revolutionary War, New England and
central Atlantic forests became depleted of trees
necessary for the production of resin (Malone
1964; Wright 1979; Butler 1998), and the industry
moved southward into the extensive longleaf pine
forests that stretched along the Atlantic and Gulf
coasts from southeastern Virginia to eastern Texas
(Veitch 1936; Malone 1964). Longleaf pine soon
became the preferred tree species for the production of resin (Perry 1968; Frost 1993; Butler
1998). By 1850, North Carolina (the "Tar Heel
State") became the leading supplier of naval stores
(Perry 1968; Thomas 1977; Frost 1993), but depletion of its forests soon caused workers to mi-

grate southward. Between 1869-1879, South Carolina was the industry leader in gum naval stores
(Perry 1968; Butler 1998). As early as 1849, the
naval stores industry reached Georgia near coastal
Savannah (Perry 1968), although tar and pitch had
been produced in small quantities for export since
the pre-Revolutionary War period (Herndon 1968).
Between 1889-1899, Georgia was the leading
supplier of gum naval stores (Perry 1968; Thomas
1977). Eventually, Florida capitalized on its extensive longleaf pine forests in the northern and central portions of the state, and led the industry in
production between 1899-1909 (Perry 1968). Beginning in the 1920s, Georgia again assumed dominance in the industry, and continues to produce
the majority of gum resin in the United States.
Beginning in the mid-1800s, petroleum-based
products supplanted the need for tar and pitch. In
addition, the turpentine industry also declined, initially from competition with the wood naval stores
industry (Thomas 1977), and later (mid-20th century) because the prolific pulp and paper mills
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could more easily distill turpentine (called "tall
oil ") as a by- product of the pulping process (But-

ler 1998). As early as 1920, the naval stores industry was regarded as a dying industry (Range
1954), despite efforts to salvage the industry by
such organizations as the American Turpentine
Farmers Association (ATFA), which formed in the

late 1930s in Valdosta, Georgia (Thomas 1977;
Gerrell 1997). The production of gum naval stores

remained a major employer in Georgia until the
1960s, largely by exploiting planted second- and
third -growth slash pine forests that emerged following the near -destruction of the longleaf pine
forests (Wright 1979). Beginning in the 1950s,
economic growth in the Southeastern US focused
on the pulp and paper industry, and the once -vast
longleaf pine forests that dominated the pre- settlement landscape in the coastal plain were soon re-

placed by heavily managed plantations of slash
pines. Today, 19 gum producers remain working
14 crops, all located in southern Georgia (Butler
1998).

The early process of "boxing" was highly destructive as trees were weakened and vulnerable to
wind damage, insects, and disease (Schorger and

Betts 1915; Westveld 1935; McReynolds et al.
1989). By 1903, a new method of collecting crude
gum was developed that used gutters to route the
flowing gum into hanging cups (Figure 2) (Thomas 1977; Gerrell 1997; Butler 1998). Beginning in

the early 1940s, a spray (and later a paste) containing a sulphuric acid mixture was applied directly to the new streak (Ostrom 1945; Snow
1949), eliminating the need for chipping deeply
into the xylem. This process increased gum production (by keeping resin ducts from clogging)
and ensured preservation of the wood for lumber
(Thomas 1977). During the same period, turpentiners

in some areas of the Southeastern US

chipped trees using long vertical streaks called
"French faces" to increase gum yield and maintain tree vigor (Harper 1931; Westveld 1935).
Eventually, most chipped pines were logged above
the face 5 -10 years after first being streaked.

STUDY SITES
Taylor -Cowart Memorial Park (TCMP) is a
maintained municipal park located within the city

limits of Valdosta, Georgia (Figure 3). The park
contains several large- diameter slash pines that
were once chipped for turpentine as noted by the
V- shaped streaks with rusted metal gutters still at-

tached. Surprisingly, these trees were not soon
logged, the common fate of most pines chipped
for turpentine. Most of the pines at TCMP contained extensive interior decay and could be considered structurally unsound. This decay likely occurred because the intentional wounding of the
bark, phloem, and xylem by chipping facilitated
the entrance of decaying fungi.
Lake Louise is a nutrient -poor, acidic, black water sinkhole lake located 12 km south of Valdosta, Georgia (Figure 3). The lake is best known
for sediment cores collected for palynological reconstructions of the vegetation that existed in the
coastal plain region during the late Pleistocene/ear ly Holocene (Watts 1971; Wright 1974). Most of
the littoral zone surrounding the lake consists of
perennially saturated wetlands surrounded by sand
ridges. Pre -settlement forests on these upland surfaces typically supported vast forests of longleaf
pines, but this ecosystem is now considered perhaps the most decimated of all North American
ecosystems (Landers et al. 1995; Means 1995;
Platt 1999). The absence of repeated low- intensity
surface fires has hindered successful establishment

of longleaf pines (Frost 1993), although recent
prescribed burns have caused the re- establishment
of some longleaf pine seedlings. All trees are second- and third -growth following extensive logging

that began in the late -1800s (Platt 1999), due in
large part to the completion then of an extensive

network of rail lines that penetrated deep into
coastal forests (Westveld 1935). Past human disturbances in the immediate vicinity include construction of extensive unmaintained dirt roads and
fire breaks, logging, turpentining, agriculture, and
livestock grazing.
On the southeastern side of the lake, we discovered many 1 -2 m high slash pine stumps that had
been chipped. In the absence of fire, the faster growing slash pine regenerates well and replaces
longleaf pine as the dominant pine species. Slash
pine was also preferred for its greater production
of crude gum compared to longleaf pine (Shelton
1976). Some stumps contained two or more faces
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Figure 2. Streaked pine trees with the cup and gutter system used later after the practice of boxing the base of the trees declined
(from Butler 1998).

fashioned during the same or subsequent seasons,
whereas other stumps suggested a considerable
number of years (15- 30) had lapsed between chipping. These stumps represent a forest once dominated by pines, but which now consists of a mixed
hardwood forest that shows little evidence of successful pine re-establishment. The decline in pine
density is likely due to fire exclusion since the end
of the naval stores industry, because pine species
found in the Atlantic coastal plain region are high-

Iy adapted to repeated low-intensity surface fires
(Wright and Bailey 1982). Fire was routinely used
to clear areas around trees from which gum was
to be extracted (Butler 1998).
METHODS
Field Methods
At TeMp, we used a 50 cm Haglof increment
borer to extract cores from trees that displayed
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Figure 3. Location of the two study sites within Lowndes County.

chipped surfaces. At least one core was extracted
through the scar surface itself. Another core was
extracted opposite from the chipped surface, extending through the tree to the chipped surface on
the other side. In this way, at least two sound cores
were obtained with the chipped surface attached.
Additional cores were extracted on either side of
the chipped surface through the curl of the overgrowing tree tissue. Care was taken to avoid the
metal gutters that now are often embedded into the
tree itself. Cores were placed in paper straws and
labeled, and information on the individual trees
(including diameter at breast height, approximate
height, and crown condition) was recorded on a

standard form. A sketch of the surrounding area
included a relative location of the tree to other
prominent features and other sampled trees within
the study area.

At Lake Louise, we located suitably sound
stumps and obtained cross -sections from ten
chipped trees with a chain saw. Occasionally, two
sections were collected, one low near the base and
another higher up the trunk. We found that sec-

tions taken lower on the tree were often more
sound than sections taken higher. Sections were
then labeled and wrapped in strapping tape to minimize breakage. To facilitate crossdating, six cores
were extracted from one living chipped slash pine

Tree -Ring Dating of Slash Pines

to help verify the chipping dates on the cross sections. All relevant tree and sample information was
recorded on a standard form.

Laboratory Methods
All cores were air -dried for 3 -5 days, then glued
to grooved core mounts and secured with masking
tape. To ensure maximum ring definition, care was
taken to ensure that all cores were mounted with
cells vertically aligned (Stokes and Smiley 1968).
Cross sections were first cut using a band saw to

dimensions suitable for microscopic study. We
then sanded all cores and cross sections with a belt

sander using progressively finer grit sand paper,
beginning with a 40 grit and ending with a 320
grit. This procedure produced a clean, blemish -free

surface that ensured the cellular structure of the
rings would be visible under standard 10X magnification. We crossdated all tree rings from both

sites using skeleton plots (Stokes and Smiley
1968; Swetnam et al. 1985) compared against a
longleaf pine master chronology created previously for the south Georgia area (Palik and Pederson
1996, on file at the International Tree -Ring Data
Bank in Boulder, Colorado). We next recorded the
outermost date on the chipped surface, the outer-

most ring on the tree, the innermost ring on the
tree, and an estimated pith date when possible. We

used program FHX2 (Grissino- Mayer, 2001) to
generate graphs showing the temporal distribution
of chipping dates and injuries related to the chipping process.
RESULTS

Taylor- Cowart Memorial Park
Although each individual core did not necessarily contain a scar, we were still able to determine
dates for chipping by observing (1) distorted, irregular ring widths, caused by the curling of overgrowth xylem around the callous tissue, (2) abrupt
growth suppression for one or more years following chipping, (3) one or two missing rings following chipping, and (4) discoloration of rings due to
excessive resin production. In general, the most
common response by these pines to chipping was
growth suppression, sometimes lasting 3 -6 years
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(see e.g. Gerry 1922; Schopmeyer 1955). For example, TCP001 contained a scar dated at 1940.
However, a severe growth reduction occurred from
1947 -1955 on two of the five cores extracted from
this tree. TCP006 displayed very narrow rings in
the early 1950s due to an injury the tree received
sometime prior to 1950. The rings for 1948 -1949
on TCP008 were barely distinguishable due to the
injury from chipping. We are confident that these
narrow rings were not caused by climate because
the master dating chronology for the area shows

no such reduction in growth among other trees
during this interval.
The narrow rings with faint latewood we termed

"chipping rings." The degree of suppression,
however, varied considerably within and between
trees. Within a single tree, a core taken near the
chipped surface may display considerable suppression beginning in the late 1940s, but a core taken
away from the chipped surface may show no evidence of suppression whatsoever. On some trees,
all cores showed some degree of growth suppression, but all cores from other trees showed only
minimal effects due to chipping. These differential
responses by pines to chipping may have occurred
due to the varying age, size, and vigor of the trees

at the time of chipping, as well as by the width
and depth of the streaks (see e.g. Schopmeyer
1955).

All but two trees yielded a dated scar surface
that indicated chipping occurred sometime between 1940 -1949 (Figure 4). Several pines had
chipped surfaces dated at 1947, while a core from
one pine, TCP004, contained irrefutable evidence
of a chipping date of 1948. The position of the
scar within the ring suggests chipping occurred in
the spring of 1948 during the early portion of the
growing season. Historical records on naval stores
production confirms that chipping began during
the early spring (Butler 1998). Trees TCP002 and
TCP006, which did not contain a clear datable surface on any of their cores, did contain indirect evidence of chipping as noted by excessive resin production within the tree rings following the chip-

ping event. We are confident that these lines of
evidence suggest chipping dates of 1947 -1948 for
the pines at Taylor- Cowart Memorial Park.
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Figure 4. Chipping dates for slash pine trees at TCMP and Lake Louise. Each horizontal line represents the period spanned by
an individual tree. Long vertical bars represent the year of the chipped surface, while short vertical bars indicate an injury related
to the chipping process (growth suppression, missing rings, discoloration, and excessive production of resin).

Lake Louise
The major chipping event at Lake Louise occurred between 1954 -1956 (Figure 4) as indicated
by the outermost rings on the chipped surface on

most samples. The majority of cross sections,
however, suggests the likeliest year for the initial
chipping was 1954, followed by 1955. These dates
confirm historical documents and oral interviews
with local residents that revealed these trees were
chipped from 1954 -1956. We also found an earlier
chipping event that occurred in 1925 on sample
LLX001. This corroborates the historical obser-

vation that certain larger diameter pines with
healthy crowns were often used more than once
by turpentiners (Schorger and Betts 1915; Veitch
and Grotlisch 1921; Westveld 1935), and this tree
may represent such reuse. This tree was at least

35 years old at the time of the 1925 chipping
event. All other sampled pines were still juveniles
(probably 2 -5 years old, based on age at sampling
height) at the time of the 1925 chipping, and were
too young and too small to be effective gum producers (Butler 1998).

DISCUSSION
The dates for chipping at TCMP and Lake Louise indicate the naval stores industry was present
in Lowndes County as late as the 1940s- 1950s.
These pines, however; were utilized in the later
years of the turpentine industry, which ceased to
operate in the county by 1960. The pines at TCMP
were chipped, but not harvested, contrary to the
usual logging that soon occurred after the trees no
longer produced sufficient gum. We also observed
that the pines at Lake Louise had significant overgrowth around the chipped surface, suggesting
these trees remained standing for several decades
after chipping. Interviews with local residents confirmed that these pines were not harvested until
the mid -1980s (J. T. Brown, personal communication). The fact that the pines at both sites were
not logged soon after gum extraction corroborates
ethnohistorical data that indicate the industry died
out in the area shortly after chipping (Butler 1998),

and the properties passed into the hands of non industry interests.
Rather than finding a clearly defined year for a

Tree -Ring Dating of Slash Pines

single chipping event at both sites, we instead
found a range of dates for the chipped surfaces
that likely occurred due to two reasons. First, historical records clearly show that pines used in the
naval stores industry were chipped for 2 -10 growing seasons. Therefore, the initial chipping event
at TCMP most likely occurred in 1947, while the
1948 date represents chipping in the second year
for the stand. At Lake Louise, 1954 was the most
likely year of chipping for most of our sampled

trees, while 1955 represents the second year of
chipping. Second, the chipping process itself removed xylem along with the bark and phloem.
This removal of rings would contribute to a range
of chipping dates because of variation in the dates
for the outermost ring. Surprisingly, our sample
trees were clearly streaked with significant removal of interior wood, despite the fact that turpentin-

ing with a sulphuric acid spray, which began in
the 1940s, required only debarking.

The chipped stumps sampled at Lake Louise
were remarkably sound, largely resulting from the
excess production of resin due to the chipping process itself. When a pine is injured (as during chip-

ping or due to fire), traumatic resin ducts are
formed, often in groups within the annual ring
(Schorger and Betts 1915; Gerry 1922; Dyer
1960). Eventually, the xylem becomes saturated
with resin, a process known as resinosis, which
occurs behind the wound site and extends radially
towards the pith (Hays and Cottle 1989). Vertical

resin ducts increase by as much as ten fold 0.51.0 m above the wound site, and these ducts are
interconnected in the radial direction with horizon-

tal resin ducts (Snow 1949; Dyer 1960; McReynolds et al. 1989). The result is pine wood that is
extremely dense, highly resinous, and very impervious to decay agents. This resinous wood was often used as an illuminant and for kindling, and is

known throughout the coastal plain region as
" lightered wood," "lightwood," or "fatwood."
The collection and distillation of this lightwood
made up the wood naval stores industry. In southern pines, resinosis is usually indicative of damage
due to diseases, such as root- infecting fungi in lon-

gleaf pine, which has been implicated as a contributor to the overall decline in numbers of longleaf pine (Otrosina et al. 1999).
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In addition to their ethnohistorical significance,
chipped trees are also important because they can
be used by educators to teach basic principles of
ecology, biogeography, and dendrochronology. We
have used such trees to reinforce the importance
of reading the natural and cultural landscape, and
to help students of the environmental sciences recognize features that lead to improved interpretations of ecosystem processes. Students therefore
gain a better understanding of past forest use practices that include what may now be considered a
non -traditional use (i.e. naval stores). Coastal areas
of Florida, South Carolina, North Carolina, Alabama, Mississippi, and Georgia are all potential
sources of future research concerning tree -ring dating of chipped pine trees. The potential also exists
for locating original old- growth longleaf pines in
the coastal plain region that were chipped, some
of which may approach 450 -500 years in age. Be-

cause such trees are highly resinous due to the
chipping, their preservation qualities may be enhanced, and may be valuable for clarifying episodes of century -scale climate change in the southeastern United States.

Few people today, however, can recognize a
chipped pine tree, much less the heritage it represents. We believe that chipped pine trees should
be officially recognized as cultural landmarks to
help ensure their protection from unnecessary destruction. The remaining living chipped pines are
quite rare in the heavily managed, forested landscape of the coastal plain region, and every effort
possible should be made to preserve them. Such
trees could be vital in programs that seek to preserve the cultural heritage of the naval stores industry (see e.g. Carlton and Ferguson 1977; Forney 1987; Branch and Persico 1990). We have discovered two rare box -cut stumps in the dense forests surrounding Lake Louise, including one with
two box cuts at the base of what once was a slash
pine approximately 120 cm in diameter. These will
be cordoned off along a proposed nature trail, and
used to teach future visitors about the once -dom-

inant industry of coastal Georgia and the unique
cultural heritage it fostered.
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RESPONSE TO WINTER PRECIPITATION IN RING -WIDTH
CHRONOLOGIES OF PINUS SYLVESTRIS L. FROM THE
NORTHWESTERN SIBERIAN PLAIN, RUSSIA
GERNER THOMSEN
Marathonvej 21, 1. -5.
2300 Copenhagen S, Denmark

ABSTRACT
Six mean ring -width tree -ring chronologies were constructed for living Scots pine (Pious sylvestris L.),
growing near the species' upper and northern limits in the area between the Ob River and the subpolar
Ural Mountains in Russia. All ring -width series were standardized by fitting cubic smoothing splines and
chronologies were constructed as biweight robust means. The six chronologies ranged from 181 to 276
years in length. Response function analysis showed all chronologies to have negative responses to winter
precipitation. Most chronologies also showed positive, but relatively low responses to temperatures of the
current and previous summer. Total October -May precipitation was reconstructed back to A.D. 1843 using
the lagged and unlagged chronologies as candidate predictors. In addition to reflecting an unstable and
time- varying growth -climate link, moderate verification results may partly be due to problems with short
verification periods. The reconstruction contains almost equal amounts of high -frequency (<8 years) and
low- frequency ( >8 years) variations, among them a significant 30 -year variation. The precipitation signal
may add an important aspect to reconstructing paleoclimatic fluctuations in the northern hemisphere. Continuing work with the Scots pine from this area depends on improving the quality of a precipitation
reconstruction and finding older living and subfossil wood.

INTRODUCTION

distribution limits in the subpolar Urals has been
missing to date.

In the last decade much effort has been put into

developing the North Eurasian chronology network (Briffa et al. 1996b). Scots pine plays an
important role in that work, especially west of the
Ural Mountains. For example, two projects aim to
build continuous multimillennial pine ring -width

DATA AND DATA PRETREATMENT

Tree -Ring Widths and Standardization
The tree -ring samples are from six sites near

chronologies in northern Sweden and Finland

Scots pine's upper and northern distribution limit in

spanning 7,000 -8,000 years (Briffa et al. 1995a).
Less dendroclimatic research has been done on
northern Scots pine east of the Urals. One pine -

the area between the subpolar Urals and the Ob

of them based on ring- widths (Vaganov et al.
1996). Two chronologies, based on both ring -

River (Figure 1). Sites 1 -3 are located in the foothills of the Urals (122 -330 m.a.s.l.), while Sites 46 are farther east in the West Siberian Plain (Table
1). Between 23 and 41 cores from between 17 and
22 trees were collected at each site with an increment borer at breast height. Ring -width series were
crossdated with each other, and each ring was assigned a calendar year based on the known collec-

widths and maximum -latewood- densities, are pub-

tion date. The average length of the six series is

lished for sites near the Lena River (Briffa et al.
1996b). Detailed dendroclimatological study of
Scots pine growing near its northern and upper

tween 100 and 200 years (Table 2). No series is

chronology has been published for a site in the
northern Urals (Shiyatov 1986), and three chronologies are published for sites close to the Poluj
River and the lower Tunguska River in Siberia, all

Copyright © 2001 by the Tree -Ring Society

158 years. The majority of series have a length belonger than 265 years in spite that much effort was
15
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Figure 1. Map of the area between the subpolar Urals and the Ob River in western Siberia. Numbers 1 to 6 indicate sites where
samples of Scots pine (Pinus sylvestres L.) were collected. Two meteorological stations in the area (Saranpaul and Berezovo) are
shown.

put into finding sites with old living trees during
the collecting. The reason for this is unknown, but
frequent forest fires may be a possible explanation.

Inspection of time series plots of the measurements of each sample indicate that most have a
decreasing biological growthtrend that is best described as a negative exponential. Removal of the
growthtrend and subsequent computation of dimensionless tree -ring indices (known as "standardization") was done by using a cubic smooth-

ing spline algorithm in the frequency domain
(Cook and Peters 1981). By defining standardization as a frequency, spectrally- specific noise reduction method (Briffa et al. 1987), it is possible

to estimate the growthtrend by some objective
choice of the spline's frequency response function.
The criterion for selection of the optimal spline is

the so- called %n criterion (Cook 1985) which
means that the 50% frequency- response cutoff in
years for the filter should equal a large percentage
of the series length, n. This ensures that little low frequency variance, which is resolvable in the tree-

ring series, is lost by standardization. The %n criterion acknowledges increasing emphasis on longer time scale changes in the interpretation of cli-

matic variability reconstructed from tree -rings
(Briffa et al. 1996a). However, retaining climatic
information at all variances usually means removing less noise; thus, the method is far from perfect
in estimating the growthtrend for dendroclimatological purposes. In the present case, the chosen

percentage was 70 %n, which follows Cook's
(1985) suggestion.

Time -Series Consideration and Signal
Strength

After standardization the ring -width indices
were tested for significant autocorrelation. Partial
autocorrelations computed for series of indices that
belonged to an a priori defined common interval
for each site were tested using the Ljung and Box test (Ljung and Box 1978) to find whether the indices were from a white noise process. The stan-
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Table 1. Site characteristics.

Site

Latitude

1

64 °37'

2

64 °42'

Longitude
60 °21'

60 °55'

Altitude
(m.a.s.l.)

Geomorphology

Forest Type

220 -230

Slope facing south /south-

Open Pious sylvestris stand with ground cover of Vaccinium vitis - idaea.

east in the foothills of
Ural Mountains.
River terrace 5 m.a. river
in a valley running

122

south/north.

Mountainside facing south/
south -east. Exposed to
wind.
River terrace 5 m.a. river
in flat land.

320 -330

3

64 °46'

61 °39'

4

65 °00'

63 °40'

9

5

64 °53'

63 °34'

62

6

64 °00'

64 °47'

20 -30

Slightly hilly country close
to the tundra limit. Exposed to wind.
Slightly hilly country in
middle boreal forest.

dardized ring -width series from all sites had a high
first order partial autocorrelation (p = 0.49 - 0.73),
and the Ljung and Box -test was highly significant

in all cases. As a result of this analysis, prewhitening of the series was tested (Meko 1981), but
found not to improve the climate reconstructions.
Therefore, prewhitening was rejected in favor of

Mixed, multi -storied forest of Pious sylvestris, Pinus sibirica, Larix sibirica,
and Picea abies ssp. obovata. Ground cover of Sphagnum fuscum, Pleurozium
schreberi, and Aulacomniun palustre.
Scattered trees of Pious sylvestris with
rare ground cover.

Stand of Pinus sylvestris with Betula pubescens and Larix sibirica. Groundcover of grass. Sign of forest fire.
Open stand of Pious sylvestris with
groundcover of Vaccinium vitis- idaea.
Mixed, multi- storied forest of Pious sylvestris, Pious sibirica, Larix sibirica,
and Picea abies ssp. obovata. Ground cover of Vaccinium myrtillus.

timate the common signal in indexed ring -width
series. A general linear model with random effects
was defined as:

Xiik = µ+ Y. + Ti + Ckc,) +

Ek

(1)

where i = 1, ... , y years, j = 1, ... , t trees, k
= 1, ... , c cores within trees, Xk are observed

not prewhitening.
Analysis of variance (ANOVA) was used to es-

ring -width indices, .r is the overall (fixed) mean

Table 2. Numbers of sampled trees and cores, chronology

random effects with zero means and respective

length, and distribution of sample lengths within each site.
Chronology
Length (years)

Sample Length (years)

?100 ?200
A
A

Max.

No. of Min. 5
Site

Trees Cores

1

20

2

17

3

20
20
22
21

4
5

6

37
25
41
23

Cores

Cores

<100 <200 <300

181

177

37

276
232

256

185

40

206

28

271

173
155
174
171

16

9

6

32

3

10

13

-

39
26

2

of the sampling population, {Y,}, {T }, {Ck&) }, and
{ e,k} are normal distributed, mutually uncorrelated

variances ol a . o22c, and o-2 (the variance components). Note that cores are nested within trees.
The variance components were estimated by a restricted maximum -likelihood procedure (Patterson
and Thompson 1971). As this procedure allows for
unbalanced data all series in their full length were
used to get the most precise parameter estimates.
The signal strength of the samples was calculated
as:

1

&;

+ &T +

+ Qz

Total Var

(2)
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Table 3. Variance components and signal strength of the chronologies. The full lengths of all series were used in the estimation.

&Z

Total Var

not attributable to any known factor, o-2., usually
amounted to more than a half of the total variance.
It is interesting that the chronology from Site 6
was the only chronology with a significant az. Site
6 is farther to the south than other sites, and this
result confirms the principle of limiting factors.
That is, there is more difference among the ring -

696.40
794.96
864.38
955.14
793.08
734.72
806.45

0.41

width sequences of trees growing far from the

Signal
Strength

Variance Components
Chronology
1

2
3

4
5

6

Average

eq,

487.29
792.67
618.19
757.13
998.32
521.45
695.84

&¡j.

-

29.58

&;/

0.50
0.42
0.44
0.56
0.41

margins of their natural latitudinal or elevational

distribution limits (Fritts 1976). The signal
strength values range from 0.41 (Sites 1 and 6) to
0.56 (Site 5).

0.46

Estimation of Mean Chronologies

It should be kept in mind that "signal" in this
context means any variance which is common for
all cores from year -to -year. There is no guarantee

that the standardization succeeded 100 percent.
Thus, the measured signal strength may still be
affected by exogenous factors other than climate.
The theoretical domain of the signal strength is 0
signal strength
I with I as the best possible

Six chronologies were constructed as biweight
robust means of the indexed series from each site
in order to remove effects of endogenous stand
disturbances that may act as outliers (Cook et al.
1990). The six chronologies span between 181 and
276 years (Table 2). In order to estimate the degree
to which a sample chronology at a particular years
portrays the hypothetically perfect chronology, the
chronology signal was estimated as:

value.
The results are shown in Table 3. Except for one

case, the variance components for trees and cores
were tested to be insignificant for all chronologies.
This result means that the variance from year to
year is a major contributor to the total variance in
the whole data set. The variance attributable to the
difference between trees and cores is obviously
small compared to the total variance. The variance
Table 4. Chronology signal estimated with respectively maximum number of cores and five cores in chronologies. A value
of 1 portrays the hypothetically perfect chronology.
Chronology Signal
Site
1

2
3

4
5

6

Max. No.
of Cores

5 Cores

0.96
0.96
0.97
0.95
0.98
0.95

0.86
0.90
0.87
0.88
0.92
0.86

6-2

6_2

6_2>

QY+t T+c c+ c-

(3)

where y is the year in question. t is the number of
trees and c is the total number of cores in the chronology (all of them at the year of question). In a
year where the "chronology" consists of a single
series, chronology signal equals the signal strength
estimated in (2). The domain of the chronology
signal is 0 < chronology signal < 1 with 1 as the

best possible value (the hypothetically perfect
chronology). With maximum number of cores the
chronology signal is 0.95 or higher for all chronologies (Table 4). Even with only five cores the
chronology signal does not reduce to any smaller
than 0.86.

Climate Data
Monthly mean temperatures and monthly sums
of precipitation for two meteorological stations in
the region were selected from a data file published

by Oak Ridge National Laboratory in the USA

Winter Precipitation Response in Scots Pine

(Vose et al. 1992). The meteorological stations are

Berezovo (63 °56'N, 65 °06'E) and Saranpaul
(64 °17'N, 60 °53'E) (Figure 1). Gaps in these records were filled with data from the Institute of
Plant and Animal Ecology in Ekaterinburg or with

linear regression estimates based on data from
neighboring meteorological stations. For years in
which neighboring meteorological stations also
had missing observations, a grid point temperature
anomaly data set (Jones et al. 1985) was used as
predictor with great success. The complete tem-

perature records ranged from 1932 -1990 and
1879 -1990 for Saranpaul and Berezovo, respectively. The complete precipitation records ranged
from 1934 -1993 and 1891 -1993 for the same stations. The annual sum of precipitation is 480 mm
for Berezovo, while it is 508 mm for Saranpaul
(based on total station records). The temperature
record shows that the winter is very harsh in this
region. The monthly mean temperature is below
the freezing point from October to April inclusive

and the annual mean temperature is -3.7 °C for
both stations.
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was used. On average, this resulted in selection of
9 predictors for the response functions.
As noted by Briffa and Cook (1990), there are
problems in calculating confidence limits for PCbased response functions. The authors mention the
uncertainty regarding the correct numbers of degrees of freedoms as the selection of the final PC
predictors is made a posteriori. Another problem,
and probably more important, is that the standard
error of the monthly climatic weights are calculated without paying attention to the standard errors
of the estimated principal components. Cropper
(1982) used simulation to evaluate confidence limits calculated for response functions and he found
the calculated limits to be overly narrow. Due to
these uncertainties, no attempts were made to calculate confidence limits for the response function.

This study attempted to interpret only the gross
features of individual analyses. Chronologies 1 -3

were compared with the Saranpaul station and
chronologies 4 -6 were compared with the Berezovo station. The period of analysis was standardized. That is, response functions derived by com-

parison of chronologies with climatic data from
Saranpaul and Berezovo stations were calculated
RESPONSE FUNCTION ANALYSIS
Multiple linear regression between the chronology indices and the principal components (PCs) of

the climatic data (Fritts 1976; Briffa and Cook
1990) was used as a statistical tool to describe the
climate -growth link in the chronologies. The total

amount of the chronology variance explained is
taken to be a measure of the strength of the climate- forcing signal. The sign and the magnitude
of the regression coefficients on individual monthly climate variables characterize the nature of the
tree- growth /climate link. The method involves a
two -step selection procedure of PCs. In the present
study only the PCs necessary to account for 90%
of the variance of the whole set were retained after
the first selection. At this point further selection of

the PCs was made a posteriori, based on the regression significances as recommended by Briffa
and Cook (1990). As was the case with the initial
screening, the selection criterion was arbitrarily
chosen, so a 15% probability level of rejecting the
true hypothesis of null correlation when it is false

using a common overlap of 56 years (1935- 1990).
Monthly sums of precipitation and mean temperatures from the prior April to the current September were used in the analysis. The first three lags
of ring -width indices were included in the predic-

tor data set in order to take into account the high
autocorrelation in the ring -width indices. In total
there were 39 predictor variables.
Figure 2a indicates that there is a positive response to temperatures of previous May -July. The
weights are negative for prior August and the current April, while the weights for prior October and
the current March are positive and dominant. Positive weights are also found for current June -July.
Figure 2b shows that the response to precipitation is less uniform between chronologies than the
response to temperatures. This confirms what one
intuitively would expect, because precipitation
usually is a more localized phenomenon than temperature. However, some tendencies may be found.

There seems to be a positive response to precipitation of previous June -July, while a negative response is found to the precipitation from prior Oc-
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Figure 2. PC -based response functions for chronologies 1 -6 (in the mentioned order within each group of bars): (a) response to
monthly mean temperatures (prior April to current September) and the first three lags of ring -width indices; (b) response to total
monthly precipitation for the same period. Chronologies 1 -3 and 4 -6 are compared with climatic data from Saranpaul and
Berezovo, respectively. The period of analysis is 1935 -1990.

tober through current May. There are some significant deviations from these tendencies for single
chronologies in March and April.
All chronologies show a decreasing positive response to lags of growth (Figure 2a). All response
functions had high values of explained variances

(50 % -76 %). The explained variance for Chronol-

ogy 4 is relatively small compared with chronologies from other sites (50% compared to an average of 67% in the rest of the chronologies). This
result agrees with the field observation that growth
conditions for trees from Site 4 are very different

Winter Precipitation Response in Scots Pine

from those of the other sites. In many years, factors other than climate such as forest fires, soil
type, soil water potential, etc. are probably more
limiting to growth in many of these trees.
To supplement the PC -based response functions,
multiple linear regression models describing each

chronology as a function of few significant climatic variables for which significance levels can
be calculated were calibrated. Only those variables

that had been found to be important in the PCbased response function analysis and had some
physiological justification were used as predictors.

This rigorous criterion is applied because a false
effect of a visible variable may, in fact, be caused
by an unmeasured latent variable. Provided the
system operated across the entire time range in the
same way as during the period of overlap between
the tree -ring and climatic data, this will not be misleading. However, unobserved changes in unmea-

sured latent variables may cause the equation to
become unreliable when used for reconstruction

purposes. The significant proportion of unexplained variance in the response functions confirms the existence of umeasured latent variables,
and the risk of including such variables decreases
when the selection criterion mentioned above is
used. On the other hand, this criterion increases
the risk of excluding variables with direct significant effects on tree -growth.
Based on the specified selection procedure the
following four climatic variables were chosen as
candidate predictors.

1. Mean May -July temperature of the year prior
to growth.

2. Mean June -July temperature of the current
growth -year.

3. Mean July temperature of the current growth year.

4. Total October -May precipitation prior to
growth.

Mean May -July temperature prior to growth
had positive weights in the PC -based response
function analysis. As the chronologies showed
the same response after prewhitening, this lagged
response to summer temperatures is genuine and
not caused by autocorrelation in the ring -width
series. Tranquillini (1979) explained how impor-
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tant the length and warmth of a previous growing
season is for resistance to drought during the following winter when water potential cannot be re-

covered because of frozen soil. The longer and
warmer the growing season, the more the shoots
are able to mature, the less water is lost through
the cuticle, and the less evident is desiccation
damage in the following winter. On the other
hand, a short and cool growing season in the previous year is followed by desiccation damage
during the winter and reduced growth in the subsequent summer. According to this theory, it
would have been logical to include August in the
prior growing season; however, for unknown reasons, prior August always exhibited negative re-

sponse function weights that are difficult to interpret physiologically. The negative correlation
may be an indirect effect connected to the fact
that high late summer mean temperature coincides with less precipitation, which in turn may
have a negative effect on the tree -growth the next
year. Because biological evidence was missing,
prior August was not accepted as a candidate predictor in spite of its unequivocal negative weight
in the response function analysis.
The positive growth- response to summer temperatures in the current growthyear was a general
feature in most of the PC -based response functions. Tranquillini (1979) explained why fluctuations in annual ring- widths in the mountains and
at high latitudes reflect small changes in mean
summer temperature. At cooler temperatures there
is a tendency for photosynthate to be transformed
to sugars and starch rather than cellulose, which
can limit diameter growth. Differences in the duration of the growing season may explain why the

same summer months do not always show the
highest correlations. Thus, both the mean July and
the mean June -July temperatures were selected as
candidate predictors.
Negative weights for precipitation in the winter
months prior to growth were common to most of
the chronologies. Negative growthresponse to winter precipitation has also been found in Scots pine
in northern Norway (Kirchhefer and Vorren 1995)

and in some unpublished Scots pine ring -width
chronologies near the lower Jenissej River in Siberia (S. Shiyatov, personal communication 1997).
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A possible physiological explanation for the negative growthresponse is that deep snow may delay
the start of the growing season by maintaining low
soil temperature. The limiting influence of low soil
temperature on treegrowth has been confirmed by
Tranquillini (1979) in field measurements of net
photosynthesis in Pinus cembra at the timberline.
The negative correlation with winter precipitation
may also be related to a deep layer of snow's delaying thawing of the soil at a time when evapotranspiration increases with increasing air temperature. Thus, the trees will suffer longer and more
intensively from frost drought if the snow hinders
soil thawing in the late spring. The fact that the
negative growth- response to winter precipitation is
more significant in some months than in others

may be due to the distribution of precipitation
within the winter season. Because much of the
winter precipitation in the region usually falls in
October -November, precipitation variance in these
months explained more of the variance in the ring width indices than did that of other winter months.

Intercorrelations within the climate system may
explain why April mainly showed up with positive
weights. The period from October -May was chosen with reference to many years' observations of

snow depth in the area (Anonymous 1956). In
most years the snow was permanent from the beginning or middle of October through the middle
or end of May. It could very well have been that
a better predictor would be mid -October through
mid -May. Unfortunately, the monthly climatic data
did not allow such a predictor.

Temperature in current April always exhibited
strong negative response function weights which
are difficult to interpret physiologically. One possible explanation is that high temperature in the
spring may increase evapotranspiration at a time
when the soil is frozen. This may lead to a growth -

reducing effect of frost drought. On the other
hand, on the assumption that high temperature during spring will remove the snow cover it will also

remove the growth- reducing effect of frost
drought, and one would expect a positive growth
response to April temperatures. Because of these
uncertainties temperature in current April was not
chosen as candidate predictor.
The first three lags of ring -width indices were

added as candidate predictors. No other observed
tendencies in the response function analysis gave
reason to select additional candidate predictors because biological evidence was missing.
The best subset multiple linear regression between each chronology and candidate climatic predictors from the neighbor meteorological station
was selected, by minimizing Mallows Cp statistic
(Draper and Smith 1981). Minor exceptions from
this selection criterion were made when a more
simple model could be chosen with a relatively
small increase of the Cp- value. For example, some
response functions were reduced to include only
the first lag of ring -width indices instead of the
first and third lags. The R- square value (explained
variance) was calculated for each regression. The
period of analysis was standardized in the same
way as for the PC -based response function analysis. Table 5 shows the result. Three climatic variables are included in the best subset regression
for chronologies from Sites 1,3 and 5. Chronologies from Sites 2 and 6 exclude current summer
temperatures, while the chronology from Site 4 excludes prior mean May -July temperature. The first
lag of ring -width indices is included in all the response functions and is highly significant. Winter
precipitation is the only parameter that all chronologies respond to with the highest level of significance for the chronologies that are closest to
the Saranpaul station (Sites 1 -3).
It is difficult to explain why some chronologies
respond to only two climatic variables. One may
argue that these chronologies simply have poor climatic signals because treegrowth is limited by local factors. Field observations confirm this for Site
4 as already mentioned. The same might apply to
Site 2 where the competition between trees is more
intense than at other sites. The weakness in the
response functions selected for Site 6 (which have
the lowest explained variance compared with all
other chronologies) contrasts with the result of the
PC -based response functions. Site six is the most
southern of all sites, and the climatic response in
these trees may be more complicated than the candidate variables allow for. It must also be kept in
mind that all sites (especially 4 -5) are far from the
meteorological stations. Selected response func-
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Table 5. Best subset multiple linear regression between each chronology and candidate predictors from a neighboring meteorological station selected by minimizing Mallow's C, statistic. Candidate predictors are mean May -July temperatures prior to
growth, mean June -July temperature in the current growthyear, mean July temperature in th e current growthyear, total precipitation
from the prior October to the current May, and the first three lags of ring -width indices (L1 -L3). Explained variances (R2) for
the regressions are shown. Significances are based on the t -test.

Temperature
Chronology
1

2
3

4
5

6

Meteorological
Station
Saranpaul
Saranpaul
Saranpaul
Berezovo
Berezovo
Berezovo

May -July
(Prior to
Growth)

June -July

July

X*
X*

X*

Xt

X*
X**

X*
X**

X*

Precipitation
Oct. -May
(Prior to
Growth)

Ll

X***
X**
X***
X**
X*
X*

X***
X***
X***
X***
X***
X***

Growth Lag
L2

L3

R2

0.71
0.67

0.46
0.46
0.60
0.33

*Significant at the 5% level.
* *Significant at the 1% level.
** *Significant at the 1 %0 level or better.
(Significant at the 14% level.

with the best verification result was calculated by
using the total observation record and was then
used to reconstruct total October -May precipitation for Saranpaul back to 1843 (Figure 3). The
RECONSTRUCTION OF THE SUM OF
reconstruction was stopped when the chronology
OCTOBER -MAY PRECIPITATION
signal (Equation 3) in one of the predictors was
reduced
with more than 15% compared with that
Because winter precipitation (October -May)
in
the
calibration
period. The verification results
prior to growth was the only climatic candidate
for
the
reconstruction
model are shown in Table 6.
predictor to which all chronologies responded,
Reduction
of
error
(Fritts
et al. 1990), the product winter precipitation was reconstructed for the Sarmoment
correlation
coefficient
(Draper and Smith
anpaul station. The transfer function was obtained
1981),
and
the
coefficient
of
efficiency
(Cook et
by an inverse calibration of the response function
al.
1994)
were
used
as
verification
statistics.
The
(Fritts 1976; Briffa et al. 1983). All six chronolstandard
prediction
error
(SPE)
was
also
used
as
ogies, including the first growthlag, were used as
candidate predictors for the transfer function (12 an alternative way of testing the reconstruction
candidate predictors in total). Mallow's Cp statistic model. SPE is estimated as:
(Draper and Smith 1981) was used to screen out
the most promising transfer functions for the SarPRESS
(6)
SPE =
anpaul station. Four subset multiple linear regresn
sion models with a CP value close to the minimum
C5-value were selected and were subjected to a where PRESS is calculated by the PRESS- procemore detailed verification. The regression equa- dure (Draper and Smith 1981) and n is the number
tions were derived over the period 1935 -1964 (the of observations in the total lengths of the obsercalibration period) and tested over the subsequent vation record. SPE is expressed in millimeters of
29 years, 1965 -1993 (the verification period). precipitation and should as a rule of thumb be less
Then the later period was used for calibration and than the standard deviation in the observations.
From Table 6 it appears that the transfer functhe earlier for verification. The transfer function

tions can be misleading simply because weather
conditions are local.
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Figure 3. Reconstruction of total winter precipitation to 1843 at the Saranpaul station, "Winter" is defined as the period from
the prior October to the current May (both months included). Predicted values are shown with a heavy line; instrumental records
with a narrow line.

Table 6. Performance over the calibration and verification periods of the selected transfer function for reconstructing total
October -May precipitation at the Saranpaul station. The F -value tests the overall regression equation. Significances of regression
weights are based on the t -test.
Calibration Period:
Verification Period:
Calibration
Variance Explained, R2
F -Value

Standard Prediction Error, SPE (mm)
Standard Deviation in Observations (mm)

1935 -1964
1965 -1993

0.63

-

8.3 **

1965 -1993
1935 -1964

0.45
3.8*

-

-

1935 -1993

0.48
9.5 **

42.3
53.7

Verification

Reduction of Error, RE
Correlation
Coefficient of Efficiency, CE

0.21
0.63 **

0.18

0.31

0.53*
0.28

Regression Weights
Intercept
Chronology 1
Chronology 4
Chronology 4 (lagged)
Chronology 5
Chronology 5 (lagged)

*Significant at the 5% level.
* *Significant at the 1% level or better.

1,969.8 **

-1,754.1 **

-658.5
1,005.3*
365.3
1,726.1*

2,206.1*

1,915.9 **

-719.6
-1,461.0

- 1,101.4*

805.6
1,022.3
725.8

958.0*
383.6
1,084.0*

-669.8
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Figure 4. Reconstructed winter precipitation at Saranpaul station filtered with two reciprocal filters which pass variance with
approximate wavelengths <8 years (high -pass) and >8 years (low- pass), respectively.

tion for the Saranpaul station shows moderate results in both verification periods. The positive REvalues (0.21 and 0.31) indicate that the model is
better than using the average of the calibration period, but these RE- values are not high. The correlations (0.63 and 0.53) show that the model is
rather good at estimating the temporal patterns in
the observations, but CE- values clearly indicate
that a relatively small proportion (18% and 28 %)
of the variance in the observations is reduced by
the model. The regression weights are relatively
unstable in time.
The reconstruction was filtered with two reciprocal filters which pass variance at opposite extremes of the frequency spectrum (Fritts 1976).
The high -pass filter transmits variance with approximate wavelengths <8 years, while the low pass filter passes variance with approximate wavelengths >8 years. Figure 4 shows the reconstruction after the filters have been applied. It appears
that both low- and high- frequency variance exist
in the reconstruction. 47% of the unfiltered variance is passed as high- frequency variance, while
43% is passed as low- frequency variance (10% of
the variance is not passed by the filters).
Extreme individual winter precipitation predictions along with extreme mean values of longer

periods appears from Table 7. All values are
shown as anomalies with respect to the 1951 -1970
period. Of the extreme individual winters, five are
reconstructed to have lower amounts of precipita-

tion, and three to have higher amounts, than the
reconstructed extremes (1957 and 1980) during the
calibration period. Compared with the instrumental

extremes (1957 and 1980), three winters are reconstructed to have lower amounts, but none high-

er. The mean value of the 1847 -1896 period is
below average, while the mean value of the 18971946 period is above average, but significant variance on shorter time- scales exists within the latter.

For example, 1899 -1918 and 1957 -1976 were
above average, while 1877 -1896 and 1937 -1956
were below. A spectral analysis revealed a significant 30 -year cycle in the reconstruction. This is

confirmed by Table 7c which shows that since
1867 the mean value of the winter precipitation
has changed from low to high and vice versa in
30 -year periods.

DISCUSSION OF RESULTS
This reconstruction of winter precipitation from
high latitudes is the first reported in the tree -ring
literature. However, the verification of the precip-
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Table 7. Extreme individual winter precipitation predictions
along with the extreme mean values from among all 20 -year,
30 -year, and 50 -year periods. Amounts of precipitation are
shown as anomalies with respect to the 1951 -1970 period.
Only values for non -overlapping periods are shown. "Year"
refers to the winter starting in October of the previous year.

enon than temperature, the reconstruction model
may be more unstable than the growth -climatic
link gives cause for. That is, in some years, October -May precipitation at selected sites may have
differed substantially from that of the meteorological station 50 -150 kilometers away. This may es-

(a) Individual Winters:
Lowest

pecially apply to sites in the mountains where

Year
1893
1864
1890
1889
1895
1980

Anomaly
(mm)

-159.2
--154.2

-143.3
-129.9
-108.7
-105.6

Highest
Anomaly
Year

(n am)

1906
1912
1909
1957
1914
1908

126.4
119.9
112.0
87.3

(b) 20 -Year Mean Periods:
Lowest
Years

1877 -1896
1937 -1956

Anomaly
(mm)

-64.1
-34.1

87.1

86.4

Highest
Years

1899 -1918
1957 -1976

(c) 30 -Year Mean Periods:
Lowest

Anomaly
(mm)
47.5
4.3

Highest

Years

Anomaly
(mm)

Years

Anomaly
(mm)

1867 -1896
1927 -1956

-56.3
-26.5

1897 -1926
1957 -1986

-1.1

(d) 50 -Year Mean Periods:
Lowest

29.0

weather conditions can change from one valley to
another because of changing topography and wind
conditions. The low predictive value of the reconstruction model may also be explained by a possible time- varying climatic signal in the Siberian

Scots pine. For instance, the response to winter
precipitation may be real only in years when the
amount of precipitation reaches a specific level.
Below this level, snow has no influence on tree growth in the coming summer because it has disappeared by the beginning of the growing season.
In such years, tree -growth responds to summer
temperatures, but in other years when winter precipitation exceeds the threshold, summer temper-

atures have less or no influence on treegrowth.
However, a visual inspection of the reconstruction
in the calibration period (Figure 3) does not confirm this theory. On the contrary it seems to show

that years with high and low amounts of winter
precipitation are reconstructed with an equal degree of skill. Another interesting aspect about reconstruction confidence is the possibility that the
reconstruction model gets stronger and more stable

Highest

Years

Anomaly
(mm)

Years

1847 -1896

-39.2

1897 -1946

Anomaly
(min)
7.0

itation reconstruction shows moderate results compared with the verification of other reconstructions
from high latitudes, for example the reconstruction
of summer temperatures in Scandinavia (Briffa et
al. 1990) and Siberia (Graybill and Shiyatov 1992;
Briffa et al. 1995b). This result is ambiguous because of the short verification periods, but the relatively low R- square values in the final regressions
used for reconstruction indicate that the models in

this study have relatively low predictive value.
However, if precipitation is a more local phenom-

if some kind of density parameter is included as
predictor. This is an unsolved question that should
be cleared up in future work.
The rather short length of this reconstruction
makes it difficult to compare it with the millennium -aged reconstructions of summer temperatures from Larix sibirica in the Polar Urals (Gray bill and Shiyatov 1992; Briffa et al. 1995b). Briffa
et al. (1995) reports that the mean summer (May September) temperatures of the twentieth century
(1901 -1990) is higher than during any similar period since A.D. 914. Correspondingly, the result of

the present study shows that the mean value of
winter precipitation in the 1901 -1990 period was
higher with 32.3 mm compared to the mean value

of the early part of the reconstruction (18431900). Also, the extremes of individual winters,
with high amounts of precipitation, are all found
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in the 20th century. However, to determine if this
increase in recent winter precipitation is unusual

construction. This may be possible by sampling
trees closer to meteorological stations with long

in a long context, similar to the rise in summer

records (to eliminate the problem that precipitation
and snow accumulation may be local phenomena)
and from sites where topography favors snow accumulation. Also, inclusion of a density parameter
as predictor may possible improve the reconstruction. The possibility of finding old living trees and
subfossil wood is another major and unanswered
question that may influence the potential of future
dendroclimatological studies of Scots pine in this

temperatures, clearly implies a longer precipitation

reconstruction. None of the two temperature reconstructions reports of any 30 -year cycle similar
to that found in the reconstruction of winter precipitation.

CONCLUSIONS AND
RECOMMENDATIONS

The results presented here show that the Scots
pine, growing at its upper and northern limits of
its distribution in the northwestern Siberian Plain
and subpolar Ural Mountains, has a complex climatic signal. The response function analysis re-

area.
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PALEOCLIMATIC ANALYSES OF TREE -RING RECONSTRUCTED
SUMMER DROUGHT IN THE UNITED STATES, 1700 -1978
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ABSTRACT
A 155 -point US grid of tree -ring reconstructed summer (JJA; Cook et al. 1996) averaged Palmer Drought
Severity Index (PDSI) was used to document the history and investigate the external forcing of growingseason climate anomalies for the period 1700 to 1978. Statistical analysis software was used to composite
years temporally by computing averages for the years of known dates of major potential climate- forcing
events. A geographic information system (GIS) was used to display the composites as well as individual
years. The forcing factors investigated were the 22 -year Hale solar magnetic cycle, major El Niño (warm)
and La Niña (cold) events based on the Southern Oscillation Index (SOI), and large magnitude low latitude
volcanic eruptions. Positive and negative moisture anomalies appear around Iowa in the alternate 11 -year
sunspot cycles that make up the Hale solar magnetic cycle. Experimentation with the grouping of years in
the Hale cycle composites led to unexplained spatial shifts of the moisture anomalies in the same region.
The El Niño episodes usually show positive (wet) PDSI anomalies in the Southwest from California to
Texas, while La Niña events usually have drought in the same area, with some inconsistent signals in the
north central Plains and the Northwest. The eastern and northern US were unaffected by the Southern
Oscillation, although the summer season reconstructed PDSI may have missed the SOI variation, which is
primarily a winter signal. The three largest tropical volcanic eruptions since 1800 failed to follow a consistent pattern, but the 1815 eruption of Tambora in Indonesia was followed by a very strong positive
growth anomaly in the Southwest in 1816 and 1817. Important regional studies with the winter -spring
season could be done with this network of tree -ring chronologies and observed monthly PDSI data.

INTRODUCTION
Many of today's environmental concerns dwell
on anthropogenic climate change, but the mechanisms and proportion of climate change attributable to human activities are the subject of debate
(Kellogg 1991; Lindzen 1990). Natural climate
changes operating on various time scales complicate the detection of anthropogenic influence on
climate. The causes of climate variability are not
well understood, but we know that changing oceanic and atmospheric thermal gradients alter general atmospheric circulation patterns and the corresponding climate on various scales and differing
magnitudes.
Possible anthropogenic modification of the climate is also poorly understood and is difficult to
detect unambiguously in the presence of natural
variability. Man's influence probably dates back
Copyright © 2001 by the Tree -Ring Society

only to the turn of the century with the spread of
the Industrial Revolution and a nearly exponential
increase in fossil fuel consumption. Through an
understanding of 17th to 19th century climate that
predates most of the effects of the Industrial Revolution, a "natural" baseline or point of reference
can be established for comparison with various

models or theories of anthropogenic climate
change. Unfortunately, few instrumental records of

climate extend much before the beginning of the
20th century and many parts of the world have
none.

The lack of adequate instrumental climate data
before the turn of the century prevents a clear understanding of climate and climate trends before
this time. Tree -ring data, however, can provide an
accurate proxy for climate for up to several thousand years (Fritts 1976). Trees suitable for paleoclimatic investigation that reach ages of more than
31
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Figure 1. Location of 426 tree -ring chronologies used to reconstruct the Cook et al. (1996, 1999) PDSI data set.

300 years are widely distributed (Figure 1). By
relating tree -ring data to recent historical instrumented climate data, annual ring width can be

with 40% of the US experiencing extreme drought
and another 30% experiencing moderate drought
(American Meteorological Society 1997). Clearly,

used to infer prehistoric and pre -instrumental climate and its effects on human affairs ( Stahle et al.
1998). A spatial network of accurately dated tree ring proxy data can then be analyzed to reveal both
spatial and temporal patterns of climate variation
and response to natural climate forcing events such
as the El Niño /Southern Oscillation (ENSO), volcanic eruptions, and solar cycles. Spatial data processing tools such as Geographic Information Systems (GIS) permit analysis and display that can
result in new insights into the character and causation of naturally occurring climate variations.
Drought is potentially one of the most devastating climate variations in human terms and one
of the most complex and least understood of natural hazards (American Meteorological Society
1997). The African droughts of the mid -1980s ad-

we need a better understanding of how drought

versely affected more than 40 million people.
Even in the US, economic impacts can be staggering. Direct impacts of the 1988 drought, for
example, have been estimated at nearly $40 billion

varies within the natural pulse of the planetary circulation and more specifically in the presence ofr
forcing factors such as volcanic eruptions, ENSO,
and solar influences.
DATA

Data for this study consists of gridded data sets
of tree -ring reconstructed summer PDSI (Figure 1,
derived from a network of 426 tree -ring chronologies; Cook et al. 1996, 1999), and observed PDSI

derived from the Global Historical Climatology
Network (GHCN) temperature and precipitation
(Vose et al. 1992). Reconstruction of PDSI from
1700 to 1978 on a 155 -point grid from the 426
tree -ring chronologies and the calibration and validation with observational data from the GHCN is

described by Cook et al. (1996). The LangbeinSlack (1982) grid with a spacing of 2 degrees latitude by 3 degrees longitude provides resolution
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possible climate forcing factors consist of an

PDSI an excellent index for expressing the growth
response of trees. Persistence of the PDSI (serial
correlation between months = 0.89) is a factor in
the strong relation between PDSI and tree growth

ENSO index, volcanic eruption dates and corresponding Volcanic Explosivity Index (VEI), and
sunspot number and polarity.

because tree growth often responds to the integrated effect of climate over six months or more,
from late winter (through soil moisture storage)

high enough to capture mesoscale patterns of wetness and drought, but a data set of manageable size
for most analyses. Event data to be investigated as

through summer.

Tree -Ring Data
Tree -ring chronologies from 36 species forming

a network of 426 sites across the United States,
southern Canada and northern Mexico were calibrated with the gridded observed data set using
principal components analysis and multiple regression at each point. The chronologies used in

The PDSI was scaled by Palmer (1965) as fol-

lows: < -4.0 is extreme drought; -4.0 to < -3.0
is severe drought; -3.0 to < -2.0 is moderate
drought; -2.0 to < -1.0 is mild drought; -1.0 to
< -0.5 is incipient drought; -0.5 to <0.5 is near
normal; 0.5 to 1.0 is incipient wet spell; >1.0 to
2.0 is slightly wet; >2.0 to 3.0 is moderately wet;

>3.0 to 4.0 is very wet; and >4.0 is extremely
wet.

the analyses (Figure 1) were selected for sufficient
The selection of PDSI in the summer months
length to permit reconstruction at all grid points
(June
through August) for reconstruction was used
from 1700 to 1978.
based on the phenology (growth timing) of trees.
Cook et al. (1996) found the highest correlation
Drought Data
between PDSI and tree -ring growth shifted north-

The measure of drought for this study is the
Palmer Drought Severity Index (PDSI), a two level soil moisture model. Palmer (1965) gives details
of the index's development. The PDSI was devel-

oped to answer the question of how much soil
moisture should be available for plant growth in a
given area and time for the "weather" to be considered "normal." That is, the Palmer model standardizes moisture surpluses and deficiencies from
place -to -place and from month -to -month (Karl and

Knight 1985). This means that the PDSI can be
used to compare drought conditions in both space
and time, making it ideal for the analysis undertaken here.

Several characteristics of the PDSI are important to this study. First, the latitude, day length,
and mean temperature are integrated with precipitation into the PDSI through the evapotranspiration parameter, insuring the PDSI can be responsive to most climate- forcing factors. Second, the
PDSI is self- centering; that is, the zero PDSI value
represents the long -term average of no drought and
no excess wetness. This suggests that any positive (negative-) valued areas in maps of PDSI probably

indicate a wet (drought) period of the indicated
magnitude. The soil moisture model makes the

ward as the growing season progressed. The
choice of JJA was a compromise because phenol ogy varies with latitude and because much of the
soil moisture recharge occurs much earlier (Fritts
1976). Cook et al. (1996) used 1928 -1978 observational data for calibration and pre -1928 data to
verify his results. Overall, results were excellent
with a substantial amount of drought signal reconstructed across the US at 154 grid points. One grid
point in southern Florida could not be reconstructed because there were no nearby tree -ring chronologies.

Event Data
Three types of event data were used in the selection of reconstructed years for analysis in this
study. The years of sunspot minima and maxima,
polarity, and cycle beginning and end are from

Schove (1983). A Southern Oscillation Index
(SOI) by Jones (1988) provides a measure of the
strength and phase of the ENSO. The location,
dates, and Volcanic Explosivity Index (VEI) for
volcanic eruptions are from Bradley (1988).
Solar event data used in this study were the annual Wolf or Zurich sunspot numbers available
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Figure 2. The 22 -year Hale solar magnetic cycle shown as the annual sunspot number and the associated polarity of the lead
sunspots within a sunspot group for the duration of a Schwabe (11 -year) cycle. Data for this chart is from Schove (1983) and
Hoyt and Schatten (1997). Two methods of dividing years into halves of each Hale cycle are portrayed on the chart. "A" years
are typically the wet part of a cycle and "B" years are dry over the United States. See the text for further explanation.

from several sources, e.g. Schove (1983). To define the polarity for the approximately 22 -year
Hale solar magnetic cycle, annual sunspot number
data were assigned a " -" for negative portions of
the Hale cycle as displayed in Figure 2. While this
appears as a fictitious negative sunspot number, it
provides an effective graphic portrayal of the Hale

versed portions of the Schwabe sunspot number
cycle, respectively, in Figure 2). The years assigned to the A and B halves under the two different methods are presented in Table 1.
The Southern Oscillation Index (SOI) used in
this study is the monthly difference between normalized average barometric surface pressures at

cycle. Two methods of defining the alternate Tahiti and Darwin, Australia, 1866 -1995. The SOI
halves (arbitrarily denoted A and B in this study)
of the Hale cycle were used. The first follows the
method used by Meko et al. (1985) and Cleave land and Duvick (1992). It defines half the cycle
as beginning one year after a sunspot maximum
and proceeding to the next maximum in the "11year" Schwabe cycle. The second half then begins
one year after that maximum and so on. In Figure
2, this is seen as alternate negative and positive
slopes of the sunspot curve with the exception of
the year of the peak or trough which are assigned
to the previous half- cycle.
The second method of defining halves of the
Hale cycle follows that of Mitchell et al. (1979).
The A and B halves of the cycle are assigned to
the different magnetic polarities (normal and re-

is expressed as a monthly average, but months can
be combined into seasons. Here we averaged the
preceding December, January and February SOI to
form a winter SOI (DJF) for the year that began
in January. The index is zero -centered and provides a good indication of the strength of the trade
winds in the equatorial Pacific and anomalies in
SST's. The top 10 El Niño years (with the largest
negative DJF numbers) based on the instrument determined Jones SOI (1988) from 1866 to 1978
and the top 10 La Niña years (largest positive DJF

numbers) were used as event years in this study
and are listed in Table 2. The number of years used
(the most extreme 10 of each) was arbitrary.
Volcanic eruption data considered in this study
was restricted to eruptions with VEIs of 6 or more
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Table 1. Years incorporated into the wet and dry halves (A
and B) of the Hale solar magnetic cycle for two different methods of defining the periods.
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Table 2. The ranked strongest observed El Niño (warm event)
and La Niña (cold event) years for the period 1866 -1978 used
in the analyses. The Jones (1988) instrumental Southern Oscillation Index (SOI) is the basis for the ranking.

Method 2

Method 1
A (Wet)

B (Dry)

A (Wet)'

B (Dry)2

1700 -1705
1719 -1727
1740 -1750
1762 -1770
1779 -1788
1806 -1816
1831 -1837
1849 -1860
1872 -1884
1895 -1906
1919 -1928
1938 -1947
1959 -1969

1706 -1718
1728 -1739
1751 -1761
1771 -1778
1789 -1805
1817 -1830
1838 -1848
1861 -1871
1885 -1894
1907 -1918
1929 -1937
1948 -1958
1970 -1978

1700 -1711
1723 -1733
1745 -1754
1766 -1774
1784 -1797
1810 -1822
1833 -1842
1856 -1866
1878 -1888
1901 -1912
1923 -1932
1944 -1953
1964 -1975

1712 -1722
1734 -1744
1755 -1765
1775 -1783
1798 -1809
1823 -1832
1843 -1855
1867 -1877
1889 -1900
1913 -1922

1933-1943
1954 -1963
1976 -1978

'Normal magnetic polarity.
'Reversed magnetic polarity.

based on the assumption that eruptions of this
magnitude inject material into the stratosphere to
create an aerosol that reflects sunlight and lowers
temperatures. A VEI of 6 means ejecta of at least
los cubic meters. The three cases analyzed here
were all 6 or greater (Tambora, 7; Krakatau, 6; and
Santa Maria, 6) and are described in Table 3. Two

additional eruptions, Soufriere and Pelee, may
have reinforced the Santa Maria eruption because
they occurred in the same year, although they were
considerably smaller (VEI 4). The eruptions analyzed here occurred at low latitudes in addition to
having large VEI values. Bradley (1988) conclud-

ed that the mid- latitudes, including the United
States are influenced by both high- and low -latitude eruptions.

METHODS
The Cook et al. data set was analyzed to provide
an overall qualitative and quantitative spatial interpretation of drought and wet -spell patterns expected to respond to the various forcing factors
described above. Some effective analyses were
simply displays of the data set a year at a time and
in sequences of years so that spatial drought patterns and temporal variation could be easily visu-

El Niño Years (SOI)
1. 1941

2. 1878
3. 1978

4. 1884
5. 1897
6. 1919
7. 1889

8.1973
9. 1885
10. 1959

La Niña Years (SOI)

(-2.03)
(-1.56)
(-1.42)
(-1.29)
(-1.29)
(-1.28)
(-1.14)
(-1.10)
(-1.09)
(-1.09)

1.

1974 (1.77)

2. 1890 (1.76)
3. 1918 (1.75)
4. 1951 (1.59)

5. 1929 (1.49)
6. 1904 (1.47)
7. 1879 (1.43)

8.1976 (1.42)
9. 1939 (1.24)
10. 1887 (1.16)

alized. To reveal the aggregate drought anomaly
of a forcing event, composites consisting of the
mean for all the event years were prepared. Then
mean event and "non- event" years were differ enced to produce a map clearly revealing the spatial extent and magnitude of the anomaly associated with a forcing event. Statistical analysis also
showed areas with a significant difference (0.05
level), especially when the drought anomaly was
too subtle to be seen using visual methods.
The ability to see and visualize the reconstructed and observed PDSI data superimposed on an
outline map of the United States proved to be the
most effective way to assess some impacts. This
was accomplished with the GRASS GIS (USA CERL 1993) and a thin plate spline interpolation
of the 154 points of reconstructed PDSI data (or
155 points of observed PDSI) to create raster maps
consisting of a 722 X 1147 -cell matrix. The GIS
software currently available does not adequately
manage the time aspect of the PDSI data set and
Table 3. Volcanic eruption events investigated in this study.
Most or all of the affected tree growth would occur in the year
following the eruption date shown below, with the possible
exception of 1815 (Cleaveland 1987).
Volcano

Date

Tambora, Indonesia
Krakatau, Indonesia
Santa Maria, Guatemala
Pelee, West Indies
Soufriere, West Indies

April 5, 1815
August 6,1883
October 6, 1902
May 4, 1902
May 4, 1902

Latitude VE1
8.1 °S

7

6.1 °S

6
6

14.8 °N
14.8 °N
13.3 °N

4
4

FYE and CLEAVELAND

36

Table 4. Descriptive statistics calculated with SAS statistical software (SAS Institute Inc. 1989) to characterize the PDSI data
set and reveal the spatial characteristics of various potential climate -forcing events.
Statistic
Mean

Mean
Mean
Mean
Means difference
Means difference
Means difference
Mean
Mean

difference
Means difference
Mean
Mean

Description/Event

Years

1878, 1884, 1885, 1889, 1897, 1919, 1941.
1973, 1978, 1959
1879, 1887, 1890, 1904, 1918, 1929, 1939,
1951, 1974, 1976
Non -El Niño years, 1876 -1978
Non -La Niña years, 1876 -1978
(specified above)
(specified above)
(specified above)
1816, 1903, 1884
1700 -1978 (less 1815 -1817, 1902, 1903,
1883, 1884)
1816 - (Non -Volcanic Years)
(1816, 1903, 1884) - (Non -Volcanic Years)

Largest El Niño events

"A" years
"B" years

Half of Hale cycle
Half of Hale cycle

Largest La Niña events

El Niño - La Niña
El Niño - Non -El Niño
La Niña - Non -La Niña
Max volcanic dust veils
Years of no major volcanic influence (Non Volcanic Years)

is very limited to spatial objects. This required the
extensive use of UNIX script to extract time -dependent objects for subsequent composite and sta-

quently, it should be expected that the drought re-

tistical processing. GRASS was chosen, in part,

1999) provide a thorough assessment of the reliability and strengths and weaknesses of the PDSI
data set used in this study. As a general observation, the reconstructions are usually conservative

because of its powerful command -driven architecture and integration with the UNIX operating system.

constructions generally underestimate the observed severity of drought. Cook et al. (1996,

Mean composites were prepared for selected estimates of both drought and wetness. Reconmultiple years to show the aggregate PDSI signal
for a particular type of event. Table 4 documents
the event years used to produce mean displays and
summarizes other descriptive statistics calculated
to characterize the PDSI data set. The two -sample
t -test (Steel and Torn e 1980; SAS Institute Inc.
1989) for comparing two means was used to de-

termine the significant difference between the
mean values of the years in the two halves of the
Hale magnetic solar cycle and the means of the
strongest El Niño and La Niña years.
RESULTS AND DISCUSSION
Before discussing results of the climate forcing
investigations, comments about the spatial aspect
of reconstruction validity are appropriate. Because
the regression calibration accounts for less than
100% of observed variance, reconstructed anomalies frequently (but not consistently) undershoot

the corresponding observed anomalies. Conse-

struction appear to have greater detail than the observed data and fewer drought and wetness areas,

but the "centers" of drought and wetness correspond very well.

Solar Forcing
Means of the respective halves of the Hale solar
magnetic cycle were calculated and mapped (not
shown), but were entirely "normal," i.e. showed
only small variations from the near normal category on the PDSI scale. The A half of the Hale
cycle (Table 1) was slightly wetter than the mean
and the B half was slightly drier than the mean
with absolute differences of 0.4 to 0.6 Palmer indices. The large sample size made t -tests a sensitive technique to test the small differences between
the halves of the Hale cycle for statistical significance. Results are shown in Figures 3a and 3b.
Figure 3 (top) shows the grid points that were
significantly different (p < 0.05) between cycles
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Significant (.05) Difference, Hale Solar Cycles A and B (Method 1)

Significant (.05) Difference, Hale Solar Cydes A and B (Method 2)

Figure 3. Top: T -test results for significant (probability of obtaining a value of t so large by chance is less than or equal to 0.05)
difference between the Hale magnetic cycles A and B as defined by method 1 (see text). Grid points with p < 0.05 are shown
as inverted triangles. Bottom: T -test results for significant difference between the Hale magnetic cycles A and B as defined by
method 2 (see text).
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A and B using method 1 of defining the cycle approximately proportional to solar sunspot numhalves. Referring to Figure 2, method 1 was es- ber. Unfortunately, they did not attempt to stratify
sentially the years of negative slope (comprising
A) and years of positive slope (comprising B). The
grid points with significant differences (p < 0.05

results by geographic area. It can only be said that
drought in the western half of the US was responsive to the Hale cycle. Note that method 2 significant results (Figure 3, bottom) were found within
Mitchell's study area. Mitchell offers no cause/ef-

of occurrence by chance) appear in a compact
cluster of 17 points from Kansas to the Great
Lakes (Figure 3, top). A loose cluster of four fect theories, only that the drought rhythm is
points in southern Texas and single points in somehow controlled by long -term solar variability
Oregon and Maine were also significant at this lev-

and may be related to solar magnetic effects.

el. Some randomly distributed points should appear significant by chance, which could explain
the isolated points.
Method 2 (Figure 3, bottom) involved the di-

cepted despite numerous studies showing correlations between solar activity and temperature and/

vision of the Hale cycle by magnetic polarity, with
positive -polarity years grouped in A and negativepolarity years grouped in B. Here the area of sig-

Solar forcing of climate is not generally acor drought (Lean and Rind 1998). The primary
obstacle to understanding solar -forced climate
change is the lack of an accepted forcing mechanism. Although solar irradiance variation in ap-

nificant difference is larger and displaced west- proximate 11- and 22 -year periods is well known,
ward to an area extending from Montana to Ne- solar forcing can only account for a fraction of the
braska. Four points also appear in Georgia and observed global temperature rise in this century
South Carolina and a single point again appears in (Lean and Rind 1998). Solar magnetic variation
Maine. In both methods, the central areas show may also modulate climate with a variety of posbigger differences, with p < 0.001 (not shown) sible mechanisms (Roble and Hays 1982). As with
surrounded by grid points with smaller differences.
Such results certainly do not occur by chance. The

fact that redefining the "wet" and "dry" cycle
segments moves the affected area but does not appear to diminish the effect means that the phenom-

enon is probably real, but has ramifications we
cannot understand without considerable additional
research. We can hypothesize that the shifting ge-

ography in time is the result of changes in solar
irradiance (and /or feedbacks involving the effectiveness of earth's absorption of solar radiation),
the resulting differential heating of the oceans, and
the atmospheric response through preferred posi-

tioning of planetary waves (troughs and ridges)
within the westerlies.

Mitchell et al. (1979) divided the Hale cycle
according to method 2 based on polarity changes

at sunspot minima (when the sunspot number
crosses zero in Figure 2) for use in a harmonic
dial analysis and spectral analysis. They used tree -

ENSO and volcanic forcing of climate, spatial var-

iation of drought by solar forcing may be linked
to climate via modification of thermal gradients
and the resulting circulation of the atmosphere.
Clearly, there are some intriguing possibilities,

particularly in the spatial variation of drought
demonstrated in this study. Only further research
will ultimately provide the answers.

El Niño /Southern Oscillation

The ten most extreme El Niño winter seasons
since 1866, based on the Jones (1988) SOI (Table
2), present a consistent pattern of climate response
(in this case, wetness) in the Southwest from Texas
to California. Similarly, the ten most extreme La
Niña winters (Table 2) show a regional patterns of
drought across the Southwest. Individual maps of
the La Niña years show considerable variability in
the intensity and location of drought, however.

ring data from the western US to reconstruct

A difference map of the respective means or

drought in terms of drought area defined by the

"composite" summer PDSI for the 10 strongest El

PDSI. Mitchell et al. (1979) found a 22 -year cycle
of western drought locked in phase with the Hale

Niño and La Niña events is shown in Figure 4

solar magnetic cycle. The drought area was also

(top) and shows the ENSO signal is most prevalent
in the areas of California, Texas and New Mexico,

Analyses of Summer Drought

39

large area of significant difference in summer
PDSI covers the Southwest from California to

situation has the effect of making Texas climate
appear more responsive to ENSO than areas farther north (Cleaveland et al. 1992). For example,
the baldcypress (Taxodium distichum), which is
prevalent throughout the Southeast and well represented in the Cook PDSI reconstructions, is less
influenced by moisture conditions that precede the
growing season than most trees, masking a winter

Texas.

ENSO influence ( Stahle and Cleaveland 1993).

These results indicate that the greatest influence
of the Southern Oscillation on the reconstructed
summer climate of the US is a wet (dry) pulse in
the southwestern and south central US in response
to El Niño (La Niña). The East is apparently un-

Volcanic Forcing

and the northern Plains. Results of t -tests for significant differences in summer PDSI between the
El Niño and La Niña composites at each grid point
are mapped in Figure 4 (bottom), showing where
the differences are so large that there is a probability of 0.05 or less that they occur by chance. A

affected in summer and the Northwest to north
central US may be affected by the SO in some
cases, although this is difficult to detect consistently. Results here are in agreement with other
studies of spatial patterns of ENSO response
(Lough and Fritts 1990; Cleaveland et al. 1992;
Stahle and Cleaveland 1993; Stahle et al. 1998)
who found good correlations between the winter
SOI and tree growth in the southwestern US and

The three largest volcanic eruptions during the
study period are described in Table 3 and results
are presented here. Tambora's eruption on April 5,
1815 was the largest of the three and may have
been one of the largest in the last 10,000 years

(Stommel and Stommel 1983). A definite tree
growth response appears over the southwestern US

in 1816 because the dust veil presumably spread
over most of the Northern Hemisphere (Cleave land 1987). There was no apparent tree growth response in the Northeast, however, where there are
northern Mexico, but little correlation in the south- anecdotal accounts of frost in every month of the
eastern and eastern US.
1816 summer and even snow in June (Hoyt and
Several factors complicate the simple interpre- Schatten 1997; Stommel and Stommel 1983). A
tation of these results as manifestations of ENSO- temperature record from Cincinnati beginning in
induced climate variation. Foremost is the vari- 1814 (Horstmeyer 1989) shows 1816 to be the
ability in the teleconnection between the ENSO coldest summer on record there in more than 170
and the mid- latitude general circulation (Trenberth years. The lack of a response in the reconstructed
1997). Clearly the intensity and position of various summer PDSI in the Northeast may be because the
weather -producing features such as the subtropical trees used primarily respond to precipitation and
jet vary to some degree in response to the SO, so high temperatures, and are less sensitive to exit is not surprising to see inconsistent patterns of treme minimum temperatures in summer.
variation in US summer PDSI.
The most pronounced feature in the tree -ring
Another factor is time lag. The winter (DJF) record is the reconstructed wet area in the SouthSOI was used to identify the years of potential west in 1816. The key question is, "were the obENSO influence on the summer (JJA) PDSI. This served and reconstructed climatic patterns of
is because the winter SOI correlates most strongly 1815 -1817 caused by the Tambora eruption ?"
with summer PDSI, which presumably incorpo- This is generally the accepted cause, but Hoyt and
rates information about climate from winter Schatten (1997) note that 1816 came near the end
through summer. As mentioned previously, the of the Dalton solar minimum, an abnormally cool
growth of trees is largely a function of temperature period lasting from 1810 to 1820. At least one
and soil moisture. In Texas, ENSO -induced vari- other large volcanic eruption occurred during this
ations in soil moisture occurring in the winter and period, in 1809 (Dai et al. 1991), so that Tamboearly spring influence tree growth, but the ENSO ra's eruption may have added to a cooling trend
influence in areas farther north may not appear in that was already underway and helped produce the
tree growth because of a later growth start. This extraordinarily cold spring and summer weather
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Difference, Mean of 10 EI Nino - 10 La Nina Years

Significant (.05) Difference, EI Nino and La Nina Means
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reported in the Northeast. It should be noted that
the reconstructed winter SOI was close to 0.0 in
both 1816 and 1817 (Cleaveland et al. 1992).
With the eruption of Krakatau in August 1883,
tree growth response to the eruption would not be
expected in 1883. However, 1884 shows a pronounced swing from dry to wet conditions in the
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proximate 0.3 °C cooling in the Northern Hemisphere for the two years following these eruptions.
Figure 5 shows the mean PDSI for the three
principal volcanic eruption years, 1816, 1884, and

1903. The mild to moderate wet area over the
Southwest may be linked to volcanic forcing al-

though ENSO influences probably contributed to
this wet area. The wet extension into the Central
Plains is of interest because it represents an anomported a statistically significant cooling in the aly that is common to the Krakatau and Santa MaNorthern Hemisphere following Krakatau and oth- ria eruptions and common to the Tambora eruption
er major eruptions, but there is little data to con- in the High Plains area of Kansas.
Based on the above analysis, the volcanic erupfidently conclude that the PDSI pattern change
from 1883 -1884 was caused by the eruption of tion signal on PDSI patterns over the US is difficult to discern because it is often weak and may
Krakatau.
The initiation of a very large El Niño event in be masked by other forcing such as ENSO. In the1884 (observed SOI = -1.29), ranked fourth ory, tree -ring response to a volcanically induced
among the instrumentally determined SOIs during temperature depression reduces the moisture defithe study period (Jones 1988), is noteworthy. In cit and promotes tree growth. However, the very
the context of ENSO influence on climate, 1884 slight cooling of the hemispheric temperature as
clearly has the characteristics of a strong El Niño described by Mass and Portman (1989) and Bradwith wetness in California and Texas. The wet area ley (1988), if present, would be difficult to find in
in the center of the US is not a typical ENSO tree -growth response. A more likely influence
feature, however, and may reflect the influence of comes from a change in the general circulation as
the Krakatau eruption. Mass and Portman (1989) described by Lamb (1995) that produces regional
recognized the overlapping and complicating influ- patterns of cloudiness, precipitation, and cooler
ence of ENSO in their study of volcanic forcing temperatures. Such changes would more aggresof climate and attempted to statistically remove the sively enhance growth in trees, especially in the
Southwest where changes from the normally hot,
effects of ENSO.
The eruption of Santa Maria occurred in Octo- dry conditions can result in vigorous tree growth
ber 1902. The Santa Maria eruption was actually (Cleaveland 1987). It is concluded here that tree the largest of three major eruptions that occurred ring reconstructions are useful for studying the
in 1902, the others being Pelee and Soufriere. temperature and precipitation anomalies produced
These eruptions appeared to produce persistent se- by volcanic eruptions, but the small numbers of
big volcanic eruptions restricts our ability to adevere to moderate wetness in the Central Plains and
Mississippi Valley and a marked intrusion of quately observe their effects on tree -ring response,
especially in the presence of forcing by other facdrought in the Southwest. Again, any volcanic
tors such as ENSO.
forcing may be masked by a strong La Niña event
(observed SOI = 1.47) in 1904 with the expected
SUMMARY AND CONCLUSIONS
pattern of drought. Mass and Portman (1989) corrected for the sea surface temperature cooling atThis study was undertaken to investigate the eftributable to the La Niña and still found an ap- fects of natural climate forcing factors in tree -ring
West that persists from 1883 to 1884 in the Central
Mississippi Valley. Mass and Portman (1989) re-

Figure 4. Top: Difference between the El Niño and La Niña 10 -year means taken to show the difference as a "wet" or positive
PDSI. The darker grayshades represent "wetter" conditions. Bottom: results of t -tests showing the significant difference between
El Niño and La Niña 10 -year means. Grid points with a p < 0.05 are shown as inverted triangles.
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Mean PDSI for Major Volcano Eruption Years (1816, 1884, 1903)

Mean reconstructed PDSI for the years of an expected climate signal following the eruptions of Tambora, Krakatau,
and Santa Maria/Pelee /Soufriere. The darker grayshades represent a higher mean positive (wetter) PDSI.

Figure 5.

derived proxy climate data for the period 1700 to
1978. Analyses relied on gridded reconstructed

statistics and test for significant differences be-

and observed summer (JJA) average Palmer

maps. Much of the compositing and differencing
of grid points was done with the SAS statistical
package and UNIX script because available database and GIS programs were not suited for handling temporal objects. The GRASS GIS was chosen, in part, because it offered the greatest flexibility in generating command -oriented temporal

Drought Severity Index (PDSI) over the United
States provided by Dr. Edward Cook of the Lamont- Doherty Earth Observatory. The Cook et al.
(1996, 1999) data were stored in a database man-

agement system for processing in a UNIX environment with statistical and Geographical Information System (GIS) software. Climate event data
and potential forcing factors consisted of solar
magnetic cycles (Schove 1983), the Southern Oscillation Index (Jones 1988), and volcanic eruption
data (Bradley 1988). These data were used to identify the years for composite analyses of the gridded
PDSI.
Analysis of the PDSI data consisted of displaying maps of individual years, compositing significant event years, differencing the composites, and

using a statistical package to derive descriptive

tween grid point means in various composite

objects.
Results of investigating the natural climate forc-

ing in the PDSI data were mixed. The Hale solar
magnetic cycle provided relatively weak but consistent forcing signals. The spatial shift of the area
of significant difference when the halves of the
Hale cycle are defined differently is the most interesting result of this study. The causes are not
clear, suggesting more work needs to be done in
this area.
ENSO investigations provided the most con-
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vincing evidence of a consistent climate signal.
Appreciation also goes to Dr. David Stahle for
Clearly, both the El Niño (warm phase) and La suggesting this research, Anne Gisiger of the
Niña (cold phase) of ENSO consistently influence CAST staff for her assistance with data processing
the southwestern US from California to Texas. issues, and Dr. David Gay for his work on statisAlso noteworthy, however, was the lack of evi- tical analyses of the data. Finally, thanks to the
dence in the reconstructed PDSI for wet conditions

in the Southeast during El Niño. The phenology
of trees and time separation of summer (JJA) PDSI

from winter SOI may have masked the expected
climatic signal in these areas.

Center for Advanced Spatial Technology (CAST),
the Director, Dr. Limp, and his many staff members who cheerfully provided assistance in development of the figures seen in this paper.

The three volcanic eruption analyses results var-

ied for the selected eruptions and suffered from
the low sample size. ENSO events sometimes
masked possible volcanic effects. The Tambora
eruption provided the best signal, with very good
tree -growth response in the Southwest, although
the reported "year without a summer" did not appear in the northeastern US. With the exception of
the Tambora eruption, volcanic climate signals investigated in this study were inconsistent and may
be masked by other forcing factors or simply the

normal regional and global circulation fluctuations.

The PDSI data set analyzed here clearly pro-

vides a credible and comprehensive proxy of
growing season US climate to 1700. Further climate analyses such as superposed epoch analysis,
more sophisticated statistical analysis, examination

of other seasons, and stratification of regions or
climatically homogeneous regions of the US are
needed. Also of considerable interest are studies
of how reconstructed climate may have affected
human affairs and historic events. The current
PDSI data set is being extended farther into the
past (data exists for much earlier than 1700, but
for a limited number of points) and with additional

tree -ring chronologies to improve accuracy and
coverage.
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ABSTRACT
Progressive tree -ring xylem cell size changes may reveal the influence of changing environment during
the growing season. This study examines xylem tracheid cell growth in red pine (Pious resinosa Ait.)
seedlings grown in cabinets under controlled environment, where single parameters (temperature, light, soil
moisture and CO2) were varied step -wise in each chamber at ca. 30 -day increments for ca. 6 months.
Control and temperature treatments were replicated. Cross -sections (20 Am thick) sliced with a sliding

microtome from each of four seedling stems from each cabinet were mounted on glass slides. Lumen
diameters and cell -wall thickness were measured on 4 orthogonal tracheid radial files on 4 radii of each
stem. Mean cell sizes were 11 -17 µm among treatments and growth periods, whereas numbers of cells
formed averaged 0.2 -1.3 cells per day. Cell size increased throughout the experiment in most of the
treatments, including one of the control treatments and those with the greatest potential to limit growth
(decreasing temperature, light and soil moisture). Soil moisture was the only environmental parameter that
tended to cause late declining growth, and CO, up to 500 (Amol mol -' did not appear to influence cell
development. Despite a substantial range of environmental shifts in the chambers (100 p,mol mol -' CO2;
125 pEinsteins m s -' light; 8 °C temperature; 35% relative humidity; watering every day to every 5th
day), the continued stem elongation and cell -size increases indicate that conditions never became significantly limiting to growth in most treatments. Although the range of environmental variability is undoubtedly
much greater in most natural red pine systems, these results indicate that fairly large variations in environment during development of juvenile wood in seedlings may not leave an imprint retrievable from cell size measurements made on the earliest rings of mature trees.

INTRODUCTION

In addition to genetic contributions, xylem
growth will be affected by climate and exogenous
and endogenous disturbances that control light,
temperature, precipitation, relative humidity, soil

moisture, soil nutrients, and CO, (Cook 1987;
Kozlowski and Pallardy 1997). Growth has customarily been quantified by ring width, but there
is increasing interest in micro- characteristics of
tree rings such as the number and size of cells and
cell -wall thickness produced during the growing
season (Vaganov et al. 1985; Schweingruber et al.
1993; Telewski et al. 1999). Jagels and Dyer
(1983) reported very rapid decrease in cell lumen
' Corresponding author: phone: 520 -621 -6468, Fax: 520621 -8229, e -mail sleavitt @ltrr.arizona.edu
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area under dry conditions, while under wet conditions large cell lumen areas are sustained longer.
Saß and Eckstein (1992) found that average vessel

area in tree rings of beech trees shows a stronger
response to precipitation ( +) and temperature ( -),
than did ring width. Orcel et al. (1992) determined
that the number of pores of Swiss oaks correlated
to spring temperature ( +) and sunlight ( -), and
pore size correlated to winter rainfall ( +) and early

spring sunlight ( +). Jagels and Telewski (1990)
summarized recent advances in cell parameter
measurements, and noted smaller cell -wall thickness and lower ratio of cell -wall thickness to lu-

men diameter in Pinus taeda seedlings under
drought -stressed conditions. Modeling of xylem
cell growth in response to climate is being actively
pursued using daily climate information for mature
45
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trees in field stands (Fritts et al. 1991, 1999; Deleuze and Houllier 1998).
This study examines radial tracheid growth of
red pine (Pinus resinosa Ait.) seedling stems under
controlled environmental conditions to determine
the respective influences of light, temperature,
CO2, soil moisture and relative humidity. Red pine

is widespread in the central and eastern parts of
southern Canada and northern United States, and
has a reputation for genetic uniformity (Fowler
and Morris 1977). Comparisons are made within
and among trees under the same growing conditions, and among seedlings under different growing conditions. These results inform us about the
nature of xylem tracheid development in red pine
seedlings exposed systematically to a range of environmental conditions, although the environmental range is probably less than that found in most
natural red pine systems over the growing season.
The results may be transferable to juvenile rings
in mature trees.

METHODS
Two sets of red pine seeds from a common seed
lot were germinated (in July 1989 and June 1990)
and the ensuing seedlings were raised in pots with

homogeneous bulk potting soil in controlled
growth cabinets at the University of Wisconsin's
Biotron facility for two separate simulated growing seasons. For the first group ( "Phase I ") of experiments the growing season continued for 177
days (August 10, 1989 through February 2, 1990);
the second group ( "Phase III ") continued for 186
days (July 23, 1990 through January 21, 1991).
An environmental control failure prematurely terminated the "Phase II" plants.
Temperature, relative humidity, light, soil moisture and CO, were varied step -wise in separate

Table 1. Schedule of step -wise temperature, light, relative humidity (RH), soil moisture and CO, changes in experimental
chambers. Standard conditions in all cabinets for Period I in
Phase 1 (177 days) and Phase III (184 days): 25 °C temperature
in light period, 19 °C in dark period, 50% relative humidity
(RH), -320 p.Einsteins m z s -', 400 bemol mol -' CO four 2minute watering per day. Cabinet #110 in Phase I and cabinet
#106 in Phase III are control chambers with constant conditions
managed as in all cabinets for Period 1. Length of daily light
period was changed from 12 to 16 hours midway through Period 2 in both phases in all cabinets.

Phase I
Temperature

RH

[ °C, Day/

Period/Days

[ %]

Night]

Cabinet #

102

50
58
66
76

106
25/19
23/17
21/15
19/13

85

17/11

1/1 -54

2/55 -100
3/101 -128
4/129 -157
5/158 -177

Light
[p.Einsteins
m-2 s -'1

[µmol

108

112

12 hr/320
12/16 hr/290
16 hr/255
16 hr/225
16 hr/195

400
425
450
475
500

CO2

mol -']

Phase III

Period/Days

Cabinet #
1/1 -66

2/67-114
3/115 -143
4/144 -172
5/173 -186

Temperature
[ °C, Day/Night]
110

Soil Moisture
[Daily Watering
Sequence]
108

25/19
23/17
21/15

wet
wet/dry

19/13
17/11

w /d/d /d

w /d/d
w /d/d /d/d

wise from 25 °C (Tday) /19 °C (Tn;55) to 17 °C (Tday)/

11 °C (Tn,ght) in cabinet #106; (2) CO, increased
from 400 µmol mol -'' to 500 /Imo' mol -' in cabinet #112; (3) relative humidity increased from
50% to 85% in cabinet #102; (4) light decreased
from 320 p.Einsteins m-2 s -' to 195 µEinsteins
m -2 s -' in cabinet #108; (5) all conditions re-

cabinets in approximately 30 -day increments, with

mained constant in the control cabinet #110. In
Phase III, three cabinets were used: (1) tempera-

a single parameter varied in each chamber to isolate its effects (Table 1). Control cabinet parameters for each phase were maintained at a CO, level

ture decreased from 25 °C (Tday) /19 °C (T,, gin) to
17 °C (Tday) /11 °C (Tnigt) in cabinet #110; (2) soil
moisture decreased from watering four times daily

of 400 ppm, a light level of 12 hours @ 320

initially to alternating four days of no watering

,uEinsteins m-2 s -', a temperature of 25 °C (Tday)/
19 °C (Tn;gst), and a watering regime of 4 times dai-

with one day of standard watering in cabinet #108;

ly (2 minutes per watering). In Phase I, five cabinets were utilized: (1) temperature decreased step-

(3) cabinet #106 was maintained as the control.
With the exception of the variable being altered,
the other environmental conditions were identical

Tracheids in P. resinosa Seedlings

to control cabinets. Radial growth was measured
with a micrometer caliper every two weeks during

the growing season to determine incremental
growth within each period.

The first growth period in each phase, representing uniform and equivalent environmental
conditions in all chambers, proceeded for 54 days
in Phase I and 66 days in Phase III to assure adequate seedling establishment. In Phase I the seedlings appeared to go dormant within the second
growth period prompting an increase in photope-

riod from 12 hours to 16 hours on day 74. The
second growth period was then extended to 46
days to ensure the seedlings were growing normally. The second growth period in Phase III was
extended to 48 days to duplicate the length of time
in Phase I, with photoperiod likewise changed to

16 hours at an equivalent time. The remaining
growth periods were approximately 28 to 29 days
in length for both phases. Additional detail of experimental design and procedures are included in

a separate paper on isotopic results from these
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half of the cell -wall thickness on each side of the
lumen plus the lumen diameter as measured in the
radial direction. Cell -wall thickness was found to

show little variability, so that most of the variability in cell diameter is a result of lumen diameter changes. Therefore, no further analysis was
done with cell-wall thickness measurements.
For each radius of each growth period, the number of cells was tabulated, the mean cell size was
calculated, and the total radial growth was determined by summation, the latter to apportion cells
to their respective growth periods based on stem

diameter measured biweekly during the experiments. These three parameters were then averaged
per plant and per cabinet. Cell size was compared
within plants, among plants within a cabinet, and

among cabinets in each phase for each growing
period. ANOVA was used to compare results
among treatments for a given time period, and repeated- measures ANOVA was employed to deter-

mine differences in results of the 5 progressive
growth periods (Anderson 1971).

seedlings (Leavitt 2000).

After the growing season of each phase, the
seedlings were harvested and oven dried. Four
seedlings were selected from each cabinet for fur-

ther analysis. The stems were soaked in water
overnight after which a 20 m -thick cross -section
was sliced from the base of each stem with a slid-

ing microtome. The thin sections were then

RESULTS AND DISCUSSION

For both Phase I and Phase III, mean cell size
within a plant varied over a range of up to 6 µm
among radii. Figures lA and 1B demonstrate inter -

radial variability for single seedlings under variable light and temperature conditions, respectively,

mounted on a glass slide and stained with safranin
(a red dye) so that contrast between cell walls and
lumen was more clearly defined. In Phase I, cell
measurements were made visually to 0.5 µm with
a micrometer ocular. Cells of stems from Phase III
were measured to 0.3 µm by image analysis using
NIH- Image, public domain image processing soft-

showing a range of ca. 4 pm in Period 5 for Tree
#341. Among plants in a cabinet, differences in
the mean cell size among the four radii varied by
up to 4 µm. Figure 2 shows representative cell size variability among seedlings in the soil moisture treatment of Phase III, showing a range of ca.
3 µm among seedling mean cell size in Periods 3

ware from the National Institute of Health, customized for this application (Munro et al. 1996),
which permits rapid measurement of dimensions

and 4.
Two treatments (temperature and control) were
repeated in Phase III, switching growth chambers

with the software subroutines. Student t -tests comparing mean cell measurements from micrometer
ocular and image analysis methods indicate no significant difference between the two methods. Beginning at the pith, successive cells were measured
along four radial directions in the stem cross -sections from 4 trees per cabinet. A single, cell diameter measurement consists of the sum of one-

to better assess overall reproducibility of the experiment. Comparison of mean cell size in cabinets
in which temperature was altered ( #106 in Phase
I and #110 in Phase III, Figure 3A) shows no significant differences for the first four periods of the

experiment, but a significant difference in Period
5 (one -way ANOVA F -test, p < 0.05). The difference in mean cell size between control cabinets
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Figure 2. Mean tracheid cell -size patterns among stems of four
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red pine seedlings in Phase III, cabinet #108 (soil moisture).
Vertical bars represent 1 standard deviation.
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Figure 1. Examples of mean tracheid cell -size patterns along
10
four orthogonal radii of individual red pine seedling stems in
1
2
4
3
(A) Phase I, cabinet #108 (tree P3) in which light was varied,
and (B) Phase Ill, cabinet #110 (tree P341) in which temperGrowth period
ature was varied. Plants were not rotated during the experiment
B)
and moved only briefly during maintenance and measurement 18 - Control replications
activities in the cabinets. Vertical bars represent 1 standard de+ Phase I, cabinet 110
I

1

viation.

(Figure 3B) is statistically significant (ANOVA, p
< 0.05) for all periods except Period 2. Repeated
measures ANOVA indicates significant differences
between successive growth periods for temperature treatments in both phases (F -test, p < 0.001)

and control in Phase I (p < 0.001), but not for
control in Phase III (p = 0.58). The outcome of
the temperature replicates favorably supports minor indeterminate effects of cabinets on the treatments, but the control cabinet results indicate some
large, unknown effects in operation during this
replication. Cabinet attributes would not seem to

16aï

-E- Phase Ill, cabinet 106

14

á

U

12

10

I

2

3

4

5

Growth period
Figure 3. The mean tracheid cell -size of four red pine seedling
stems from treatments replicated in Phase I and III. (A) Temperature- varied cabinets in Phase I ( #106) and Phase III ( #110),

and (B) Control cabinets in Phase I ( #110) and Phase Ill
( #106). Vertical bars represent 1 standard deviation.
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be a major factor because the same two cabinets A)
were used for temperature replication. Perhaps ontogenetic differences (Denne 1976) among seedlings may have played a role, although this effect E
should be minimal because seedlings were distribU)
uted randomly and sampled randomly for cell -size N
analysis. Small differences in seedling age would
m
not seem likely to make a difference, and would U
likely produce the same cell development trends
with a lag. Mean final diameters in Phase III (2.5
and 3.6 mm, respectively, for cabinets #106 and
#110) tended to be smaller than in Phase I for the

same cabinets (4.4 and 5.8 mm, respectively).
Thus, control diameters in Phase III were about
one half that in Phase I, but smaller diameters (and
heights) of the Phase III control seedlings need not

B)

(p < 0.05). In Phase III, the patterns were less
synchronous (Figure 4B). Only the progressive
changes in the temperature treatment (cabinet

Phase I
-to- 102-RH

t 106-temp

16

-A-108-light
-40- 110-control

° 112-0O2
14

12

10
2

1

3

4

5

Growth period

18

Phase III
AI-- 106 -control

contribute to the replication disparity. In fact,
smallest diameters in both phases tended to be in
cabinet #106, but temperature replicates were similar. Mean environmental values were generally
within ca. 3% of their predesignated values, but
perhaps differences between phases in the timing
of extreme values associated with environmental
variance may have affected growth at more critical
developmental times. The growth pattern seen for
the control cabinet in Phase III is closer to a priori
expectations for growth with constant environmental conditions, i.e. stable environmental conditions
should promote relatively constant xylem growth.
However, ontogenetic or maturation effects may be
playing a large role in cell development beyond
the environmental effects.
Plants from all cabinets in Phase I show a similar pattern of increasing cell size (repeated measures ANOVA F -test, p < 0.001 in each cabinet)
throughout the growth period (Figure 4A) despite
the variety of environmental changes. Comparisons for each period in Phase I indicate significant
differences among treatments for Period 1 (ANOVA F -test, p = 0.03) and a tendency to be different in Periods 4 and 5 (p = 0.10 and p = 0.11,
respectively). The control cabinet ( #110) pattern
was not distinguished from the other treatments,
with the exception of cabinet #112 from which it
was different in Periods 3 (t -test, p < 0.01) and 4

18
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Figure 4. Mean radial tracheid cell size in all treatments during
(A) Phase I, and (B) Phase III. Vertical bars represent 1 standard deviation.

#110) were significantly different (repeated measures ANOVA F -test, p < 0.001), and the 3 treat-

ments were significantly different in Periods 3
(one -way ANOVA F -test, p = 0.01), 4 (p =
0.058) and 5 (p = 0.03).
Decreased soil moisture (Figures 2 and 4B) had
the greatest tendency to limit cell size toward the
end of the growing season after Period 3. Although
increasing or decreasing environmental parameters
step -wise monotonically was intended to induce
xylem development changes, none of the treatments, even that of decreasing soil moisture, was
sufficient to promote development of true late wood in which the combined width of adjacent
cell walls exceeds the lumen diameter. Thus, any

growth limitations imposed by the range over
which the environmental parameters were varied
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were not sufficient to induce late -wood formation.

A)
1.6

In the case of the non -water -stressed seedlings,
lack of latewood may have been promoted by the
abundant moisture. Jagels and Telewski (1990)
found that true latewood failed to form in some

-A-108 -light

+110- control
-e-112 -0O2

growth rings of wet -site fertilized red spruce trees.
Lack of latewood formation may also result from
a constant, 16 -hour daylight photoperiod (Denne

and Dodd 1981). Photoperiod exerts a strong influence on cambial activity (Thomas and Vince Prue 1996; Wareing 1951), although this influence
may be indirectly related to the photoperiodic response of the foliar organs (Larson 1962, 1994).
Larson (1960) notes that the "atypical" anatomy

Phase I
--102 -RH
--106 -temp

0.4

0
2

1

4

3

5

Growth period
B)
1.6

of juvenile wood makes it difficult to identify late -

Phase III
- 106 -control

wood cells by most definitions used for growth
rings of mature wood. Conditions beyond the

108 -soil H2O

-40- 110 -temp

range of those in this experiment may be necessary

to induce common latewood. Continued shoot
elongation was found to maintain large cells in red
pine seedlings (Larson 1960), and elongation was

continuing in all periods of the treatments (not
shown) although the rates of elongation were decreasing in most treatments in Phase I by Period

U

0.4

0
1

4. In Phase III the elongation rates had not yet
begun to decrease by the fifth growth period.
Decreasing temperature, light levels and soil
moisture are parameters that seemingly could most
strongly influence general tracheid development.
There was some experimental evidence for a soil
moisture effect and there is a large body of literature on water supply effects on xylem development (summarized in Creber and Chaloner 1990).
The common ecological affiliation of red pine with
dry (extremely well -drained), sandy soils (Rudolf

1990) suggests that it may take exceptionally
stressful drought conditions to affect xylem cell
development. In spite of declining light level, a
favorable (at least for Pinus sylvestris, Wareing
1951) 16 -hour photoperiod throughout the experiment may have prevented expression of any light related effects. It is surprising, however, that there
was no effect of decreasing light levels because of
the ecological classification of red pine as strongly

shade intolerant (Rudolf 1990). Previous controlled- growth experiments with Pinus sylvestris
seedlings (Denne 1971) found minor (ca. 10 %)
temperature effects on tracheid diameter over a ca.

2

3

4

15

Growth period
Figure 5. Mean number of cells per day in each growth period
of all treatments during (A) Phase I, and (B) Phase III. Vertical
bars represent 1 standard deviation.

10 °C temperature range, with temperature influence on rates of cell enlargement and wall thickening apparently being counterbalanced by temperature effects on the duration of time in these
cell -development stages. Additionally, dark -period
temperatures less than 20 °C may have suppressed

respiration losses, thereby allowing retention of
more carbon resources contributing to cell development.

Cell number counts in each period were expressed as average number of cells per day in each

period because of the different lengths of the
growth periods. In Phase I (Figure 5A) there was
a general increase in mean number of cells produced per period, particularly after the increase in
photoperiod in the second growth period. Repeated
measures ANOVA indicates that for each treatment, values among the 5 periods are significantly
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different (F -test, p < 0.003). Within periods, the
treatments were different in Period 1 (one -way
ANOVA F -test, p = 0.10), 2 (p < 0.002), 4 (p <
0.002) and 5 (p < 0.02). In Phase III (Figure 5B),
however, number of cells per day for the 3 treatments in Periods 1 -3 was fairly constant, but cells
per day were high in Period 4 and low in Period
5, with all 3 treatments showing significant differences among periods (repeated measures ANOVA

The outcome of replication was inconsistent.
The temperature treatment replicates (cabinets
#106 and #110 in Phase I and III, respectively)

the soil moisture treatment which would have been

suggests that overall there are factors operating for
which we are not accounting.
The mean cell size tended to increase throughout the experiment in six of the cabinets, including

were not significantly different except for the 5th

growth period, and during that period the variability among seedlings in cabinet #110 was unusually high. The replication of control treatments

(cabinets #110 and #106 in Phase I and III, respectively), however, resulted in mean cell -size
F -test, p < 0.005). Within periods, treatments were trends that were very different in 4 of 5 periods,
different in Period 2 and 3 (one -way ANOVA F- and in all periods the mean cell -size was greater
test, p < 0.006 and 0.012, respectively). The large in Phase I. Although the temperature replication
shift in mean cell numbers per day in period 4 to gives us confidence in the reproducibility of the
period 5 was common among treatments, even in systematics of the experiment, the control replicate
very dry by the time Period 4 was reached. Only
the Phase III temperature treatment showed both
the peak in mean cell size and mean cells per day
in Period 4. Overall, the smallest mean number of
cells per day tended to be in the temperature treatment in Phase I and the control treatment in Phase

one control treatment. The exceptions were the
other control treatment in which cell size remained
fairly constant as might be expected with uniform

III. With respect to the replicated temperature

environmental, and the soil moisture treatment

treatments, the mean number of cells per day was
not different in each period with the exception of
Period 5 (one -way ANOVA F -test, p < 0.001).
However, mean cells per day in control replicates

where cell size tended to decline as moisture stress
increased late in the growing season. Of the treatments with cell size increasing, the CO2 treatment

were significantly different in Periods 2 (p <
0.001), 3 (p < 0.02) and 5 (p < 0.002).

this included the first growth period when all seedlings experienced the same environment.
Mean number of cells per day ranged from ca.
0.2 to 1.3 among treatments and periods, with sim-

SUMMARY AND CONCLUSIONS
Xylem tracheid cell -size measurements revealed

fairly consistent variability (a) among the cells
formed within any growth period (1 standard error

1 gm), (b) among radii from the same
seedling for each growth period (1 SE generally
<1 gm), and (c) among seedlings within a treatment for any growth period (1 SE nearly always
<1 gm). This reflects positively on the accurate
methodology and hardware of measurement and
the consistent behavior of the individuals with respect to whatever cues, environmental or otherwise, to which their tracheid cell size is responding. Furthermore, the low inter -tree variability
within treatments is favorable to detecting differences among treatments given that the mean cell
sizes over all periods and treatments ranged from
ca. 12 to 17 gm.
[SE]

commonly had the smallest cells in Phase I, but

ilar rates of

ca.

0.4 cells per day in the first 2

periods of all treatments. Cells per day increased
over growth periods in both Phases, except for a
sharp decline from Period 4 to 5 in all Phase III
treatments and a similar but smaller decline in the
Phase I light treatment.
The patterns of increasing cell size and cells per
day in many of the treatments (including control),
regardless of the environmental prescription, may
be the key to understanding these results. This suggests the programmed environmental changes ac-

tually had little effect on the seedling xylem tracheid growth pattern. The continued stem elongation with associated auxin production may have
been responsible for the continuous formation of
large tracheids (Larson 1960), effectively "disconnecting" cell -size parameters from environment
except as they might influence stem elongation.
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Additionally, some element of genetic programming for rapid growth in seedlings for competitive
advantage may not be excluded. The environmental range over which variables were altered was
not sufficient to override the programming and induce distinctive, environmentally -driven cell -size
changes. With minor exceptions, red pine seedling
cell size seems unresponsive to the changing environmental conditions.
Controlled growth studies in general provide a
powerful tool by which to study cell growth because one can isolate influences of individual environmental parameters. With seedlings and their
juvenile wood, however, genetic programming to
maximize growth, or stem elongation over very
broad ranges of environmental conditions may
render all but extreme environmental conditions
"invisible" with respect to stem tracheid cell-size
response. Applying this to mature trees, at least
for red pine the inner juvenile rings are less likely
to reveal environmental information retrievable
from cell -size measurements within the environment ranges of this experiment.

Creber, G. T., and W. G. Chaloner
1990 Environmental influences on cambial activity. In The

Vascular Cambium, edited by M. Iqbal, Research
Studies Press Ltd., Somerset, England; pp. 159 -199.
Deleuze, C., and E Houllier
1998 A simple process -based on xylem growth model for
describing wood microdensitometric profiles. Journal
of Theoretical Biology 193:99 -113.
Denne, M. P.
1971 Temperature and tracheid development Pinus sylvestris seedlings. Journal of Experimental Botany 22:
362 -370.
1976

Effects of environmental change on wood production
and wood structure in Picea sitchensis seedlings. Annals of Botany 40:1017 -1028.
Denne, M. P., and R. S. Dodd
1981 The environmental control of xylem cell differentia-

tion. In Xylem Cell Development, edited by G. R.
Barnett, Castle House Publ., England; pp. 236 -258.
Fowler, D. P., and R. W. Morris
1977 Genetic diversity in red pine: evidence for low genetic heterozygosity. Canadian Journal of Forest Research 7:343 -347.
Fritts, H. C., E. A. Vaganov, I. V. Svideskaya, and A. V. Shaskin
1991 Climatic variation and tree -ring structure in conifers:
empirical and mechanistic models of tree -ring width,

number of cells, cell size, cell -wall thickness and

ACKNOWLEDGMENTS
We thank Dr. Ray Guries for the red pine seeds.
Dr. Ted Tibbitts (Director) and Chuck Baum of the

Biotron assisted in planning the experiments and
contributed advice during the course of the experiments. Arvid Lekies, Tom Irwin, Dave Lois, Beth
Hallanger and Maria Teslik of the Biotron and
University of Wisconsin provided assistance in environmental monitoring and data acquisition. Martin Munro and Jim Burns provided valuable assis-

tance in microtoming, staining and cell image
analysis. This manuscript benefited greatly from
comments of Brian Luckman and two anonymous
reviewers. This research was supported by NSF
Grant #ATM -8906112.

wood density. Climate Research 1:97 -116.
Fritts, H. C., A. V. Shashkin, and G. M. Downes
1999 A simulation model of conifer ring growth and cell
structure. In Tree -Ring Analysis: Biological, Methodological and Environmental Aspects, edited by R.
Wimmer, and R. E. Vetter, CABI Publishers, Cambridge; pp. 13 -32.
Jagels, R., and M. V. Dyer
1983 Morphometric analysis applied to wood structure. I:
Cross -sectional cell shape and area change in red
spruce. Wood and Fiber Science 15:376 -386.
Jagels, R., and E W. Telewski
1990 Computer -aided image analysis of tree rings. In
Methods of Dendrochronology, edited by E. R. Cook,
and L. A. Kairiukstis, Kluwer Academic, London;
pp. 76 -93.
Kozlowski, T. T., and S. G. Pallardy
1997 Growth Control in Woody Plants. Academic Press,
New York; 641 pp.
Larson, P. R.

1960 A physiological consideration of the springwood
summerwood transition in red pine. Forest Science

REFERENCES CITED

6(2):110 -122.

Anderson, T.
1971 Time Series Analysis. J. Wiley and Sons, New York.
Cook, E. R.

1962

The decomposition of tree -ring series for environ-

1994

1987

mental studies. Tree -Ring Bulletin 47:37 -59.

The indirect effect of photoperiod on tracheid diameter in Pinus resinosa. American Journal of Botany 49(2):132 -137.
The Vascular Cambium: Development and Structure.
Springer -Verlag Publishers, Berlin; 725 pp.

Tracheids in P. resinosa Seedlings
Leavitt, S. W.
2000 Seasonal response of 8130 in Pinus resinosa Ait.

Schweingruber, E. H., K. R. Briffa, and P. Nogler
1993

seedling growth rings to changing environment in

A tree -ring densitometric transect from Alaska to

controlled growth experiments. In Abstracts of Inter-

Labrador: comparison of ring -width and maximum latewood- density chronologies in the conifer belt of

national Conference on Dendrochronology for the

northern North America. Biometeorology 37:151-

Third Millennium, Mendoza, Argentina; p. 65.
Munro, M. A. R., P. M. Brown, M. K. Hughes, and E. M. R.
Garcia
1996 Image analysis of tracheid dimensions for dendrochronological use. In Tree Rings, Environmental and
Humanity, edited by J. S. Dean, D. M. Meko, and T.
W. Swetnam, Radicarbon, Tucson; pp. 843 -851.
Orcel, A., C. Orcel, A. Favre, M. Mohnhaupt, and J. P. Hurni
1992 Dendroclimatic model constructed with oakwoods of
the Swiss "Piémont jurassien." Lundqua Report 34:
247 -253.
Rudolf, P.O
1990

53

Pinus resinosa Ait. red pine. In Sylvies of North

America, Volume 1, Conifers. Technical coordinators
R. M. Burns and B. H. Honkala, pp. 442 -455. Agric.
Handbook 654. US Dept. of Agriculture, Forest Service, Washington, DC.
Saß, U., and D. Eckstein
1990 The annual vessel area of beech as an ecological indicator. Lundqua Report 34:281 -285.

169.

Telewski, E W., R. T. Swanson, B. R. Strain, and J. M. Burns
1999 Wood properties and ring width response to longterm atmospheric CO. enrichment in field -grown loblolly pine (Pious taeda L.). Plant, Cell and Environment 22:213 -219.
Thomas, B., and D. Vince -Prue
1996 Photoperiodism in Plants. Academic Press, London.
Vaganov, E. A., A. V. Shashkin, 1. V. Sviderskaya, and L. G.
Viesozkaya
1985 Histometric Analysis of Woody Plant Growth. [In
Russian.] NAUKA Publishing House, Novosibirsk;
101 pp.
Wareing, P. F.
1951

Growth studies in woody species. III -Further photoperiodic effects in Pinus sylvestris. Physiologia.
Plantarum 4:41 -56.

Received 7/24/00; accepted 2/5/01.

TREE -RING RESEARCH, Vol. 57(1), 2001, pp. 55 -66

DENDROCLIMATIC ANALYSES USING
THORNTHWAITE -MATHER -TYPE EVAPOTRANSPIRATION MODELS:
A BRIDGE BETWEEN DENDROECOLOGY AND
FOREST SIMULATION MODELS
DAVID LEBLANC and MARK TERRELL
Department of Biology
Ball State University
Muncie, IN 47306, USA

ABSTRACT
The objective of this study was to document correlations between radial growth of white oak (Quercus
alba L.) at 128 sites in the eastern US and variables related to early growing season site water balance,
including the ratio of actual to potential evapotranspiration (AE /PE) computed based on the procedure
described by Thornthwaite and Mather (1957). White oak radial growth was strongly correlated with all
measures of early growing season water balance, but was most consistently and strongly correlated with
Palmer Drought Severity Index (PDI) and AE /PE ratio computed using a modified Thornthwaite- Mather
model. We propose that dendroecological analyses of tree growth responses to climate based on AE /PE
variables could provide empirical data useful for improving climate response algorithms in forest simulation
models. This change of standard practice could also improve biological interpretations derived from such
dendroecological analyses.

Keywords: potential evapotranspiration, actual evapotranspiration, Palmer Drought Severity Index, den droecology, white oak (Quercus alba L.).

INTRODUCTION
Forest gap simulation models similar to that described by Shugart (1984) have been used to pro-

ject potential effects of climate change on tree
growth and mortality and forest ecosystem species
composition, structure, and function (see Bugmann
and Solomon 2000 for a recent review). Given the
complexity of the interactions between climate and

forest ecosystem dynamics, process modeling
studies represent the only possible way of explor-

ing potential consequences of climate change.
However, these models are primarily descriptive,
and suffer from a number of limitations (Loehle
and LeBlanc 1996).
The use of simulation models to project forest
responses to novel climate conditions requires: (1)
Identifying robust relationships between environ-

mental factors and ecological process, and (2)
Identifying relationships that will likely be valid
beyond the historical range of environmental conCopyright © 2001 by the Tree -Ring Society

ditions (Bugmann and Solomon 2000). The best
chance of meeting these conditions is to understand the mechanisms (physical, biological, ecological) that determine tree growth responses to
climate, and to evaluate how these responses vary
across the range of conditions where tree species
occur.

Climate response algorithms in most existing
forest simulation models were defined using basic
physiological ecology and biogeographical correlations between species range limits and climate
conditions at those boundaries. When climate be-

comes colder, warmer or drier than conditions
within the species current geographic range limits,
tree radial growth goes to zero and the probability
of mortality increases to certainty. Given the large
number of tree species included in most forest gap
simulation models, modelers were not able to use
empirical data to parameterize model climate response algorithms. Hence, it was necessary to use
a spatial correlation approach to define these al55
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gorithms. However, using biogeographic correlations to parameterize climate response algorithms
implicitly assumes that species range limits are defined entirely by climate. In most cases, the true
causes for tree species range limits are unknown.
The fact that many trees planted in arboretums appear able to survive under climate conditions be-

yond those that prevail within their geographic
range suggests that climate is not the sole determiner of range limits. More recently developed
simulation models have begun to modify climate
response functions to be more consistent with observations of where trees grow (e.g. Bugmann and
Solomon 2000; Prentice et al. 1993), but these
new functions are still not supported by empirical
analyses of actual tree growth responses to climate.

Phipps (1979) and Shugart (1984) proposed that
dendroclimatic analyses of statistical associations

between tree -ring width and climate variables

(e.g. Bugmann and Solomon 2000). Likewise,
some dendroecologists are exploring more physiologically explicit and temporally integrative ap-

proaches for assessing climate effects on tree
growth (e.g. Foster and LeBlanc 1993; Fritts et al.
1991; Vaganov 1996; Zahner and Grier 1990). We
believe that these efforts could eventually lead to
a convergence whereby the rich empirical database
developed from dendroecological research might

be used to validate and (or) enhance climate response functions in forest simulation models.
A key step in the convergence of dendroecology
and forest simulation modeling is that dendroecological analyses should quantify climate effects on

tree growth based on a small number of climate
variables that integrate the biological effects of climate over a meaningful seasonal time scale (e.g.
LeBlanc and Foster 1992). Traditional dendroclimatic analyses with daily or monthly climate data

might be useful as an exploratory tool for identicould provide an empirical basis for defining cli- fying "seasons" when tree growth is responsive
mate response algorithms in forest simulation to climate. However, these analyses should ultimodels. However, little progress has been made to mately be used to identify a small number of varimplement this proposal over more than 20 years. iables that parsimoniously represent the biological
We believe that this is due, at least in part, to in- basis for the main effects of climate on tree growth
compatibility between climate variables used in (e.g. duration of growing season or growing seamost dendroclimatic analyses and those used in son soil water availability). When dendroecologiforest simulation models. In dendroclimatic anal- cal analyses of tree growth -climate associations
yses, tree radial growth is correlated with monthly are based on climate variables that are potentially
or seasonal climate variables, such as precipitation, useful in forest simulation models, we believe the
temperature, or Palmer Drought Severity Index long unrealized opportunity identified by Phipps
(PDI). Forest simulation modelers generally relate (1979) and Shugart (1984) could be realized.
tree growth to climate variables that have a more
The objectives of this study were: 1) To describe
mechanistic relationship to tree growth, and that a water balance model that has minimal requireintegrate conditions over an annual time step, in- ments for site and climate data yet produces biocluding growing degree days, drought days, or site logically meaningful expressions of climate as it
water balance as quantified by the ratio of actual affects tree growth, 2) To evaluate the strength of
to potential evapotranspiration (e.g. Botkin et al. associations between tree radial growth and bio1972; Bugmann and Cramer 1998; Bugmann and logically explicit water balance variables, and 3)
Solomon 2000; Fischlin et al. 1995; Shugart To compare growth -climate associations for a va1984).
riety of variables that influence growing season
There is some evidence that dendroecologists water balance, including temperature, precipitaand forest simulation modelers could find a com- tion, PDI, and AE /PE ratio. The water balance
mon basis for studying tree growth responses to models investigated here include the Thorn climate. Some modelers are consider using sea- thwaite- Mather model (1957) (hereafter called the
sonal climate variables rather than annual vari- TM model) and a modified version of the model
ables, which are influenced by conditions during proposed by Bugmann and Cramer (1998) (heremonths when trees are unresponsive to climate after called the BC model). There are more real-
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istic models for computing evapotranspiration (e.g.

the Penman- Monteith model, described in Monteith 1980), and its effect on tree growth (Foster
and LeBlanc 1993). However, the TM and BC
models require only monthly temperature and precipitation data and minimal site -specific informa-

tion (latitude and soil water holding capacity).
These characteristics recommend the TM and BC
models for dendroecological analyses, which also
tend to suffer from limited detail in available climate and site data. Also, Stephenson (1990, 1998)

has documented strong spatial correlations between vegetation distribution patterns and evapotranspiration computed using the TM model.

METHODS

Evapotranspiration Models
The models used in this paper are available as
a BASIC executable files upon request of the first
author. For those who prefer to write their own
program, the calculations used in these models are
described in the Appendix of this paper. For both
TM and modified BC models, monthly AE and PE
values were computed for a 51 year period from
1930 -1980 using NOAA state climate division
data for all climate divisions in the eastern United
States.

Figure 1. Locations of sites where increment cores were sampled to develop white oak tree -ring chronologies used in this
study.

errors were indicated for our own collections, we
went back to the original cores and determined the
source of the error, if any. When crossdating errors
were indicated for data obtained from other sources, we used graphs of tree -ring width to identify

marker rings that were consistent across most
cores and looked for systematic deviations from
this pattern. Individual cores that did not crossdate
were first compared with the paired core from the
same tree and then with the mean ring index chronology for the site. We looked for a general pattern

of coincident increases and decreases in ring
White Oak Tree -Ring Data
Tree -ring data for white oak (Quercus alba L.)
at 128 sites in the eastern United States (Figure 1)
were obtained from various sources, including the
FORAST database (McLaughlin et al. 1983), the
International Tree -Ring Data Bank, forest inventory data from the Tennessee Valley Authority,
data from a dendroecological study at sites in east

Texas, and chronologies developed by us for a
number of sites in Iowa, Missouri, Illinois, Tennessee, Indiana, Ohio, and Michigan.
All tree -ring data were crossdated. For our own
collections, all cores were crossdated using marker
rings (narrow rings associated with severe regional
droughts). Tree ring widths were measured to the
nearest 0.01 mm using a Velmex measuring system. Crossdating of all tree -ring data was verified
using the program COFECHA. When crossdating

width. If such a pattern of coincident variation was

present, we retained the data from such problem
cores. However, if even this modest evidence to
support accurate dating of annual rings wasn't pre-

sent, the problem core was deleted from the database.
We used the program ARSTAN (Cook 1985) to
remove age -related low -frequency variation from
the tree -ring width data from each increment core
and to remove autocorrelation between successive
ring width values associated with biological carry-

over effects from one year to the next. A cubic
spline with a length of 50 years was used to remove low frequency variation and convert ring
width to ring indices. The white -noise residual
chronologies derived from time series analysis
were averaged by year using a robust bi- weight
mean to produce a mean ring index chronology for
each site. Data for some sites included many more
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trees than other sites. The largest part of the database was from the FORAST study, which sampled 15 trees per species per site. Where sites had
30 or more trees, we randomly divided the sample
trees into groups of 15 trees each, and computed
multiple mean chronologies for these sites. Multiple chronologies were developed at 12 sites, so
our database includes 140 mean chronologies from

128 sites that span a wide range of regional climate and local site conditions (Figure 1).
Sensitivity Analyses
The one site - specific parameter required for the
BC and TM models is soil water holding capacity
(SWC), i.e. the amount of water that is held within

the rooting zone by a soil at field capacity. Because this parameter is rarely measured, and varies
substantially over relatively short distances in hilly

landscapes, it is often necessary to guess a value
to enter in the calculation of actual evapotranspiration (AE). If soil type and tree species rooting
depth data are available, this parameter can be estimated, albeit with an unknown amount of error.
Given this uncertainty, we wanted to determine if
the choice of SWC value significantly affected the
strength of associations between tree -ring width
indices and climate variables that are based on AE.

We ran both TM and modified BC models using
SWC values 50, 100, 200, 300, and 400 mm, and
computed Pearson's product- moment correlation
coefficients between AE/PE ratios (for June, July,
early growing season, and annual) and each of the
140 white oak tree -ring chronologies.

Paired t -tests were used to determine if correlations between radial growth and AE /PE values
computed with one SWC value were systematically higher or lower across the n = 140 tree -ring
index chronologies than correlations with AE /PE

values computed with other SWC values. The
sample statistic of interest here is the mean difference between two correlations, computed across
the 140 chronologies. Even when the sample size
is reduced to account for duplicate chronologies

from some sites, the sample is still sufficiently
large that the central limit theorem insures that the
mean difference between paired correlations will
be normally distributed. Hence, we did not trans-

form the correlation values as described in Zar
(1996). For each model (BC and TM), 10 paired
t -tests were used to compare correlations between
radial growth and AE/PE ratios computed using
five SWC values (e.g. SWC = 50 vs. 100, 50 vs.
200, 50 vs. 300, etc.). Mean differences between

correlations were deemed significant only if the
p -value from a two -tailed paired t -test was .-0.05/

10 = 0.005. While this seems conservative, the
power of the matched -pairs t -test was such that a
mean differences as small as 0.01 between correlations for AE /PE variables computed with different SWC values was still found to be significant
at the p < 0.005 level (indicating small, yet consistently better correlations when AE is computed
with one SWC values than with another).
Paired t -tests were also used to deter mine if correlations between tree -ring indices and AE/PE ratio computed by the TM model were systematically stronger or weaker across the 140 chronologies than correlations with AE/PE ratio computed
by the modified BC model. A separate paired t -test
was done for each of the SWC values used in the
sensitivity analysis to determine if differences between models were influenced by the SWC value

used. Because this analysis involved 5 paired
t -tests for each AE/PE ratio variable (one for each
SWC value), the mean difference between correlations were deemed significant only if the p -value

from a two -tailed paired t -test was -0.05/5 =
0.01.

Assessing the Utility of Various Measures of
Growing Season Site Water Balance
We compared correlations between white oak
radial growth and AE /PE ratio to correlations between radial growth and other climate variables
that influence site water balance, including precipitation (P), temperature (T), P/T ratio, P/PE ratio,
and Palmer Drought Severity Index (PDI). Precip-

itation, temperature and PDI have been widely
used in dendroclimatic analyses, and we wanted to
deteuliine if the more mechanistically explicit AE/
PE ratio was better correlated with radial growth.
We included the P/T and P/PE ratios because these
are simpler approximations of the same site water
balance phenomenon represented by the AE/PE ra-
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do that do not require any assumptions regarding
soil water capacity, soil water depletion curves, or
maximum transpiration rate. Correlations with
these variables were assessed for the months of
May, June, and July, and for the early growing
season (mean for May- July). We computed Pear son's correlation coefficients between each of the
140 white oak tree -ring chronologies and these
monthly and seasonal water balance variables.
These correlations were summarized in terms of
the number of chronologies (out of 140) that were
significantly correlated with the climate variable (p
0.05, In ? 0.3), and the average of the correlation coefficient values for the 140 chronologies.
For each month or season, 5 paired t -tests were
used to evaluate the mean difference in correlations between the AE/PE ratio and the other 5 site
water balance variables (P, T, PIT, PDI, P/PE)
across the 140 tree -ring chronologies. A mean difference between correlations for AE/PE and another climate variable was deemed significant if
the p -value from the t -test was p
0.05/5 = 0.01.
RESULTS AND DISCUSSION
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soil water begins to be depleted. Low values for
SWC cause the onset of water deficits to occur
earlier in the growing season (June), while high
values for SWC delay the onset of deficits to July.
If site water balance is summarized across the first
3 months of the growing season, when most oak
radial growth occurs, these phenological variations

are averaged and a consistently high correlation
with AE /PE ratio is observed across all sites (Figure 2).
Correlations between oak radial growth indices
and AE/PE ratio summed across a 12 month annual growth cycle (prior August through current

July) were lower, and significant at fewer sites,
than correlations with early growing season AE/
PE ratio (Figure 2). This indicates that white oak
radial growth is particularly sensitive to early
growing season site water balance, but is not sensitive at other times of the year. Climate response
algorithms in forest simulation models generally
use annual summary climate variables. The results
presented here, and in much of the dendroecology
literature, indicate that modelers should consider
using seasonal climate variables that have a more

biologically explicit causal link to variations in

Sensitivity Analysis for Soil Water Holding
Capacity

tree growth.

Correlations between oak radial growth and
monthly AE/PE ratio varied for different SWC

Comparison of Evapotranspiration Models

values (Figure 2), especially correlations with July
AE/PE ratio. While mean differences as small as
0.01 between correlations were statistically significant, these small differences are of limited prac-

Correlations between oak radial growth indices
and early summer AE/PE ratio variables computed
by the BC model were somewhat higher than correlations with early summer AE/PE ratio computed
by the more simplistic TM model, but there were
only small differences in the number of sites with
significant correlations (Figure 2). Correlations between white oak growth and monthly and annual
AE/PE ratios computed by the two models differed
more than correlations with early growing season
AE/PE, but one model was not consistently better

tical importance. The more useful finding in this
analysis is that growth -climate correlations between oak radial growth and early growing season
(May -July) AE /PE ratio were stronger and more
consistent across the entire range of SWC values
than correlations with either monthly or annual
AE /PE ratio (Figure 2).

The lower, less consistent correlations with
monthly AE/PE variables may reflect between -site
variation in early growing season leaf -out phenol ogy that causes variation in the timing of soil wa-

ter depletion and the onset of water deficits that
limit radial growth. At all sites, winter precipitation completely recharges SWC by the beginning
of the next growing season. When trees leafed -out,

than the other. The modified BC model does not
allow for evapotranspiration losses from soil water
during the dormant season, and this all but eliminates year -to -year variation in AE/PE values for
months outside the growing season. In contrast,
the TM model allows for evapotranspiration to deplete soil water during any month when mean temperature is above freezing, even if there are no
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Figure 2. Mean correlations between 140 white oak radial growth chronologies and AE /PE ratio for June, July, early growing
season (May - July), and annual (prior year August through current year July) periods. AE /PE ratio was computed by two models
(TM and BC), using a range of SWC values. Solid lines with filled squares display results for the BC model, while the dashed
lines with open circles display results for the TM model. The left column of figures display the means of correlations. The right
column of figures displays the number of chronologies (out of 140) that had a significant correlation (r ? 0.3, p < 0.05). Letters
at the top of each panel on the left side indicate significant differences (p < 0.005) among correlations with AE/PE ratios
computed using different SWC values; the top line of letters is for the BC model, the second line of letters is for the TM model.
For each model, mean correlations assigned the same letter are not significantly different. Error bars indicate significant (p s
0.01) differences in mean correlations between BC and TM models (separate comparisons for each SWC value); differences are
significant if the error bars do not overlap.

Evapotranspiration Models in Dendroecology

Correlations With Early Summer Climate

61

Correlations With May Climate

0.5

0.5

140

140

120
Q

0.4

80

120 R
u

0.4

100
80

E 0.3

m 0.3

N

d

60

á
40

0.2

0.1

o

AE/PE

PDI

P/PE

P

P/T

40

0.2
ir)

20

0.1

o

AE/PE

T

Correlations With June Climate

W

20
PDI

P/PE

P

P/T

T

Correlations With July Climate

0.5

140

120 z'

m
U

0.4

100 c

rn

80
0.3

60

0.2

á

40

m

20

xt

o

0.1

AE/PE

PDI

P/PE

P

P/T

T

AE/PE

PDI

PIPE

P

P/T

T

Figure 3. Analysis of correlations between 140 white oak radial growth chronologies and various water balance variables for
May, June, July, and the early growing season (May - July). AE values used for this analyses were computed using the modified
BC model with SWC = 100. Bars display the mean of the absolute value of the correlations (correlations with temperature were
negative). The solid lines display the number of chronologies that were significantly correlated with each variable dd ? 0.3, p

< 0.05). Within each panel, the letter "a" at the bottom of some bars indicates that correlations for that variable were not
significantly different (p s 0.01) from the correlations with AE/PE ratio.

leaves on trees. This results in greater year -to -year

radial growth and PDI for May and July (Figure

fluctuation in dormant season AE/PE ratio and a
greater influence on annual AE /PE ratio computed
by the TM model. This may explain slightly higher
growth -climate correlations with annual AE /PE
from the TM model, but the biological explanation
for correlations with dormant season AE/PE is less
clear to us.

3) are likely due to the strong relationship between

Comparison of Growth- Climate Correlations
for Different Climate Variables
Seasonal climate variables for the period May
through July had stronger, more spatially consistent correlations with white oak radial growth indices than monthly climate variables (Figure 3).
Among the monthly climate variables, climate in
June was most strongly correlated with white oak
radial growth. The high correlations between oak

growth and June PDI, combined with the strong
temporal autocorrelation of PDI values from one
month to the next.
Given the broad geographic distribution of sites
from which tree -ring data were obtained, it is possible that differences in leaf -out phenology could
cause variation in the strength of growth- climate
correlations for different months during the grow-

ing season (Figure 3). A detailed spatial analysis
of growth- climate correlations is beyond the scope
of this paper. However, we split the 140 sites into
approximately equal halves based on latitude (dividing line at 39 °N), and compared of the propor-

tion of sites that had significant growth climate
correlations between the southern and northern re-

gions. Of all the climate variables presented in
Figure 3, there was a significant difference be-
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tween northern and southern regions for only 4
variables. May temperature was significantly negatively correlated with oak radial growth at 34%

of southern sites, but only 6% of northern sites.
This is consistent with the earlier start of the growing season in the south. However, May AE/PE ratio was significantly positively correlated with oak
radial growth at more sites in the north (30 %) than
in the south (11 %); this is exactly opposite expec-

tations based on the earlier start of the growing
season in the south. June PDI was significantly
positively correlated with oak radial growth at
more sites in the south (92 %) than in the north
(77 %), perhaps because droughts are more stressful in regions with higher temperature. July tem-

perature was significantly negatively correlated
with oak growth at more sites in the south (37 %)
than in the north (10 %), again contrary to our expectations based on the later leaf -out phenology at

northern sites. Taken together, there is very little
evidence of a consistent, phenology- related pattern

of variation in strength of growth -climate correlations between northern and southern sites. In
both regions, June climate variables have the most
spatially consistent correlations with oak radial
growth. The explanation of this unexpected lack
of a clear phenology effect warrants far more deliberation than we can present here.
While early growing season (May -July) AE /PE
ratio had the strongest, more spatially consistent
correlations with white oak radial growth, correlations with other climate variables that reflect site
water balance during this season were only slightly
lower (Figure 3). The calculation of PDI includes
the TM evapotranspiration model, but then goes

on to re- express the site water balance data in

ogical analyses. The results of our comparisons of
correlations between oak radial growth and AE /PE
ratio and PDI indicate that summer AE/PE ratio
has the same spatially consistent and strong correlations with oak radial growth as summer PDI.
Hence, dendroecologists would not sacrifice statistical power in their dendroclimatic analyses if they
utilized seasonal AE /PE ratio instead of PDI. Yet,
by doing so, results from dendroecological studies
would be both more biophysically explicit and potentially more useful to those who want to improve

forest simulation models by utilizing empirical
data to parameterize climate response algorithms.
It was somewhat surprising to us that correlations between white oak radial growth and simple
climate variables, such as early growing season P,
P/T and P /PE, were almost as strong and spatially
consistent as correlations with the more complex
AE/PE ratio (Figure 3). If the objective of dendro-

climatic analyses within an ecological study is
simply to account for variance in growth attributable to climate, the results in Figure 3 suggest that

simple precipitation and temperature variables
may be adequate. However, we do not know if this
inference extends to other species in different environments. Also, analyses that use simpler temperature and precipitation variables may have less
utility for parameterizing forest simulation models.
On the other hand, we think modelers should take
note that correlations between oak radial growth
and the ratio of precipitation /PE were almost as
strong and consistent as those with the AE /PE ratio. The estimation of AE is complex and fraught
with the potential for error, and modelers might
consider quantifying site water balance using the
simpler Pr /PE variable.

terms of deviations from long -term norms (Palmer

1965). While this analysis demonstrated very
strong, spatially consistent correlations between
PDI and white oak radial growth indices in the
eastern US, the standardization of PDI to local
normal climate precludes any meaningful large scale spatial comparisons. Spatial comparisons of
growth- climate associations across large -scale cli-

mate gradients are a potential tool for assessing
possible responses of tree species to global climate
change. This was our primary motivation for exploring the use of AE /PE variables in dendroecol-

CONCLUSIONS

1. Forest simulation models that relate oak radial growth to early growing season AE/PE ratio
should be relatively insensitive to errors in estimates of soil water holding capacity (SWC). However, models that utilize either monthly or annual
AE /PE ratios may be more sensitive to variation
in SWC.

2. Correlations between white oak radial
growth and early growing season AE /PE ratio

Evapotranspiration Models in Dendroecology

were generally higher for the more biologically realistic Bugmann- Cramer (1998) evapotranspiration
model than for the original, simpler ThornthwaiteMather (1957) model.
3. Early growing season AE/PE ratio (computed using the modified BC model with SWC = 100

mm) was significantly correlated with white oak
radial growth for 85% of the 140 chronologies,
with a mean correlation of 0.48. The strength and
spatial consistency of these correlations, plus the
well- documented biological relationship between
tree growth and water availability, is strong evidence that these correlations reflect a biological
mechanism.

4. While other variables representing early
growing season climate also have consistent,
strong correlations with oak radial growth, we believe early growing season AE/PE ratio is the best
choice for dendroecological studies. This index of
growing season water balance is both highly correlated with tree radial growth and integrates in a
single variable the influence of climate across several months when oak radial growth is particularly
sensitive to climate. We believe that the use vari-

ables such as this in dendroecological analyses
could facilitate the use of empirical studies to improve forest simulation models.
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Coefficients
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a and c

b

January
February
March
April
May
June
July
August
September
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31

-0.0423
-0.0229
-0.0019

28
31

30
31

30
31

0.0206
0.0416
0.0501
0.0475

30

0.03
0.0063

31

-0.0168

30

- 0.0370
- 0.0493

31

31
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between radial growth and AE /PE ratio to variation in the SWC

value used in the model (within a range of 50 to 400 mm).

Day Length Multiplier (As Determined by Latitude)
The monthly day length (DLL,) multipliers represent the average duration of sun light per day (where one unit = 12 hr),
and are used in the calculation of potential evapotranspiration
(PE). In Thornthwaite and Mather (1957), the number of 12 hr
sunlight units per month for latitudes 0 to 50 °N were listed in
Table 6. The average duration of sun light per day in a given
month can be computed by dividing the values in Table 6 by
the number of days in the month. Regression analyses were
done using the values in Table 6 to develop equations that
compute the average day length multipliers for each month
from site latitude (R2 > 0.99 for all months except March and
September, with R2 = 0.57 and 0.9, respectively; day length is
less influenced by latitude at times near the solar equinoxes).
The general form of this calculations is presented by equation
(1) and the month -specific values for equation coefficients are
listed in Appendix Table:
DLv, = (a + b(Latitude)1351 /c

APPENDIX
Documentation for Evapotranspiration Models
The data requirements for these models include: (1) Site latitude; (2) Site soil water holding capacity (mm water); (3) First
and last month during the year when foliage is on trees at the
site; (4) Proportion of rainfall that is intercepted by the canopy;
and (5) Maximum transpiration rate (mm/month). Latitude and

first/last month of leaf -out are easily determined. Values for
proportion of rainfall intercepted and maximum transpiration
used in the modified BC model were obtained from the literature (Bugmann and Cramer 1998). Estimates of soil water
holding capacity are difficult to obtain. Part of the study reported here was an analysis of the sensitivity of correlations

(1)

These regression equations were calibrated only within a range
of latitudes from 0 to 50 °, and extrapolation to latitudes beyond
50° will tend to underestimate day length in the summer and
overestimate day length in the winter.

Heat Index
The Heat Index (HI) used in the TM model calculation of
potential evapotranspiration is a single value computed from
the long -term mean monthly temperature values. The biophysical significance of this HI value is unclear, and there is no
explanation in the original paper. Nonetheless, this index is a
necessary component of the TM model for calculating potential
evapotranspiration. This index is computed in three steps:

Evapotranspiration Models in Dendroecology

Box 1: Calculation of AE in the TM model. The following abbreviations are used: PE (potential evapotranspiration), P (precipitation), AE (actual evapotrans-

piration), WD (water deficit = PE - AE), APWL
(accumulated potential water loss), SWC (soil water
holding capacity), SW (available water in soil), SWR
(remaining soil water, an intermediate step in the calculation of soil water available to meet PE based on

Box 2: Calculation of AE in the modified BC model. Abbreviations used in addition to those described in
Box 1 are: Int (interception) and MaxTR (maximum
transpiration rate). Values in this example are for deciduous forests of the eastern US. The same conventions are used to refer to different months.
IF dormant (leafless) season
Int
= 0.2.0.3.P

APWL), SWA (soil water available to meet PE demand
in excess of Precipitation). Subscripts indicate the values for a variable in different months; M - 1 indicates
the prior month and M + 1 the subsequent month. Variables without the M subscript are for the current month.

IF PE < Int

= PE

AE
WD
SW

=0
= Minimum[SWM_, + (P - AE) OR SWC]

IF PE > Int
AE
= Int

IF PE P
AE
= PE
WD
=0
APWL = Minimum[APWLM_, + (P - AE) OR 0]
= Minimum[SWM_, + (P - AE) OR SWC]
SW

WD
SW

0

Minimum[SWM_, + (P - Int) OR SWC]

IF growing (leaf -out) season
Int
= 0.2.P

IFPE>P
APWL = APWLM_i + (PE - P)

IF PE <_ Int
AE
PE
WD
0
SW
Minimum[SWM_, + (P - AE) OR SWC]

SWR = SWC e (0.000461-1.10559/S W C) , A P W I.
SWA = SW - SWR
IF SWA + P > PE

SWA = PE -P

IF PE > Int

SWM+1 - SW - SWA
AE
WD
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SWA

=P+SWA

= Minimum[MaxTr.SW/SWC OR PE - Int]

IF SWA > SW THEN SWA = SW

=PE - AE

AE
WD

= Int + SWA

= PE - AE

SWM+, = Minimum[SW + P - AE OR SWC]
(1) Compute long -term average mean monthly temperature
TM ( °C) for each of the 12 months.
(2) Compute a monthly Heat Index (HIM) value using equation (2). This equation was obtained by regression analysis to

predict HIM from TM ( °C), using values from Table 2 in
Thornthwaite and Mather (1957). This regression model had
R2 = 1.0.
HIM = [0.2TM]1.513

(2)

(3) Compute the heat index value (HI) as the sum of the 12
monthly heat index (HIM) values.

model for dendroecological analyses, monthly PE was calculated from monthly temperature values (TM), using equation (4)
(modified from Bugmann and Cramer 1998, Eq. 12 to compute
PE in mm rather than cm) . For all temperature values < -0 °C,
PE is set to zero.

PE = 16-DLM(10Max[TM, 0]/HI)"

(4)

Actual Evapotranspiration: TM Model
The AE calculations were generally based on the original

The A Exponent
This exponent is used in the calculation of potential evapotranspiration, and is computed from the value of the Heat Index
(HI) using equation (3) below.

A = 0.4924 + 0.0179(HI) - 0.0000771(HI)2
+ 0.000000675(HI)3

temperature value was a single long -term average monthly temperature value for all years (TM) . In our application of the TM

(3)

TM model, but with a protocol to calculate soil water available
to meet PE demand in excess of precipitation (Pastor and Post
1984) that replaces Soil Moisture Retention Tables 23 to 33 in
Thorntwaited and Mather (1957). The calculations for monthly
AE, water deficit (WD), and available soil water (SW), all in
millimeters, are done in tandem as a water balance accounting.

A detailed description of the AE calculations using the TM
model are presented in Box 1.

Potential Evapotranspiration (PE)
PE (mm water) is calculated from mean monthly temperature

( °C), the Heat Index (HI), the A exponent, and the monthly
Day Length multiplier. In the original TM model, the monthly

Actual Evapotranspiration: Modified BC Model
Bugmann and Cramer (1998) suggested a number of modifications to the original Thornthwaite and Mather (1957) cal-
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culations to make the estimation of AE more biologically realistic, including: (1) setting a maximum transpiration rate that
limits AE under conditions of extremely high PE, even when
soil water is adequate to meet PE demand; (2) partitioning precipitation into Interception (which doesn't directly enter the soil
water pool) and Throughfall (which enters soil water pool);
interception is used to meet PE demand first, and soil water is
used only if PE exceeds Interception; and (3) stipulating a simpler linear soil water depletion curve, rather than the complex
negative exponential curve. Based on values from the literature, Bugmann and Cramer (1998) set the maximum transpiration rate at 120 mm per month, and the proportion of precipitation that is intercepted by the canopy equal to 0.2 for
broadleaf forests and 0.4 for needle -leaf forests. In our model,
we included an additional modification that allows for reduced
AE during a leafless dormant season. We stipulated a growing
season (when leaves were on the trees) from April to November for sites with latitude <35 °N, and from May to October
for sites with latitude 35 to 45 °N. During the leafless dormant
season, only intercepted precipitation is available to meet PE
demand. If PE for a given month is less than Interception, the
un- evaporated intercepted precipitation is added to soil water.

We further stipulated that no soil water is lost to evapotranspiration during the leafless season. We also reduced interception by a leafless canopy to 30% of that during the growing
season. This value for reduction in dormant season canopy interception is an arbitrary estimate, but our analyses using the
model were insensitive to this value. Given that no soil water
is lost to evapotranspiration during the dormant season, soil
water was always fully recharged by the beginning of the next
growing season, at least under climate conditions that prevail
in the eastern United States. The main effect of varying the
value for interception during the dormant season is to alter the
partitioning of precipitation into water lost to evapotranspiration versus water lost to run -off. Neither dormant season AE

nor run -off are biologically important influences on tree
growth. However, where winter precipitation is low and soil

water recharge during the dormant season influences tree
growth in the subsequent growing season, a better estimate of
dormant season interception and AE may be required. A detailed description of the AE calculations using the modified BC
model are presented in Box 2.
Received 7/10/00; accepted 2/5/01.
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ABSTRACT
As a long master tree -ring chronology for the region around the Aegean approaches completion, timbers
from monuments and archaeological sites as far as 2,000 km apart, and as far back as 7000 BC, are being
dated. The patterns used in this dating are characterized by signature years, in which trees at the majority
of the sites have smaller or broader rings than in the previous year. We show that the signature years are
consistently associated with specific, persistent, circulation anomalies that control the access of precipitation- bearing systems to the region in springtime. This explains the feasibility of dating wooden objects
from widely dispersed sites, and opens the possibility of reconstructing aspects of the climate in which the
wood grew.
Keywords: Aegean, Greece, Turkey, Italy, signature years, precipitational anomalies, circulation anomalies.

INTRODUCTION

Tree -ring dating has been used by workers at
the Malcolm and Carolyn Wiener Laboratory for
Copyright © 2001 by the Tree -Ring Society

Aegean and Near Eastern Dendrochronology at
Cornell University to date over 270 medieval and
ancient sites (Kuniholm and Striker 1987; Kuniholm 1990, 1996; Kuniholm and Newton 1992;
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Kuniholm et al. 1992, 1993a, 1993b, 1995). This
has already had significant implications for the interpretation of many well -known archaeological
sites, e.g. Herculaneum, Troy, Egyptian pyramids
and coffins, and dozens of lesser -known sites. An
indication of why this might be possible was predicted by a 1942 study of 67 tree -ring cores taken
from living Pinus nigra Am. on the north -central
Anatolian plateau. The authors compared relative
tree -ring widths with corresponding meteorological data for the years 1881 -1892 and 1927 -1938
(Gassner and Christiansen -Weniger 1942). Relatively small rings were noted in 1882, 1886, 1887,
1890, 1928, and 1935, and relatively large rings
in 1881, 1930, and 1936 in a majority of cores,

corresponding to less or more precipitation in
those years. We have been able to test these findings with a greatly expanded set of tree -ring samples and much longer meteorological records.

TREE -RING MATERIALS
Only chronologies from living or recently- felled

trees were used because those trees' exact locations are known. The period analyzed, the century
of 1880 -1979, was determined by availability of
adequate meteorological data and the end -dates of
the tree -ring chronologies. Twenty -three chronologies were selected, each constructed from trees
from one genus, and most from one species, representing 6 genera and at least 10 tree species (Figure 1, Table 1). They were selected on the basis

of the time period covered, level of replication,
and strength of common (presumably climatic)
signal shared by the individual trees at a site as
indicated by percent variance captured by a simple

response function (see below and Table 1). The
chronologies come from sites with diverse ecological and geological conditions. Site climates range

from the cool, wet winter and hot, dry summer
climate typical of southern Greece, to the mild,
very wet climate of the coastal mountains of northeastern Turkey.
The regional signal in each site chronology was
optimized by using the ARSTAN program (Cook

1985). A curve was fit to each sample series of
ring -widths tightly enough to remove century scale variations, leaving decade and multi -decade

10°

15°

20°

25°

30°

35°

40°

45°

50°

0 200 400 KM

Figure 1. Locations of the 23 tree -ring chronologies referred
to in this article. Some locations yielded two or more chronologies, each from a different tree species. The three- letter
codes refer to the site names given in Table 1.

variations intact. Then the year -to -year non -climatic persistence that is seen in some samples as
a high mean correlation between one year's ring width and the next was removed using a technique
known as prewhitening. The values for each year
from all the samples at a site were then combined
into an average series, the site chronology. This
represents the variation common to the cores taken
at this site, and is effectively a summary of much

of the information the dendrochronologist uses
when attempting to date a new sample against an
existing chronology.

TESTING FOR CLIMATE SIGNAL
To test for a climate signal, we used a simple
model of a climate /tree growth relationship and
calculated response functions (Fritts et al. 1971).
Monthly mean temperature and total monthly precipitation for the period of October from the year
before growth through September of the growth
year were used as predictors. Tree -ring width indices were predicted. Monthly station precipitation

data were obtained from the US Department of
Energy global precipitation database (Eischeid et
al. 1991). All stations in the region shown in Figure 1 were considered as candidates for use. Missing data were estimated by multiplying the median
ratio between the missing data station and its most
highly correlated nearest neighbor by the nearest
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Table L Chronology site details.
Response Function
Code

Name

Lat. N

Long. E

Elev. (m)

ITA
BUG
RVB
SCF
SCP
PPG
REN
CAB
ZGP
ZGS
DEV
IBO
EMT
ANC
ANJ
CAT
ZYB
TRO
TRP
TRF
KDZ

Mt. Pollino
Bugojno
Ravno Borje
Scotida
Scotida
Grevena
Rendina
Chalkidiki
Zagradeniye
Zagradeniye
Devecikonak
Istanbul
Emet
Antalya
Antalya
Çatactk
Zonguldak
Troodos
Torul
Toril
Karmca Duzu
Oltu

39 °26'
44 °05'
43 °25'
40 °20'
40 °20'

16°12'
17°25'
18°45'
21°00'
21°00'
21°10'
21°58,
23°42'
24°36'
24°36'
28°30'
28°50'
29°15'
30°00'
30°00'
31°05'
32°20'
32°55'
39°20'
39°20'
42°00'
42°00'

1400 -1500
730 -950
800

OLT

39 °55e

39 °04'
40 °34'
41 °25'
41 °25'
39 °50'
41 °10'
39 °20'
36 °30'
36 °30'
40 °00'
41 °10'
34 °55'
40 °40'
40 °40'
40 °00'
40 °35'

1500
1500
1600
800

600
1710

1710
550 -950
150
1200
1800
1800
1818

1140 -1340
1600
1300 -1400

1300 -1400
2700
2100

neighbor precipitation. In addition to the quality

control measures employed by Eischeid et al.
(1991), each station was tested for inhomogeneity
using Potter's t -test (Potter 1981). Station data
were then interpolated to the location of the tree ring samples, using an algorithm whereby precipitation values were weighted by the inverse of the

Species

Pinus leukoderrnis

Pious nigra
Pious nigra
Abies cephallonica
Pinus nigra
Pinus leukodermis

% var.

F

p

30
23
35
35
30
33

3.1

.001
.013

Quercus sp.
Quercus sp.
Pinus nigra

42

Piceo abies
Quercus sp.
Quercus sp.
Pious nigra
Cedrus libani
Juniperus spp.
Pinus nigra
Quercus hartwissiana
Pinus nigra
Pinus sylvestris
Abies nordmanniana
Pinus sylvestris
Pious sylvestris

42
47
49
57
26

37
33

37

49
57
39
56

2.5
5.9
5.9
4.8
6.9
3.7
2.4
2.9
3.1

2.7

4.2
4.4
2.5
2.9
5.4
4.7

4.2

33

5.3
3.05

43
38

4.8
3.4

.000
.000
.000
.000
.035
.069
.013
.030
.028
.004
.000
.025
.008
.000
.001

.000
.000
.007
.000
.004

squared distance between the station and the tree ring site. The locations of the stations used in this
interpolation are shown in Figure 2. Temperature
values were weighted by the linear inverse of the
distance between the tree -ring site and the meteorological station. These data were used in the calculation of response functions for each tree -ring
site.

The most consistently significant relationship of
tree -ring growth to climate data in the results of

50

this test was the positive growth response to spring

7345.

and early summer precipitation (Figure 3). This
was particularly marked in May and June in the
easternmost half of the study area, and in April in
its center. The effect was weaker in Greece, al-

40
if
z0 35

though there was a tendency for negative responses to temperature in May and June, which, given

30
10

15

20

25 30 35 40
East Longitude

45

50

Figure 2. Location of the meteorological stations used in the
response function analysis. The closed circles indicate the tree ring sites, the plus signs the meteorological stations.

a negative correlation between temperature and
precipitation, reflects similar weather conditions to
the eastern part of the region. Thus we defined the
common climate signal for this region as the total
April through June precipitation.

HUGHES, KUNIHOLM, EISCHEID, GARFIN, GRIGGS, and LATINI

70

CLIMATE RESPONSE FUNCTIONS
SITES
ITA
BUG
RVB
SCF
SCP
PPG
REN
CAB

ZGP
ZGS
DEV
IBO
EMT
ANC

ANI
CAT
ZYB
TRO
TRP
TRF

KDZ
OLT

TEMPERATURE
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Figure 3. Climate response functions summarized as positive
and negative response function elements. Bold + signs indicate
positive significant elements, light + signs other positive elements. Bold -signs indicate significant negative elements,
light -signs other negative elements, where p <- 0.05. Site
codes are those used in Table 1 and Figure 1. Statistics of these
response functions are given in Table 1.

Table 2. Years in which 18 or more of the 23 tree -ring chronologies showed a change in the same direction (see text for
explanation).

Increase

Decrease

1881
1895
1896
1897

1882
1886
1887
1890
1916
1918
1928
1935

1901

1910
1917
1919
1930
1933
1936
1959
1960
1975

1942
1945
1949
1961

and the mean deviation for the 12 negative signature years is consistently negative from western

Greece to the Caucasus as shown in composite
maps of anomalies (Figures 4a and 4b). A composite is simply an average of the data at each grid

SIGNATURE YEARS
Signature years were then examined (Huber and
Giertz 1970; Schweingruber et al. 1990). A year's
signature is the sign of the difference between that

year's ring -width index and that of the previous
year. We defined a regional signature year as one
in which at least 18 out of the 23 chronologies
(approximately 78 %) have the same sign. Fourteen

positive and twelve negative regional signature
years are present in the analysis period (Table 2).
Using a Monte Carlo simulation based on 10,000
replications, we determined that 23 random 100 year long time series would have less than onetenth this number of signature years (0.88 positive
signature years and 0.76 negative).

CLIMATE IN SIGNATURE YEARS

The April -June precipitation of the eastern
Mediterranean region differed in the regional sig-

nature years as compared with non - signature
years. The mean deviation in precipitation for the
14 positive signature years is consistently positive

point for which data are available. In this case a
2.5° latitude by 2.5° longitude grid of precipitation
anomalies was calculated for the region bounded
by 50 °N -30 °N and 5 °E -50 °E. Station data from

Eischeid et al. 1991 were used for this. Climatic
data are often expressed as anomalies, that is departures from some long -term mean, in this case
1921 -1990. Thus, the positive signature years'
precipitation composite (Figure 4a) was constructed by calculating the average precipitation anomaly at each gridpoint for the years 1930, 1933,
1936, 1959, 1960, and 1975. The statistical significance of the mean anomaly for each gridpoint
was assessed using Student's t -test. Because an Ftest indicated that both the overall population and
the composite sample have equal variances, the
variance in Student's t -test is the pooled variance
of the two data sets. Evaluation of the significance
of the difference between the two means was done
by determining the probability of getting a difference (i.e. a composite anomaly) as large or larger
than the difference exhibited, given the size of the
samples. In the significance test we conducted, the
degrees of freedom equaled the number of years
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a

a

b

b

Precipitation Anomalies
negative

positive

zero

no data

anomaly significant at p < 0.05
Figure 4. a. Composite of total April through June precipitation for the positive signature years. b. Composite of total April
through June precipitation for the negative signature years.

in the composite plus the number of years with
which it is being compared minus 2.
Charts of sea level pressure (SLP), calculated as
anomalies from the long -term mean (1921 -1990)
for each gridpoint, provide insights to some aspects of atmospheric circulation. In this case the
data used were monthly sea level pressure (in millibars, mb) on a 5° by 5° grid from 85 °N -15 °N.
The data were in the form of anomalies from the

mean for 1951 -1980. Figures 5a and 5b show
composite maps of mean SLP anomalies during
the April -June period for the 14 positive and 12

Figure 5. a. Composite of April through June sea level pressure
(SLP) anomalies for the positive signature years. b. Composite
of April through June sea level pressure anomalies for the neg-

ative signature years. See text for explanation of the terms
`composite' and `anomaly.' Red areas indicate positive anom-

alies (higher SLP than the mean) and the blue shaded area
negative anomalies (lower SLP). The anomalies are contoured
at 0.5 mb intervals (continuous and dashed black lines).

zonal circulation, and a southerly displacement of

negative signature years. The most striking feature

storm tracks. These bring an unusually large

of the positive years' map is a positive anomaly
at high latitude, interpreted as a tendency for a
blocking high to develop in the Arctic, associated
with an expansion of the circumpolar jet, strongly

amount of precipitation to the eastern Mediterranean region in April -June, as illustrated in Figures
5a and 4a. Conversely, the negative signature years

are associated with a circulation pattern in which
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spheric circulation. These particular patterns result
in geographically extensive regions of either unusually wet or dry late springs and early summers,
which in turn have influenced ring growth at most

as noted by Kelly et al. (1989). Therefore historical and archaeological chronologies could be used
to identify ancient signature years and possibly
critical years of climate influence on human history. There are, however, a number of issues to be
dealt with before our findings should be applied in
this way. First, there are few periods for which
tree -ring material is available for as many widespread locations as in the 20th century. Therefore,
the robustness of the identification of signature
years in smaller datasets should be examined. Second, there are long -term shifts in the tree species
composition of the sample materials, and in their
geographical distribution. The effects of this on the
identification of signature years should also be investigated. Even so, we are optimistic that reliable
and useful climate information will be extracted
from the record of regional signature years in the
Aegean region.

of the sites studied. Our results parallel those in
which signature years have been shown to be associated with persistent atmospheric circulation
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RONALD TOWNER, DAVE GROW, JUNE PSALTIS, and ALICE FALZONE
Laboratory of Tree -Ring Research
University of Arizona
Tucson, AZ 85721, USA

ABSTRACT
Archaeological tree -ring samples provide environmental, chronological, and behavioral information about
past human use of the landscape. Such information, however, can only be fully exploited if sample pro veniences and beam attributes are completely documented. This paper discusses implications of the sample
proveniences, beam attributes, and dates from McKean Pueblito, an eighteenth century Navajo site in
northwestern New Mexico, USA. Although the date distribution suggests at least three different interpretations of the site construction history, the contextual data indicate that the site was built in AD 1708 and
remodeled in 1713. Areal contextual and tree -ring data from McKean Pueblito and other sites in the area
are used to discuss larger scale Navajo behavioral and demographic adaptations to the changing physical
and social environments of eighteenth century New Mexico. These examples illustrate how sample context
at various spatial scales can significantly enhance interpretations of tree -ring data.

Keywords: tree -ring dating, dendroarchaeology, Navajo archaeology, Navajo pueblitos, Dinétah, beam
attributes.

INTRODUCTION
Archaeological dendrochronology contributes
three types of information to the study of the past:

chronological, behavioral, and environmental
(Dean 1996). In order to properly interpret three
types of information contained in archaeological
tree -ring data, however, samples must be evaluated
on several contextual levels. Environmental infor-

mation (tree species exploited and climate reconstructions from archaeological samples) must be
related to local and regional biotic and atmospheric parameters. Chronological information is derived from sample attributes and tool marks and
crossdated archaeological materials, but eliciting
more precise chronological information necessitates the identification of "anomalous" dates; that
is, dates that do not identify the event of interest
because of exterior ring removal by natural or cultural processes (Dean 1978). Behavioral information is partially incorporated in the environmental
and chronological realms, but is most fruitfully exploited by examining the context and attributes of
Copyright © 2001 by the Tree -Ring Society

tree -ring samples and dates for evidence of past
human behaviors such as species selection, wood
harvesting and modification methods, beam stockpiling, structure repair and remodeling, dead wood
use, or other factors. Anomalous dates are typically identified at the feature, room, or structure
level of analysis. Behavioral information, which is
imparted by species distributions, date clusters,
dead wood use, beam reuse, and construction, repair, and remodeling episodes is also often restrict-

ed to room or site contexts (cf. Graves 1982;
Towner and Dean 1992). With a large sample and
site database, however, the behavioral context can
be expanded to address broader anthropological
questions concerning past human adaptations to
natural and cultural environments. The purpose of
this paper is to document the chronological and
behavioral information from McKean Pueblito, an
eighteenth century Navajo site in the Dinétah, and
use previously collected data to discuss the broader context of eighteenth century Navajo adaptation
in the area. In doing so, we demonstrate that ar75
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chaeological tree -ring data can provide important
information regarding past human behavior in Dinétah and elsewhere, and that sample context is an
important aspect of dendroarchaeological analysis.

BACKGROUND AND PREVIOUS
RESEARCH

Although not well defined, the area known as
the Dinétah, or ancestral Navajo homeland, is located around Cañon Largo in northwestern New
Mexico, USA (Figure 1). It is an area of extreme
temperature variation with cold, snowy winters
and hot, dry summers; most precipitation falls as
winter snow, with the exception of violent monsoon rains that typically occur during July and Au-

gust. The area is part of the vast pinyon juniper
woodland of the Colorado Plateau physiographic
province (Brown 1994). Locally available trees include various species of juniper (Juniperus spp.),

pinyon (Pious edulis), a few ponderosa pine (Pinus ponderosa), and widely spaced Douglas -fir
(Pseudotsuga menziesii), all of which were available for construction and fuel use.
The Dinétah is the location of many events in
Navajo oral traditions, and is considered the home

of many Navajo deities and other holy people
(Matthews 1897). It is also the location of the earliest known Navajo archaeological sites (Hancock
1997). These factors have made the Dinétah, and
the archaeological sites it contains, critical in interpretations concerning the routes and timing of

forked -pole hogan villages located in the pinyon juniper woodland to a combination of forked -pole
hogans and sandstone masonry structures, known

as pueblitos, located on mesa rims, buttes, and
boulders (Marshall 1991). Throughout much of the
twentieth century, this architectural and settlement
pattern transformation was attributed to a massive

influx of Pueblo Indians fleeing the Spanish reconquest of the Rio Grande area in 1692 -1696 for

the relative safety of the Navajo country farther
north and west. In the past decade, however, the
immigration itself, and resulting impacts on Navajo society, have been questioned on both histor-

ical (Hogan 1991) and dendroarchaeological
grounds (Towner 1992, 1996, 1997).

Hogan's (1991) reanalysis of historical documents suggests that most Puebloans who emigrated from the Rio Grande went to other pueblo villages, such as Hopi and Zuni. Towner (1996) suggests, on the basis of dendroarchaeological data,
that masonry pueblitos were a purely Navajo response to increased Ute raiding, and that the number of Puebloan refugees in the Dinétah has been

vastly overstated. Finally, Towner et al. (2000)
have noted chronological and topographic variability in pueblito and defensive site locations, and

suggest that different threats at different times
prompted different Navajo responses. It is to this
last issue that McKean Pueblito and other eighteenth century Navajo defensive sites on Blanco
Mesa speak most eloquently.

the Navajo entry into the Southwest, and ethnogenesis of the tribe. The entry of the Navajo into

McKEAN PUEBLITO

the Southwest has been discussed extensively else-

McKean Pueblito (LA 112641) is located on the
east side of Blanco Mesa atop a 336 m2 sandstone
knoll between Big Rincon and Heifer Canyon in
San Juan County, NM, at an elevation of 2105 m
(Figure 2). The knoll itself is located on a broad
sandstone bench above both canyons, and stands
approximately 15 m above the bench. The elevated
topographic setting of the site provides an expansive viewshed, particularly to the east and along
the Largo drainage system. Unlike most, but not
all pueblitos, McKean Pueblito does not appear to
have been associated with a forked -pole hogan.
Despite significant survey efforts around the knoll
by ourselves and others, no habitation site remains

where (Brown 1996; Schaafsma 1996; Wilcox
1981) and is beyond the scope of this paper. Although this paper does not directly discuss Navajo

ethnogenesis, the site population dynamics inferred from the tree -ring data have important implications for ethnogenetic models. The Navajo
undoubtedly occupied the area by 1540, and probably by the mid -1400s (Brown 1996; Hancock
1997). They abandoned the area in the mid- 1750s,
and migrated to the south and west (Hester 1962).
In the late seventeenth and early eighteenth centuries, the Navajo changed the style of their habitation from predominately wooden, conical

Sample Context in Dendroarchaeology
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Figure 1. Map of Dinétah area.

have been identified. In addition, there is also very

little refuse associated with this pueblito. These
two factors suggest that the pueblito was used infrequently and for short durations.
There are 10 sandstone masonry rooms in the
structure (Figure 3), and approximately 51 -75 percent of the structure is still intact (Copeland et al.
1995). Nine of the rooms in the structure are ori-

ented in two rows. Rooms 1 -5 are located on the
west side of the knoll, approximately 1 -2 meters
below the top of the knoll. Rooms 1 -5 have as-

sociated wood beams, but only Room 4 has an
intact roof. Rooms 1 -3 and 5 contain beams in
various states of preservation, but none of the
beams are in situ. Their inferred function as roof
primary beams is based on their large size. Rooms
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Figure 2. Photograph of McKean Pueblito looking northeast (Photograph courtesy of J. Psaltis).

6-10 are identifiable only by rock outlines, and
none contain any roofing elements; they are directly on top of the knoll in a row adjacent to
Rooms 1-5 (Figure 3). Rooms 6-9 face Canon
Largo and because there are no extant roof beams
and no architectural evidence that the rooms were
ever roofed, we infer that they may have served
only as windbreaks or to block light that came
from inside the enclosed rooms from view of the
Largo. Room 10 is on the south side of the knoll
and is not adjacent to the other rooms. It is associated with two circular stone features and a possible wall, but its function is unknown. Contrary
to the evidence suggested by the site map (Figure
3), there are no identifiable bond-abut relationships
for any of the rooms, and therefore, the relative
construction sequence for the rooms cannot be inferred .
Tree-Ring Data
Dendrochronological sampling of the structure
involved procuring lh-inch cores or wood cross

sections from all pieces of wood judged suitable
for crossdating and that exhibited characteristics of
a "true outside"; that is, samples whose appearance in the field suggested minimal exterior ring
loss. There are at least five beams in Room 5 and
twelve in Room 2 that were not sampled because
weathering and erosion have removed their exterior rings. Of the 27 samples collected, 24 are from
the pueblito itself, and three are from metal ax-cut
stumps below the knoll. Towner et al. (1998) have
suggested that culturally modified trees and stumps
around early Navajo sites can provide important
chronological information pertaining to the site occupations, but at McKean Pueblito this proved not
to be true; none of the sampled juniper stumps
dated because their erratic ring series do not match
the local master chronology.
Table 1 shows the species, provenience, dating,
and attribute information for each sample collected. The room provenience information is valuable
for chronological interpretations (see below), but
the number of samples from each room is un-
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Figure 3. Plan map of McKean Pueblito showing sampled beam locations (based on field map courtesy of J. Copeland).

doubtedly skewed by our sampling strategy. The
species sampled at the site include 14 juniper (Jun -

iperus spp.), 12 pinyon (Pinus edulis), and one
cottonwood (Populus spp.) Certainly our subjective sampling criteria influenced the observed species distribution, but data from other pueblitos indicate that pinyon and juniper are the most common species used in pueblito construction, and that
cottonwood was used infrequently (Towner 1997).

The pinyon and juniper trees were undoubtedly
procured within a few hundred meters of the site hence the presence of metal ax -cut stumps in the
area. The cottonwood timber, however, must have
been procured from a more mesic microenvironment, probably either a nearby spring or more like-

ly from the valley bottom. Thus, the species exploited indicate tree harvesting in the immediate
vicinity of the site and also from a different environmental zone in the area.
Eleven of the 27 samples collected (40.7 %)
yielded dates, but only two samples (DNT -1030,
DNT -1033) provided cutting (tree death) dates,
and a single sample (DNT -1035) yielded a near
cutting date. The poor dating success rate of juniper (7.1 %) is due to the opportunistic growth
strategy of many junipers in this area; such erratic
growth produces multiple false and missing rings,
and makes crossdating difficult if not impossible.
Pinyon, on the other hand, rarely produces false
or locally absent rings, and therefore we were able

1708 + +v

Room 4 Roof Primary
Room 4 Roof Primary

JUN
PNN

PNN
JUN
JUN
JUN
PNN
PNN
JUN
PNN
JUN
JUN
JUN

DNT -1031
DNT -1032

DNT -1033
DNT -1034
DNT -1035
DNT -1036
DNT -1037
DNT -1038
DNT -1039
DNT -1040
DNT -1041
DNT -1042
DNT -1043

1704 +vv inc

1706 +vv inc
1707 +vv inc

1707 +B comp

1713G comp

1706vv inc

Metal ax limb trim
None
Metal ax limb trim
Metal ax shaping (flattened)
Metal ax cut
Metal ax cut
Metal ax cut

None
None
None

Metal ax debarking, limb trim, and beam end
Broken limb trim, metal ax -cut end
Metal ax shaping, limb trim, and beam end
Metal ax shaping, limb trim, debarking,
and beam end
Broken limb trim, metal ax -cut end
Metal ax shaping, limb trim, debarking,
and beam end
Metal ax debarking and limb trim

Broken, burned ends
Broken end
Metal ax -cut end, broken end
Broken ends
None
Metal ax -cut end
Broken end
Metal ax -cut end
None
None

Tool Marks

Weathered
Fork
Weathered
Weathered
Weathered

Smoke blackened
Fork
Not smoke blackened
Not smoke blackened

Not smoke blackened
Smoke blackened

Charred
Smoke blackened
Weathered
Weathered
Weathered
Weathered
Weathered
Weathered
Weathered
Weathered
Smoke blackened
Smoke blackened
Smoke blackened
Smoke blackened

Other Attributes

latewood cells.

Date symbols (after Robinson et al. 1974): B = bark present; v = cutting date in opinion of analyst; vv = noncutting date in opinion of analyst; + = possible locally absent
ring near outside of sample; ++ = absent rings necessitate a ring count; comp = terminal ring on sample contains latewood band; inc = terminal ring on sample exhibits no

Ax -cut Stump
Ax -cut Stump
Ax -cut Stump

Room 4 Roof Primary
Room 4 Roof Primary
Room 4 Roof Secondary
Room 4 Roof Secondary
Room 4/5 Door Lintel
Room 4/5 Door Lintel
Room 5 Roof Primary
Room 5 Roof Primary

1705 +vv inc
1713B comp

Room 4 Roof Primary
Room 4 Roof Primary
Room 4 Roof Primary
Room 4 Roof Primary

PNN
JUN
PNN
PNN

DNT -1027
DNT -1028
DNT -1029
DNT -1030

1707 +vv inc

1692vv inc

Room 1 Loose Log
Room 1 Roof Primary
Room 1 Loose Log
Room 1 Roof Primary
Room 2 Loose log
Room 3 Roof Primary
Room 3 Roof Primary
Room 3 Loose Log
Room 3 Roof Primary
Room 3 Roof Primary

PNN
JUN
JUN
POP
PNN
JUN
PNN
PNN
JUN
JUN

Outside Date

DNT -1017
DNT -1018
ONT -1019
DNT -1020
DNT -1021
DNT -1022
DNT -1023
DNT -1024
DNT -1025
DNT -1026

Provenience

Species

Sample
Number

Table 1. Dates and attributes of collected McKean Pueblito tree -ring samples.
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to crossdate 10 of the 12 (83.3 %) pinyon samples.
The single cottonwood sample (DNT -1020) lacks
ring -width variability, contains only six rings, and
was not crossdated.
The physical attributes of the samples, in combination with the dates of the beams, can be used
to elicit behavioral and chronological information

from the samples. For example, the presence of
metal ax -cut beam ends, limb trimming, and debarking indicates that the site postdates the Spanish colonization of New Mexico and introduction
of metal tools. Thus, the beam attributes and tool
marks can be used to broadly date the site to the
late seventeenth or early eighteenth centuries even
in the absence of absolute chronometric data. The

presence of many broken beam ends and limbs
suggests that dead wood was procured for many
architectural elements. Interestingly, none of the
beams that exhibit broken ends or limbs produced
absolute dates. Because as trees die a natural death
they exhibit a higher proportion of locally absent
and missing rings (Ahlstrom 1985), and because it
is easier to break dead wood than living wood, the
absence of dates and high frequency of broken elements suggest that dead wood was used frequently at McKean Pueblito. Whether this procurement
strategy reflects a paucity of available metal axes,

expedient construction episodes, or some other
factor is unknown at this time.
Other important attributes recorded for the sam-

ples include the "condition" of their surfaces.
Most beams from McKean Pueblito were weathered to some degree. Beams collected from rooms
with collapsed roofs tend to exhibit extreme
weathering, and the resultant loss of exterior rings
yields only noncutting dates. The presence or absence of smoke blackening on beams, the result of
nondestructive cooking or heating fires in rooms,
was also recorded. Timbers in collapsed rooms exposed to weathering rarely exhibit smoke black-

ening because the evidence has been eroded.
Beams in protected areas, such as completely
roofed rooms, retain smoke blackening and can
contribute important information concerning repair
or remodeling episodes and changing room func-

tion. Sample DNT -1017 from Room 1 has been

extensively charred, which may indicate catastrophic burning of the room, but evidence from a
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single sample is uncertain at best. At McKean Pueblito, only Room 4 retains enough architectural integrity to yield information from smoke blackened
beams. In Room 4, six of the eight primary beams

exhibit smoke blackening. Sample DNT -1034
lacks smoke blackening, probably because it is the
outer most beam and has been exposed to weathering. As will be discussed below, the absence of
smoke blackening on beam DNT -1031, located in
the middle of the room, has important implications
for interpreting the tree -ring dates from the room.

Chronological Interpretations

The eleven dates from the site range from
1692vv inc to 1713B comp, but the only cutting
dates cluster in 1713 and the only near cutting date

is 1707 +B comp (`comp' indicates that the terminal ring on the specimen exhibits a complete
latewood band and `inc' indicates no latewood is
present in the terminal ring). All of the timbers
were apparently procured prior to the beginning of
the 1714 pinyon growing season. The two samples
that date at 1713 (DNT -1030, DNT -1033) were cut
sometime after the 1713 growing season ended but

before the initiation of growth in the spring of
1714. The sampled dated 1708 +B comp (DNT 1035) was cut sometime between the end of the
1708 growing season and start of the 1710 growing season (the " +" indicates a possible locally
absent ring near the end of the ring sequence). The
noncutting dates (1692vv- 1707vv) lack evidence

of true outsides and presumably have suffered
some exterior ring loss due to weathering and erosion. As discussed below, however, the small clus-

ter of noncutting dates in the first decade of the
1700s (DNT -1024, 1027, 1029, 1037, 1038, 1039,
and 1040) suggests that exterior ring loss was minimal.

The distribution can be interpreted in at least
three different ways depending on the use of sample contexts. One possible interpretation is that the
entire site was constructed in the fall of 1713 or
spring of 1714 using a mixture of freshly cut timbers and possibly some dead wood. This interpretation is based on the fact that the latest dates, and
only cutting dates (1713B comp), from the site are
from in situ roof primary beams in Room 4. Both
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samples exhibit complete terminal rings, which in-

dicates that they were cut after the 1713 pinyon
growing season, but before growth started in the
spring of the 1714. Dead wood use may be indicated by sample DNT -1032 which dated
1708+ +v. Although the field assessment and laboratory analysis suggest that the sample has a true
outside, the " + +" symbol indicates several locally absent rings near the outside of the sample
that necessitated a ring count past the mid- 1680s.
As pinyon trees slowly die, the frequency of locally absent rings increases, and Ahlstrom (1985)
suggests that " + +" dates are indicative of dead
wood use.
Several factors, however, suggest that this site
interpretation may not be valid. If 1713 is the date
of initial construction, all but one of the remaining

samples must have consistently eroded between
five and nine rings. We believe it is highly unlikely

that erosional processes removed approximately
the same number of rings from all of the remaining
samples, particularly DNT -1024 (1707 +vv) and
DNT -1040 (1704 +vv) which are located in different rooms. Finally, it must be remembered that the

"vv" designation indicates that there is no evidence of a true outside on the sample; it does not
indicate that there is unequivocal evidence that ex-

terior ring loss has occurred (Robinson et al.
1974). Thus, the small cluster of dates in the first
decade of the 1700s may actually indicate tree harvesting at that time, probably in 1707 or 1708.

ments as roof primary beams is unlikely from an
architectural perspective as well. Finally, the absence of any suitable structures in the area, combined with the abundant construction materials in
the adjacent pinyon - juniper forest, indicate that
beam reuse was minimal, if practiced at all. The
area surrounding the knoll had enough vegetation

to harvest new wood for the construction and
bringing the wood from other structures would not
have been necessary.
A third possible interpretation of the tree -ring
data is that McKean Pueblito was constructed in
1707 or 1708 using freshly cut timbers, and that

Room 4 (at least) was remodeled in 1713 using
freshly cut timbers and a piece of dead wood
(DNT -1032). The inference of a 1707 -1708 construction date is based on two 1707 +vv dates, one
from Room 4 and one from Room 3, the
1708 + +v near cutting date from Room 4, and the
generally tight clustering of the 1705, 1706, 1707,
and 1708 noncutting dates in Room 4. Although
these samples do not show evidence of true outsides, we believe the clustering indicates tree harvesting in the same year. The provenience of the
beams in Room 4 support this inference. All of the
samples dated 1705 -1708 are either roof secondaries or primaries located at either end of the room.
Interestingly, there is a large hole in the north
wall of the structure that was initially thought to
be a window. Closer analysis of field photographs,

however, suggests that this hole -which opens
onto Room 3 -was created in order to facilitate
was constructed in 1713/1714 with freshly cut tim- the replacement of four primary beams (DNT bers and reused wood from other structures or 1030, 1031, 1032, 1033) under the secondary
from dead trees. Sample DNT -1035 cannot have beams (DNT 1035, 1036) in the center of Room
been cut in 1713/1714 and in this interpretation 4. Digital photographs show that this hole is irregAnother possible interpretation is that the site

must be a reused beam. Sample DNT -1034 did not
reveal an outside date, but it did have a forked end.
The forked end suggests that it may have been use

previously used as part of a forked -pole hogan.
Numerous other beams had at least one end broken, which could only be accomplished once the
wood had been dead for a period of time and dried.

Although identified in a few sites, the reuse of
beams is not common at pueblito sites (Towner

1997). Most pueblito masonry rooms need
straight, relatively long roof primary beams to
span the walls; therefore, the reuse of hogan ele-

ular in shape and retains neither upper nor lower
window lintels. Our interpretation is that because
of the use of a different mortar type during the
replacement event, the hole eroded out of the wall
after the site was abandoned. These four beams
include the two 1713 cutting dates, the piece of
dead wood, and an undated sample; the undated
sample may be an even later repair, as it is the
only roof primary in the center of the room that
does not exhibit smoke blackening.
The dating of this pueblito resulted in three different interpretations, and we acknowledge that
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others are possible. In general, we suggest the
most parsimonious explanation of the dates and
beam proveniences is that the structure was built
in 1708 and Room 4 was remodeled in 1713. Extrapolating the data from a single room to the entire structure is somewhat problematic, but we believe the minimal tree -ring data from Rooms 3 and
5 support our conclusions.

McKEAN PUEBLITO IN REGIONAL
CONTEXT
McKean Pueblito is one of five known pueblitos

and /or defensive hogan sites located on Blanco
Mesa or Superior Mesa overlooking Cañon Largo.
The other upland sites are the Cottonwood Divide
Site (LA 55829), Star Rock Refuge (LA 55838),
and Pork Chop Pass (LA 5661) on Blanco Mesa,
and Compressor Station Ruin (LA 5658) and the
Overlook Site (10732) across Palluche Canyon on

Superior Mesa. In addition to the upland sites,
three valley bottom sites, Foothold Ruin (LA
9073), Twine House (LA 127737), and 42 Pueblito
(NLC- E- CL- UL -U), are located along Palluche

Canyon near its confluence with Cañon Largo
(Figure 4).
The Cottonwood Divide site comprises five hogans, six wall segments, and two log- covered crev-

ices (Powers and Johnson 1987). Towner (1997)

collected 10 samples from the site, and seven
yielded dates; unfortunately, all of the dated tim-

83

site, and Towner (1997) collected an additional 13
samples. Based on 28 dates, Towner infers that the
site was built in the late 1730s and remodeled in
the mid- 1740s.
The two upland sites southeast of Palluche Can-

yon, Compressor Station ruin and the Overlook
Site, were both built in the late 1720s. The Overlook Site consists of a five -room masonry building, four forked -pole hogans, a masonry -based hogan, and a windbreak (Powers and Johnson 1987).
Towner (1997) collected 10 samples from the site
and NLC researchers collected 22 samples (Correll

and Kurtz 1957). A total of 27 samples yielded
dates, including 16 cutting or near cutting dates.
Towner (1997) indicates that the structure was
built in the fall of 1727 and extensively remodeled
in the spring of 1728. Interestingly, the windbreak
associated with the site yielded a date of 1742 +G.
Compressor Station Ruin is a four -room pueblito
associated with an isolated slab -lined hearth that
was probably part of a hogan, a pile of burned rock
indicative of a sweatlodge, and a forked -pole ho-

gan. Towner (1997) collected thirteen samples
from the site, all of which yielded dates. He infers
that the entire structure was built in the spring of
1728.

The valley bottom sites were built during different time periods, probably in response to different stimuli. Twine House is a three -room masonry structure on a boulder top. Ababneh et al.
(2000) collected 18 samples from the site, twelve

bers are either vv or + +vv dates indicative of of which provided dates. They suggest that the site
exterior ring loss, deadwood use, or both. Using
Ahlstrom's (1985) criterion that the latest noncutting date from a site that lacks cutting dates may
indicate the occupation period, Towner (1997)
suggests that the site was occupied shortly after
1715. Star Rock Refuge consists of a two -room
masonry building, several associated free standing
walls, and two sealed crevices (Powers and Johnson 1987). Towner (1997) collected 11 samples
from the site, but only one sample dated. This

was constructed in the late 1720s, abandoned for

1708vv date from a loose log suggests the site was
occupied after 1708. The Pork Chop Pass site consists of a three- or four -room masonry structure,
three associated middens, and a deteriorated wooden corral approximately 50 m east of the pueblito.

site was abandoned during the 1730s. Foothold
Ruin consists of a a masonry room located on top

NLC researchers collected 15 samples from the

most of the 1730s, and reoccupied in the early
1740s. Based on the Navajo Land Claim investigations in the 1950s, 42 Pueblito consisted of a
two -room building and two hogans. Ababneh et
al.'s (2000) resampling of the site confirmed the
provenance of previously collected samples, and
provided a new date for the site as well. They suggest that the site was constructed in the late 1720s,
and repaired in 1741 or later. It is possible that the

of a boulder and two additional masonry rooms at
the base of the boulder; at least three forked -pole
hogans were recorded by Navajo Land Claim researchers (Correll and Kurtz 1957), but the hogans
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Figure 4. Map of the Cañon Largo -Palluche Canyon area showing pueblito sites discussed in text.

no longer exist. Towner (1997) collected 21 samples from the site, and previous NLC efforts collected 18 samples. A total of 30 samples provided
dates, but most are noncutting dates. Ababneh et
al. (2000) suggest that the site was built in the late
1730s or early 1740s, but acknowledge that a 1720
cutting date collected from a loose log by the NLC
suggests an earlier occupation is possible.
Thus, there appears to be clear spatial and tern-

poral distinctions between the pueblitos in this
area. The three upland sites located in inaccessible
locations on the northern portion of Blanco Mesa
(McKean, Cottonwood Dive, and Star Rock Refuge) all date to the first two decades of the eigh-

teenth century. The three upland sites near the
mouth of Palluche Canyon (Compressor Station
Ruin, Pork Chop Pass, and the Overlook Site)
were built in the late 1720s or late 1730s. All of
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the valley bottom sites (and The Overlook Site)
show some evidence of construction in the late

peditions into the Dinétah (Hendricks and Wilson
1996). These expeditions typically consisted of a

1720s and repair or remodeling in the early 1740s
(Table 1). None exhibit unambiguous evidence of
tree -harvesting activity in the 1730s, and all may
have been abandoned for some period of time dur-

large group of Spanish soldiers, citizen militia,
Pueblo Indian auxiliaries, and associated support
personnel and livestock. The mobility of such a
force was necessarily restricted to avenues ame-

ing that decade. Apparently, none of these sites
was contemporaneous with the Blanco Mesa upland sites; indeed, they may have been built after
the upland sites were abandoned.

nable to moving large numbers of troops and livestock. One such avenue is the floodplain of Cañon
Largo, a wide sandy river valley penetrating the
Dinétah. Pueblitos built overlooking Cañon Largo
would have two distinct advantages over sites located nearer the floodplain: (1) increased visibility
along the canyon would have allowed forewarning
of an approaching force, and (2) the location above
the canyon floor would have provided protection
from a large invading force that could not move

DISCUSSION

Jacobson et al.'s (1992) computer analysis indicates that Cottonwood Divide cannot be seen
from Star Rock Refuge; during our field investigations, however, Cottonwood Divide was clearly

visible from McKean Pueblito; thus, there is at
least some intervisibility between the contemporary upland sites on northern Blanco Mesa. McKean Pueblito also provides unobstructed views
upstream and downstream along Cañon Largo, and

probably could be seen from several sites in that
drainage, although no contemporaneous valley
sites are known at this time. Observation of the
locations of the other upland sites indicates that all
of those sites, except the Overlook Site, share the
same type of expansive viewshed as McKean. The
valley bottom sites, however, do not have expansive viewsheds; although Foothold Ruin and the
Overlook Site can be seen from each other, they
do not command views of anything except the valley floor. Interestingly, the three sites northwest of
Palluche Canyon with expansive viewsheds date
between 1708 and 1715, but the Overlook site and
the three valley bottom sites, which do not have

expansive viewsheds, date between 1727 and
1741.

We suggest that the northern upland sites (Mc-

Kean, Cottonwood Divide, Star Rock Refuge)
were located on Blanco Mesa for two reasons.
First, following Towner et al. (2000) we interpret
their locations as defensive strategies designed to
counter Spanish entradas. Before 1716, the primary threat to Navajo security was the Spanish led militia in the Rio Grande Valley. On several

different occasions during the early eighteenth
century, the Spaniards sent large, well - armed ex-

men, equipment, and livestock up steep slopes
quickly. A second possible reason for the site locations on the east side of Blanco Mesa, instead
of the western escarpment farther away from the
route of Spanish incursions, is related to geology.
Topographically, Blanco Mesa slopes gently to the
northeast towards Cañon Largo. Any rainfall on

the mesa infiltrates the sandstone bedrock and
flows slowly towards Cañon Largo. Perhaps by locating the pueblitos along the downslope edge of
the mesa, the inhabitants could take advantage of

the supply of water emanating along the edge of
the mesa in the form of more abundant seeps and
springs.

In 1716, a truce was negotiated between the
Spanish and the Navajo (Reeve 1959), effectively
removing the threat of Spanish intrusion into the
Dinétah. Subsequently, the Navajo may have returned to the valley bottoms to take advantage of
better agricultural soils and a more dependable water source along the stream channels. Although the

Spanish threat was removed, another different
threat soon materialized. Ute raiding parties intent

on the acquisition of Navajo slaves, especially
children, for sale in the Rio Grande Valley, soon
threatened the Dinétah Navajo. Indeed, one of the
objectives of the Spaniard's peace offering was to
create a buffer between the Utes and the Spanish
pueblos of the Rio Grande area. Instead of a large
invading force, however, the Ute threat was composed of smaller, highly mobile, horse -mounted,
raiding parties similar to "light cavalry" forces
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(Towner et al. 2000). The different threat posed by
the Utes resulted in later pueblito construction in

the valley bottoms and mesa tops on elevated
boulders, a defensive setting suitable to repel the
smaller, horse -mounted raiding parties. By building pueblitos on small boulders, and using them
for refuges, the Navajo defenders forced the attackers to dismount, thus losing the advantages of
speed and height engendered by horses.
An interesting possibility that could be tested
with archaeological, but not dendrochronolgical

data, is that the upland and valley bottom sites
were constructed by the same Navajo extended
family group. Ababneh et al. (2000) have suggested-that all the sites in Palluche Canyon were
occupied by the same group, and we are tempted
to suggest that the same group used the sites on
Blanco Mesa to counter a different threat a decade
or more earlier.

vested and modified living and dead timbers with
a metal ax, and repaired at least one room of the
structure using freshly cut timbers. All of these
behaviors influenced the tree -ring date distribution
from the site.
The dendrochronologists who investigated the
site also influence the date distribution and inter-

pretations of the site. By sampling only those
beams that exhibited characteristics of a true outside, we ignored timbers that may (however unlikely) post- or predate the sampled beams; such

dating would necessitate a revision of the site
chronology and interpretations. By recording and
photographing the beams, however, we have been
able to identify anomalous tree- ring dates that resulted from the behaviors of the site occupants.
As discussed above, the date distribution from

McKean Pueblito can be interpreted in several
ways if the beam attributes and provenience are

ignored. By recording the exact provenience and
beam attributes of samples collected at McKean
CONCLUSIONS
Pueblito, we are able to infer that Room 4 was
Dendrochronological fieldwork in northwestern constructed in AD 1708 and repaired in 1713. The
New Mexico has contributed significantly to our location of the only two cutting dates (1713) adunderstanding of eighteenth century Navajo pop- jacent to the misidentified "window" in Room 4
ulation dynamics. Indeed, our research on McKean indicates that the roof was repaired, not constructPueblito has provided dates linking all the known ed, at that time. Thus, it is the exact provenience
pueblito and defensive hogan sites on Blanco of the dated beams, and not simply their temporal
Mesa, and differentiating them in time from the placement, that allows us to reconstruct past hulater valley bottom sites in Palluche Canyon. We man behaviors.
On a larger scale, the good preservation in
have suggested that the date and site distributions
Room
4 allowed us to collect high quality samples
can be most parsimoniously explained as early Nathat
yielded
the latest dates (and only cutting
vajo adaptations to different social and environmental parameters.
The main purpose of this paper, however, is to
illustrate the importance of sample context in the

dates) from the site. Unfortunately, the architecture
at the site, specifically the bond -abut relationships

interpretation of archaeological tree -ring dates.
Dean (1996) indicates that the most important fac-

room specific construction sequence. Nevertheless,

tors in a date distribution are the wood -use behavior of the site occupants and the sampling behavior
of dendrochronolgists. The complex behaviors of
the eighteenth century Navajos who occupied the
site created the potential and utilized data for this
paper; additional archaeological and dendrochro-

nological data still exist at the site. The Navajos
chose a site location, selected wood and stone as
construction materials (including tree species such
as juniper and pinyon that can be crossdated), har-

of the walls, is too deteriorated for us to infer a
the tree -ring, architecture, and preservation data
denote two occupational episodes at the site. These
dates also aid in the interpretation of noncutting
dates from other sites on the mesa, and suggest
that all the upland sites were absolutely contemporary. In the absence of such a regional context,
McKean Pueblito would simply be another marginally interesting ruin on the landscape. By placing the tree -ring dates in their architectural, temporal, and spatial contexts, however, we are able
to generate testable hypotheses concerning the past
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human group and individual behaviors that created
the site and community of which it was a part.
On a theoretical level, this dendroarchaeological

investigation of McKean Pueblito illustrates the
necessity of detailed tree -ring sample context data

at the individual beam, room, site, and intrasite
scales. It also shows that if dendroarchaeology is
to move beyond simply dating sites and into the
illumination of past human behaviors, we must exploit all the environmental, chronological, and behavior information inherent in tree -ring samples
and their multiple spatial contexts.
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TREE -RING EVIDENCE FOR GREAT PLAINS DROUGHT
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and
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ABSTRACT
A new collection of tree -ring chronologies developed from trees and remnant material located in the
western and central Great Plains makes an important contribution to the spatial coverage of the US tree ring chronology network. Samples from 24 sites were collected from the west -central Great Plains, and to
date, ten chronologies have been produced. When correlated with a set of 47 single -station PDSI records,
the chronologies display relationships with regional spring and summer drought. The reconstruction of
spring PDSI for eastern Colorado generated in this study suggests that the inclusion of Great Plains trees
can improve the quality of Great Plains drought reconstructions. The eastern Colorado drought reconstruction explains 62% of the variance in the instrumental record and extends to 1552. This reconstruction
provides information about the regional character of major droughts over the past four and a half centuries.
Major eastern Colorado droughts include events in the 1580s, 1630s, 1660s, 1730s, and the 1930s. The
late 16th century drought, noted as an especially severe drought in the southwestern US, appears in this
reconstruction as only slightly more severe than other major droughts in this region.
Keywords: drought, dendroclimatic reconstructions, PDSI, Great Plains, eastern Colorado.

DROUGHT AND THE GREAT PLAINS
The Great Plains region of the Unites States is

prone to lengthy drought (Karl and Koscielny
1982; Diaz 1983). As the heartland for much of
America's agriculture, this region is especially vulnerable to the socioeconomic impacts of drought.

The Great Plains area has become increasingly
vulnerable to drought because of an expansion of
cultivation to marginally arable lands and a greater
reliance on and consequent overuse of ground* Mailing address: NOAA Paleoclimatology Program,
NGDC E /GC, 325 Broadway, Boulder, CO 80305 -3328, USA.
e -mail: woodhous @ngdc.noaa.gov

Copyright © 2001 by the Tree -Ring Society

water, which has resulted in depletion of aquifers
in some areas (Lockeretz 1978; Hecht 1983). In

addition, some General Circulation Models
(GCMs) suggest the central United States, especially the Southern Plains, is likely to become hotter and drier with a doubling in atmospheric CO,
resulting from anthropogenic activities, which may

further increase vulnerability to drought (Rind et
al. 1990; Wetherald and Manabe 1995; Houghton
et al. 1996; Gregory et al. 1997; Wetherald and
Manabe 1999).
Our capacity to evaluate the impacts of drought
and plan for future droughts in the Great Plains is

based almost entirely on our knowledge of
droughts that have occurred during the period of
89
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instrumental record, i.e. the last 100 years. The
droughts of the 1930s and 1950s are well -known
for their severity, and had disastrous social and

economic impacts in the Great Plains. These
droughts are the standard by which others are
gauged, but our ability to assess the rarity of these
events is limited by the length of the instrumental
record. However, the instrumental record can be
lengthened using proxy climate data from historical documents, archaeological remains, tree rings,
and geomorphological data that provide evidence
of past Great Plains droughts. These proxy climate

ring studies and reconstructions, along with historical data for the 18th and 19th centuries (Bark
1978; Lawson 1974; Muhs and Holliday 1995),
suggest that although the droughts of the 1930s
and 1950s were severe, they were not unusual in
terms of their overall impact on the Great Plains
region. Nation -wide, however, the 1930s drought
was an unusual event because of its widespread
extent.

Few tree -ring chronologies longer than 400
years in length exist to document Great Plains

characteristics such as severity, duration, and frequency, in the context of the past centuries to mil-

drought, but other less finely resolved or precisely
dated longer records from lake and dune sediments
are available. These records suggest more persistent or frequent periods of drought occurred in the

lennia.

past 2,000 years, than in the past century, that

data can be used to place 20th century drought

PALEOCLIMATIC RECORDS OF
GREAT PLAINS DROUGHT
Of the proxy records that document Great Plains
drought, the most recent come from historic documents and tree rings which provide information
about drought occurrences for the past two to five
centuries. A number of dendrochronological studies have utilized trees in areas flanking the Great
Plains to reconstruct Great Plains precipitation and
drought (Fritts 1983; Lawson 1974; Stockton and
Meko 1983; Duvick and Biasing 1981; Blasing
and Duvick 1984; Stahle et al. 1985; Stahle and
Cleveland 1988; Cleaveland and Duvick 1992).
Others have reconstructed climate for large areas
that include the Great Plains (Fritts 1965, 1991;
Stockton and Meko 1975; Cook et al. 1996, 1997,

1999). Most recently, Cook et al. (1996, 1997,

were severe enough to impact land cover and lake
levels (Forman et al. 1992; Madole 1994; Laird et
al. 1996, 1998; Muhs et al. 1996; Overpeck 1996;
Fritz et al. 2000). Longer, high resolution tree -ring
records of drought for regions outside the Great
Plains support the evidence of drought in the less

finely resolved Great Plains proxies (Douglass
1929; Dean et al. 1985; Dean 1994; Grissino -May-

er 1996; Hughes and Graumlich 1996; Stahle et
al. 2000). These records document the occurrence
of a number of multidecadal droughts in the westem United States. The best documented and most
recent of these occurred in the late 13th and late
16th centuries. There is evidence that the late 16th

century drought (or several droughts within the
second half of the 16th century) may have impacted regions from Mexico to British Columbia,
and from California to the East Coast of the US
(Stahle et al. 2000). There has been little evidence

1999) reconstructed Palmer Drought Severity Indices (PDSI) (Palmer 1965) for a set of grid points

available to document this drought in the Great
Plains, although one might suspect that such a

across the US using a network of 425 tree -ring

drought -prone area would have experienced severe
drought conditions as well.
Although these proxy records provide a general

chronologies, enabling an assessment of the spatial

patterns of drought for the past three centuries.

history of past droughts in the Great Plains, they
chronologies from the periphery of the Great do not provide much detail about the spatial patPlains, can provide information about Great Plains terns of drought across the Great Plains, nor do
climate because tree growth often reflects large - they provide much high -resolution temporal inforscale climate patterns. A few studies have sampled mation about Great Plains drought prior to about
trees within the Great Plains (Weakly 1943, 1965; 1650. In this paper, we report on a new network
Sieg et al. 1996), but these have not been used for of tree -ring chronologies developed from trees and
actual drought reconstructions. The various tree- remnant material located in the western and central
These dendroclimatic studies, although employing
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Figure 1. Locations of tree -ring chronologies in the coterminous US in the International Tree -Ring Data Bank. White area
includes the Great Plains, where there is a noticeable lack of sites.

Great Plains that make an important contribution
to the spatial coverage of the tree -ring chronology
network (Figure 1). These new chronologies reflect regional responses to drought that can refine
our understanding of the temporal and spatial patterns of drought in this region. In addition, several
of the chronologies extend back into the 15th century and provide information about the character
of the late 16th century drought in this region. We
first describe the collection of new Great Plains
chronologies, then examine individual chronology
responses to regional drought conditions, and finally, report on a preliminary drought reconstruction for eastern Colorado.

NEW GREAT PLAINS TREE -RING
CHRONOLOGIES

The New Network

Figure 2. Locations of 24 new west -central Great Plains tree ring collections. The sites for which chronologies have been
generated are shown by black circles; the others by gray.

Twenty -four new tree -ring chronologies were
collected from central Nebraska to northeastern
New Mexico (Figure 2, Table 1). In this part of
the Great Plains, isolated stands of mostly ponderosa pine (Pinus ponderosa) and eastern red cedar (Juniperus virginiana) grow on scarps above
rivers and drainages, and on isolated bluffs and
mesas (Wells 1965). In the southern part of the
study area, pinyon pine (Pinus edulis) is found
along with ponderosa pine in sides of canyons and
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Table 1. Great Plains dendrochronological collections and site details. Bold type indicates the chronologies generated to date.
Site Name

Site Code

Elevation (m)

Latitude/Longitude

Niobrara Valley Preserve

NIO
SNA
LGP
JON
ASH
CNR
CBN

700 -750
800 -820
650 -680
680 -700
1260 -1300
1520 -1540
790

42 °49'/100 °00'
42 °42'/100 °52'
42 °40'/99 °43'
41 °48799 °05'
42 °38'/103 °15'
41 °31'/103 °56'
39 °58'/100 °32'

Pinus ponderosa
Pinus ponderosa
Pinus ponderosa
Pinus ponderosa
Pious ponderosa
Pinus ponderosa
Juniperus virginiana

CBK

670 -680

38 °46'/99 °48'

Juniperus virginiana

Black Forest East

BFE

Limon
Limon
Ridge Road

LIM
LIJ
RIR

Valley View Ranch
Round Prairie

VVR
RPR
KIM

1790 -1840
1740 -1800
1740 -1800
1840 -1850
2150 -2190
1590 -1610
1640 -1660
1530
1920 -1940
1900 -1940
1570 -1600
1570 -1600
1460 -1520
1430 -1470

39 °30'/104 °13'
39 °21'/103 °48'
39 °21'/103 °48'
39 °23'/104 °12'
39 °04'/104 °26'
37 °30'/103 °32'
37 °14'/103 °15'
37 °34'/103 °18'
37 °06'/103 °37'
37 °07'/103 °05'
37 °047103 °16'
37 °04'/103 °16'
37 °00' /l 03 °03'
37 °01'/102 °58'

Pinus ponderosa
Pinus ponderosa
Juniperus scopulorum
Pinus ponderosa
Pseudotsuga menziesii
Pinus edulis
Pinus ponderosa
Pinus edulis
Pinus ponderosa
Pinus ponderosa
Pinus ponderosa
Pinus edulis
Pinus ponderosa
Pinus ponderosa

2020
2220 -2260
2360 -2400
1690 -1740

36 °48'/103 °59'
36 °46'/103 °58'
36 °46'/103 °57'
36 °04'/104 °21'

Pinus ponderosa
Pinus ponderosa
Pinus edulis
Pinus ponderosa

Species

Nebraska

Snake River
Long Pine Creek
Jones Canyon

Ash Creek
Canyon Road
Cedar Bluffs
Kansas

Cedar Bluffs
Colorado

Kim
Kim Hill

KIH

Mesa de Maya

MDM

Gotera Rincon

GOT

Sheep Pen Canyon
Sheep Pen Canyon
Myrtle Whitley's Ranch

SHP
SPP
MWR
LBM

Little Black Mesa
New Mexico

Cornay Ranch
Capulin Volcano Ponderosa
Capulin Volcano Pinyon
Mill Canyon

COR
CPP
CPI

MIL

on mesa tops. Trees such as cottonwood (Populus
sargentii) and hackberry (Celtis occidentalis) are
also found along waterways, but these are not usually as suitable for reconstructions because they
tend to be short -lived.
Candidate tree -ring sites were located by examining maps for suggestive place names such as
"Long Pine" and "Cedar Bluffs," air reconnaissance, and communication with local land man-

agers, ranchers, and other long -time residents.
Sites were selected on the basis of tree ages of
several hundred years and the presence of remnant
material, including stumps, logs, and snags. Many
Great Plains trees were cut to supply forts established by the US Army in the 1840s -60s to protect

emigrant wagon trains, commerce and the mail
(West 1997). More were cut by the settlers who

moved into the Great Plains in the second half of
the 19th century. Fortunately, the semi -arid climate of this region preserves the stumps left from
early settlement harvest, allowing an extension of
the living tree chronologies back an additional two
to four centuries.
The majority of the collections were from ponderosa pine because this species was among the
most common, is sensitive to drought, attains ages
of 300 -400 years, and is relatively easy to date
(fewer false rings than other species). The easternmost stands of ponderosa pine in North America
extend just east of the 100th meridian in Nebraska
and were included in our sampling. The westernmost extent of eastern red cedar is found in the
western Great Plains. This species has not been
previously sampled in this region, and it appears
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Table 2. Statistics for standard chronologies.

Site Name

Site Code

Years

# of

# of

radii
@ 1600

radii
@ 1800

Mean
Sensitivity

14

.217
.232
.287

.511

.291

.466
.409
.400

.505
.340
.458
.478

.509
.602
.615
.535

1st Order
Autocorrelation

RBAR*

Nebraska
Niobrara Valley
Ash Creek
Canyon Road
Colorado
Black Forest East
Valley View Ranch
Round Prairie
Mesa de Maya
Sheep Pen Canyon
ponderosa
Sheep Pen Canyon
pinyon
Cheesman L. **

New Mexico
Mill Canyon

NIO
ASH
CNR

1589 -1997
1716 -1997
1489 -1997

BFE
VVR
RPR
MDM

1709 -1997
1537 -1998
1743 -1997
1464 -1997

0

SHP

1

0
6

5

10

.566

0

4

2

16

.259
.550
.365
.327

1460-1998

8

19

.376

.409

.634

SPP
CSM

1837 -1998
1107 -1995

0

0

8

15

.383
.366

.129
.315

.585
.433

MIL

1595 -1998

1

20

.318

.255

.537

3

10
16

*RBAR is the average correlation between all possible time series calculated for 50 year segments, overlapped by 25 years,
when sample size is ?2.
* *Cheesman is not a Great Plains chronology, but is listed here since it is used in the PDSI reconstruction.

to crossdate, but not easily (false rings are common). We sampled several stands of eastern red
cedar in Kansas, but most of the living trees were
not very old, and there was little remnant material
available, although at one site, one extremely old
individual was found (unfortunately rotten in the
center). A ring count on a partial core from this
tree yielded 462 rings, making this possibly the
oldest tree in Kansas. One isolated stand of Douglas -fir (Pseudotsuga menziesii) was found and
sampled. This stand is on the side of a bluff in the
far eastern edge of the Black Forest region, 100
km southeast of Denver. Stands of ponderosa pine
are common in this region, but, except for this
stand, Douglas -fir is not found east of the foothills
of the Front Range (Little 1971).

Regional Response to Drought
We investigated the drought signal contained in
these Great Plains trees in order to assess the po-

tential for reconstructing regional Great Plains
drought. The strength and spatial extent of drought
signals were examined by correlating tree growth

at each chronology site with a set of single - station

PDSI records for the west -central Great Plains,
then mapping out the correlation patterns. The
PDSI is a monthly index of drought which largely
reflects precipitation, but also integrates the effects
of temperature and local water content of the soil,
as well as prior conditions (Palmer 1965; Guttman
1997). The PDSI was selected for these analyses
because it reflects moisture from a water balance
perspective, and thus more closely matches tree -

growth response to drought than drought indices
based solely on precipitation, such the Standard
Precipitation Index (SPI, McKee et al. 1993; Edward Cook, personal communications).
Of the 24 collections, to date, tree -ring width
chronologies have been generated for 10 sites,
which were the basis for this analysis (Figure 2,
Table 2). The 10 new chronologies were generated

using standard crossdating and quality control
techniques (Stokes and Smiley 1968; Holmes et
al. 1986). Each chronology was correlated with a
set of 47 single- station PDSI records in eastern
New Mexico, Colorado, Wyoming and western
Nebraska, Kansas, and Oklahoma, for the years
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Figure 3. Maps of correlations between each chronology and the 47 PDSI station records, 1925 -1990. Each map shows the
locations of the PDSI stations (black and gray dots) and the tree -ring chronology (triangle). Maps are arranged to reflect to
roughly relative geographic locations of the tree -ring sites. Tree -ring /PDSI station correlation values that are significant at p <
0.01 are included in shaded areas. Correlations where r > 0.50 are indicated by large gray dots. Maps are for the PDSI month
or months of the highest correlations for each chronology (May, MJJ, or JJA).

1925 -1990 (Figure 3). Climate stations were selected on the basis of record length and geographic

extent of interest (central and western Great
Plains). Station data were used instead of divisional climate data because climate divisions are based
on factors other than climatology (e.g. watersheds,

political boundaries). May PDSI, and May -JuneJuly (MJJ) and June -July- August (JJA) average
PDSI were selected for analysis with the chronologies because they are seasonally important for
precipitation and tree- growth in this region, with

the importance to growth grading from earlier
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months in the southern part of the study area to
the later months in the northeast part. However,
the three variables are very highly intercorrelated,
since the PDSI has a built -in lag that reflects conditions in prior months (Palmer 1965).

Spatial patterns of correlations between each
tree -ring chronology and the 47 station PDSI records show the sensitivity of tree growth to regional drought (Figure 3). Cutoff values used to
delineate regional responses to drought were based
on a significance level of p < 0.01 for one independent variable. This cutoff is not meant to imply
statistical significance, since it does not take into
consideration the problem of multiplicity, but is

used as point of departure for this exploratory
analysis. Months of the strongest correlations vary,

with northeastern chronologies more sensitive to
mid -summer PDSI. In general, correlations for
each chronology show fairly spatially coherent relationships to regional PDSI. In the northern part
of the study area, correlations are lower and tree
growth is sensitive to drought in smaller regions
than at the other sites. The easternmost chronology, Niobrara, has a central Nebraska/Kansas signature, while the two western Nebraska chronol-

ogies (Canyon Road and Ash Creek) key into
drought conditions in western Nebraska and eastern Wyoming. The two central Colorado plains
chronologies (Black Forest East and Valley View
Ranch) have broader regions of drought sensitivity. Both have high correlations with neighboring
eastern Colorado PDSI records, but also are correlated with PDSI records extending from southwestern Wyoming and southeastern Nebraska to
central Kansas and northeastern New Mexico. The
three southeastern Colorado chronologies (Round
Prairie, Mesa de Maya, Sheep Pen Canyon) have
similar patterns of correlations to the central Colorado chronologies, but areas of strongest correlations for Round Prairie and Sheep Pen are shifted to southeastern Colorado, southwestern Kansas,
and northeastern New Mexico. The Mesa de Maya
chronology has the most limited spatial signal of
the three southeastern Colorado chronologies. Not
shown are results for the pinyon pine chronology
also generated at the Sheep Pen site. The spatial
pattern of correlations for this chronology is quite

Figure 4. Spring /summer PDSI regions defined by RPCA (upper map, MJJ; lower map, JJA). PDSI stations are indicated by
black dots. Regions are enclosed by outlines.

similar to that of the Sheep Pen ponderosa pine
chronology, but slightly less extensive.

The regions represented by the chronology/
drought correlation patterns reflect some of the
main features of instrumental PDSI regions, defined by rotated principal components analysis
(RPCA) (Figure 4). The RPCA was performed on
the 47 station PDSI records averaged for MJJ and
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JJA. Initially, eight components were retained,
based on eigenvalues of 1.0 or greater. The eight
PCs were subsequently reduced to four to facilitate
the identification of broader drought regions. Al-

COL RADO
Boulder

though the regions vary somewhat for MJJ and
JJA averages, especially in Colorado and Kansas,
some features are similar for both. The split between northwestern and southwestern Nebraska remains consistent and is reflected in the correlation
patterns for the Nebraska chronologies (Figure 3).
Another fairly consistent feature is the northeastern New Mexico component. The pattern of high-

est correlations for PDSI and the Mill Canyon
chronology, located in this region, reflects this
component, with high correlations extending up
into Oklahoma as does this component in the MJJ
average. The correlation patterns for the central

and southeastern Colorado chronologies reflect
best the MJJ Colorado PDSI component, but several have broader drought signals, with strong correlations extending into the Kansas/Nebraska com-

ponent (Round Prairie and Sheep Pen). Because
these chronologies display fairly well- defined regional drought signals, they represent a good po-

tential for reconstructing regional patterns of
drought in the west -central Great Plains.

A DROUGHT RECONSTRUCTION FOR
EASTERN COLORADO

A preliminary reconstruction of drought for
eastern Colorado was undertaken on the basis of
existing and newly generated long tree -ring chronologies and their correlations with regional PDSI.
Besides the new long Great Plains chronologies,
Valley View Ranch, Mesa de Maya, and Sheep
Pen Canyon (ponderosa pine), three other long,
precipitation- sensitive foothills chronologies were
considered for the reconstruction, all extending
prior to 1550. A new foothills chronology, Cheesman Lake (1107- 1995), generated by co- author
Peter Brown, was included, as well as two additional long chronologies from the World Data Center for Paleoclimatology's International Tree -Ring

Cheesman

CSM

59
Cheyenne
Wells

A0

WR

Eads

Canon ON

*Las Animas

SHPA

Figure 5. Locations of PDSI stations averaged for regional
PDSI in eastern Colorado reconstruction (dots), chronologies
in regression equation (triangles), and Grid point #59 from
Cook et al. (1999) (star).

raw measurements using the software ARSTAN
(Cook, 1985). The measurement series for each
chronology were standardized using very conservative detrending methods to retain as much low
frequency variation as possible (a stiff cubic spline
or negative exponential curve). All of the chronologies contain positive autocorrelation, as indicated by one or more significant autocorrelation
coefficients at low lags. Because such autocorrelation is probably due to biological rather than climatic factors (Fritts 1976), all chronologies were
filtered with a low -order autoregressive- movingaverage (ARMA) to remove significant autocorrelation at low lags.
Eastern Colorado is the area that best describes
the most consistently strong correlations between
tree growth in this set of chronologies and station
PDSI. Six PDSI station records, Boulder, Cheesman, Canon City, Cheyenne Wells, Eads, and Las
Animas, were used to define an eastern Colorado
regional PDSI (Figure 5). This region also closely

coincides with the MJJ Colorado PDSI region
(Figure 4). The six station records were averaged
to create a regional PDSI variable for late spring/
summer (May - July). Five of the six station records

began in 1902. The sixth, Eads, began in 1925. A
Data Bank (http: / /www.ngdc.noaa.gov /paleo/ comparison of the average of all six stations and
treering.html): Jefferson County (co539.crn, 1548- the average of all stations but Eads, from 19251987) and Eldorado Canyon (co533.crn, 1541- 1990, indicated a high degree of similarity (r =
1987). All chronologies were generated from the 0.991). Because of this result, and to obtain as
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Table 4. Calibration and verification statistics for Eastern Colorado MJJ PDSI reconstruction.
p -value

Predictor Variable

Sheep Pen Canyon
ponderosa
Cheesman
Valley View Ranch
Constant

Estimated
Regression
Coefficients

Standard
Error

(Significance
of Estimated
Regression
Coefficient)

0.752
0.699
0.608
0.851

0.000
0.011
0.102
0.000

Calibration Period
(1902 -1944)

Verification Period
(1945 -1987)

0.785
0.616
0.586

0.737
0.543

Rz
R, ai.srça

3.564
1.870
1.017

-6.503

long an instrumental record as possible, the instrumental record employed in the analyses used the
average of the five stations from 1902 -1924 and
the average of all six stations from 1925 -1990.
A stepwise regression, with the regional PDSI
station record as the predictand and the six chronologies as the predictors, was used to generate a
reconstruction model. The period of time common
to both chronologies and the instrumental PDSI,

1902 -1987, was split into two parts. The years
1902 -1944 were used to calibrate the model, and
the years 1945 -1987 were used for model validation. Stepwise regression selected three variables, Sheep Pen Canyon, Valley View Ranch, and
Cheesman Lake tree -ring chronologies (Figure 5),

which explained 62% of the variance in the regional PDSI record (adjusted R2 = 0.59; regression equation details are shown in Table 3). The
residuals from the regression equation displayed
no significant autocorrelation, trends, or correlation with predictor variables. Residuals were essentially normally distributed.

The regression model was then tested on the

RE
CE

Sign test

Mean
Standard
Deviation

0.422
0.469
34/9 (hit/miss)

35/7 (hit /miss)

Observed

Reconstructed

Observed

Reconstructed

-0.057

-0.057

0.045

-0.103

2.096

1.645

2.027

1.526

sign of departure from the mean in the observed
and reconstructed series.
Although a loss of explained variance occurs in
the verification period (as is expected), the model

still explains more than half of the variance in
eastern Colorado PDSI in the independent verification period (Table 4). RE and CE statistics are
both positive, indicating that the model has good
predictive capability. Sign test results for both calibration and verification periods are significant (a
= 0.01). A comparison of the reconstructed and
observed values shows that this model captures
well the low PDSI (drought) conditions, but performs less well with the high PDSI (wet) values
(Figure 6). This is a common problem that results
from the lower sensitivity of trees to conditions
that do not limit growth (i.e. wet conditions). The
model does a particularly good job at duplicating

data for the independent verification period, 19451987. A standard suite of statistics (Fritts 1976;
Cook and Kairiukstis 1990) was used to assess the
predictive skill of the reconstruction (Table 4). The
RE and CE statistics test the skill of the model in
estimating values in the verification period, com-

pared to estimates based on the mean of the observed data in the calibration (RE) or verification
(CE) period (Lorenz 1956; Fritts 1976; Cook et al.

1999). RE and CE statistics can range from -co
to +1, with a positive value indicating that the
model has some predictive skill. The sign test
shows numbers of agreements /disagreements in
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Figure 6. Observed (thin line) and reconstructed (thick line)
MJJ PDSI for eastern Colorado. Calibration period is 19021944 (shaded) and verification period is 1945 -1987.
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the 1930s drought, compared with previous Front
Range reconstructions of precipitation and stream flow (Woodhouse 1999; Woodhouse 2001), perhaps because this drought is more marked in the
eastern Colorado PDSI record than along the Front
Range. The 1950s drought is well -replicated, as is
the short, but severe 1963 -1964 period of drought.
An alternative model was also developed and
tested, using 1945 -1978 (instead of 1902 -1944)
for the calibration period, and 1902 -1944 as the
verification period. Results were very similar, and
though an excellent model also, some verification
statistics were slightly lower than the model chosen for the reconstruction. A full time period model may capture slightly more of the instrumental

record variability, but the model calibrated on
years 1902 -1944 was used because it is the model
for which the calibration/verification statistics ap-

ply. The model was run on 30 year subperiods,
overlapped by 15 years to assess the stability of
the model over time. The multiple correlation val-

ues range from r = 0.710 to 0.826, indicating a
good degree stability and no trend in correlations
over time.

In the full reconstruction, 1552 -1995, major
20th century droughts for this region (1930s,
1950s, and 1960s) can be compared to droughts of
the past four and a half centuries (Figure 8a). The
reconstruction reflects the widespread droughts
(e.g. 1730s, around 1820, mid- 1840s, and early
1860s) previously documented in other tree -ring
reconstructions for the central and western United
States (see references in Woodhouse and Overpeck
1998). Several of the reconstructed droughts appear to equal or exceed the 1930s drought in du-
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,rtJ
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r
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1550 1600 1650 1700 1750 1800 1850 1900 1950 2000

year
Figure 8. A. Reconstructed MJJ PDSI for eastern Colorado,
1552 -1995. The line shows values smoothed with a 5- weight
binomial filter. Shaded vertical bars indicate major droughts in
this reconstruction. B. Reconstructed JJA PDSI for grid point
#59 (east -central Colorado) (Stable et al. 2000), shown here,
1550 -1987. The line smoothing and shaded bars for eastern
Colorado drought as in 8A. C. Reconstructed JJA PDSI for
grid point #61 (east -central New Mexico) ( Stahle et al. 2000),
shown here 1550 -1987. The line smoothing and shaded bars
for eastern Colorado drought as in 8A.

The steep increase in PDSI in the latter part of the 20th
century is a notable feature of the reconstructions for both grid
points #59 and #61. It is not reflected in the instrumental record

and is likely due to the anomalously warm and wet winters
since the mid- 1970s, conditions which appear to be especially
favorable for growth in millennial -age Southwestern conifers
(Swetnam and Betancourt 1998). New longer grid point PDSI
reconstructions now available from WDC for Paleoclimatology
(Cook et al. http: / /www.ngdc. noaa.gov /paleo /usclient2.html).

ration and severity, including the 1570s- 1580s,
1660s, 1730s, and 1840s -1850s droughts.

COMPARISONS BETWEEN THE EASTERN
COLORADO PDSI RECONSTRUCTION
AND OTHER GREAT PLAINS
RECONSTRUCTIONS
The statistical properties of the new reconstruc-

tion compare favorably with those for previous
studies of central and western Great Plains drought
or precipitation (Weakly 1943; Fritts 1983; Stock-
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Table 5. Comparison of central and western Great Plains tree -ring records or reconstructions of drought or precipitation.
Study

Region

Calibration Period R2

Weakly 1943
Fritts 1983
Stockton and Meko 1983

Western Nebraska
Central Great Plains
E Wyoming, W Nebraska, SW South Dakota region
West/central Great Plains grid points
Eastern Colorado

0.40
0.20 s R2 <- 0.40

Cook et al. 1999
This study

ton and Meko 1983; Cook et al. 1999). Squared
correlations and explained variance (variance in
the instrumental records explained by tree rings)
reported for these prior studies range from 20% to
70% (Table 5). The explained variance in the new

PDSI reconstruction falls at the high end of this
range, at 62 %.

The reconstruction most closely comparable
with the eastern Colorado PDSI reconstruction, in
terms of location, is the Cook et al. (1999) PDSI
reconstruction of grid point #59, in east -central
Colorado (grid point #59 instrumental and recon-

struction data available from Paleoclimatology
World Data Center; http: / /www.ngdc.noaa.gov/
paleo /pdsi.html) (Figure 5). The two reconstructions are not directly comparable because different
calibration and verification periods were used ( #59
reconstruction calibration: 1928 -1978; verification: 1895 -1927; eastern Colorado reconstruction
calibration period: 1902 -1944; verification: 19451987). A more equitable comparison can be made

using the eastern Colorado PDSI reconstruction
based on a calibration period of the most recent
years, 1944 -1987, and verification period in the
early part of the record, 1902 -1944. Correlations
between observed and reconstructed values for an
early set of years (1902 -1944) and a later set of
years (1945 -1978) for the two reconstructions are
shown in Table 6. In both periods, the correlation
values for the eastern Colorado PDSI reconstruction are somewhat higher than for the grid point
Table 6. Correlations between observed and reconstructed
PDSI values for grid point #59 (east -central Colorado, Cook et
al. 1999) and the eastern Colorado reconstructions.

Grid point #59
This study

1945 -1978

1902 -1944

0.772
0.827

0.576
0.694

0.56
0.50 -0.70
0.62

#59 reconstruction. Other differences exist which
prevent a strict comparison (different climate stations for the regional /grid point PDSI, and slightly
different PDSI months for the seasonal average).
However, these results suggest that the inclusion

of Great Plains chronologies produces an improved estimate of PDSI in this area. Figure 7
shows the two reconstructions.

For years prior to 1700, only a few proxy records exist that reflect drought in the west - central
Great Plains. In Weakly's (1965) western Nebraska

chronology (1210- 1958), periods of "reduced"
growth considered to be droughts are reported that
coincide with some droughts in the eastern Colo-

rado PDSI reconstruction, including periods
around 1630, 1670, and the 1930s (Table 7). The
timing of drought in the late 16th century is somewhat later in the Weakly record than in the eastern
Colorado reconstruction. Recently, the gridded
Table 7. List of 10 driest running 10 -years sums of PDSI for
eastern Colorado drought reconstruction (rank in parentheses;
1 = driest), and Weakly's (1965) list of periods with five or

more years of reduced growth for same interval of time
(1550s- 1950s). Years in bold indicate droughts in both records.
Lowest 10 -year
PDSI Sums

Weakly's Reduced
Growth Periods

1578 -1587 (1)
1579 -1588 (2)
1582 -1591 (9)
1624 -1633 (10)
1664 -1673 (8)
1733 -1742 (6)
1736 -1745 (5)
1930 -1939 (7)
1931 -1940 (3)
1932 -1941 (4)

1587 -1605
1626 -1630
1668 -1675
1688 -1707
1728 -1732
1761 -1773
1798 -1803
1822 -1832
1858 -1866
1884 -1895
1906 -1913
1931 -1940
1952 -1957
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PDSI reconstructions of Cook et al. (1996, 1997,
1999) were recalculated to extend beyond 1700 (as
originally generated), using a smaller network of
longer tree -ring chronologies ( Stahle et al. 2000).
The new, longer PDSI reconstruction for grid point
#59 (east -central Colorado) is shown (Figure 8b)
along with the eastern Colorado PDSI reconstruction from this paper (Figure 8a). The extended grid
point #59 reconstruction shows a more severe 16th
century drought than the eastern Colorado PDSI
reconstruction, as well as other differences, such
as a more severe 1950s drought than the 1930s
drought, and a marked increase in PDSI after the
1970s, which suggest a southwestern US drought
signature (Figure 8c, grid point #61 for east -central

New Mexico from Stahle et al. 2000). This difference may be due to the lack of long chronologies (the reconstruction extends to 1160) to draw
from for this east -central Colorado grid point, and
thus a greater reliance on longer, but more distant
chronologies available in northern New Mexico.
Both reconstructions do show droughts of similar
magnitudes during the 1660s and 1730s. The eastem Colorado reconstruction shows more marked

droughts during the 1620s, 1840s- 1850s, and
1930s.

Results from the eastern Colorado drought reconstruction indicate that the 16th century event
was a significant drought for this region. In ten year running sums of reconstructed PDSI, periods
in the last three decades of the 16th century rank
as the driest (Table 7). However, this reconstruction, if it is representative of the central -western
Great Plains region, suggests that the severity of
late 16th century drought may not have been as
exceptional as it is shown in reconstructions for
the southwestern US (e.g. Grissino -Mayer 1996;
Meko et al. 1995; Stahle et al. 2000) (Figure 8c
for east -central New Mexico as an example). The
eastern Colorado reconstruction during this period
is based on ten trees (18 radii) from three sites and
two different species, which does not represent a
great sample depth, but does suggest that this is
not a particularly isolated response. It is possible
that these trees were some of the few survivors of
an extended drought that decimated other populations, and that for some reason were less stressed
by the drought, and thus survived. As we continue

to develop more chronologies for the western
Great Plains, we hope to obtain a better understanding of the nature of this drought in this region. If the drought is indeed less severe in this
area than in the southwestern US, one possible rea-

son for this difference is that annual ring widths
of conifers in western US trees (at non -treeline
sites) are commonly most highly correlated with
winter moisture ( Stahle et al. 2000), while trees in
the central- western Great Plains appear to be more

sensitive to spring and early summer moisture. It
is possible that drought during the late 16th century resulted more from suppression of winter precipitation than from lack of late spring or summer
precipitation.
One other source of long, high -resolution proxy
records for Great Plains drought is lake sediments
records. High sedimentation rates in some lakes in
the northern Great Plains provide information on
subdecadal -scale climate variability, but fine -scale

variations are difficult to match between records
because of the dating error inherent in radiocarbon

dating (} at least 50 years) (Fritz et al. 2000).
Differences in local climate or in lake- specific hydrologic responses to climate forcing contribute to
this difficulty. However, a collection of sediment

records from three lakes in eastern and central
North Dakota that reflect hydrologic variability do
show evidence of drought around 1600, with comparable droughts around 1750 and the Iast half of
the 19th century (Fritz et al. 2000).

SUMMARY

Recent field work has yielded 24 new dendrochronological collections in the west- central Great
Plains. The collections demonstrate the possibility

of expanding the tree -ring chronology network
into areas where trees are not abundant or long lived, but which contain a wealth of remnant material. Ten chronologies have been generated from

these collections, to date, and at least nine more
will eventually be produced. Of the ten so far, six
extend into the 16th century, two of these into the
15th century, and one which is currently in progress promises to extend into the 14th century.
The west -central Great Plains tree -ring chronologies are correlated with spring and summer PDSI.
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Correlations between individual chronologies and
a set of 47 single -station PDSI records show that
drought signals are strongest and most widespread
in eastern New Mexico and Colorado, but distinctive regional drought signals are also evident in
the Nebraska chronologies. These results suggest
good potential for reconstructions of regional
PDSI which may be useful for investigating patterns of drought across the Great Plains.
A preliminary reconstruction of MJJ PDSI for

part of eastern Colorado, 1552 -1995, was produced using two new Great Plains chronologies
and one foothills chronology. The reconstruction

ly appreciate Jeff Lukas' work in the laboratory
and his editorial comments and suggestions, as
well as the helpful suggestions from two anonymous reviewers and Thomas Swetnam, editor of
Tree -Ring Research. This work would not have
been possible without the generous contributors to
the International Tree -Ring Data Bank, and especially the work of Edward Cook and his colleagues
on PDSI reconstructions for the coterminous US
This work was supported by a National Science
Foundation grant (ATM- 9729571).
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ABSTRACT
Within the framework of the linear aggregate model of dendrochronology, the potential role of soil
nutrient availability in explaining multi -decadal variation in radial growth at the tree level was studied in
the central Spanish Pyrenees. Increment cores were collected from 20 mature Pinus uncinata Ram. and
analyzed dendrochronologically. One ion -exchange resin capsule was buried within the root zone of each
sampled tree for just over eight months. The resins were chemically extracted and measured for NH4, NO
PO4, Ca, and K. Statistical relationships between indexed tree growth and soil nutrient availability were
determined with regression analysis and bivariate plots.
The single most important soil nutrient with respect to decadal -scale dendrochronological tree -growth
variables in this study was N in the form NO which explained 22% of variation of trend in growth since
1950. The 20 values of NO3 availability fell into two subgroups, one of trees with relatively higher NO3
availability and the other with lower NO3 availability. When the tree -growth data were grouped based on
NO3 availability, the two resultant index chronologies had different low- frequency features since 1950.
Trees with low NO3 availability have been growing as expected based on past growth, but trees with high
NO availability have been growing better than expected. Measuring and analyzing soil nutrient availability
at the tree level might enhance environmental applications of dendrochronological research. With soils
information at this spatial scale, it is possible to distinguish between subgroups of trees within a tree -ring
site and thereby construct subchronologies that differ significantly, especially for variation at the decadal
scale. Subsite- chronologies may then lead to different and presumably more informative environmental
interpretations relative to those based on a full -site chronology.
Keywords: dendrochronology, ion- exchange resins, soil nutrients, Spanish Pyrenees, Pinus uncinata.

INTRODUCTION
An underlying basis for environmental applications of dendrochronology is the linear aggregate
* Current address: Laboratory of Tree -Ring Research, University of Arizona, Tucson, AZ 85721, USA. office: (520) 6216474; fax: (520) 621 -8229; sheppard @Itrr.arizona.edu
Copyright © 2001 by the Tree -Ring Society

model (Cook 1987):

R = At + Cr + 8D1, + 8D2t + E

(1)

where t indicates time in calendar year and R is
an observed time series of ring widths of a tree
(or more broadly, any ring -growth variable), which
can be explained by some combination of variation
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related to age or size of the tree (A), climate (C),
endogenous or local disturbances (D1), and exogenous or stand -wide disturbances (D2). The error term (E) represents variation in R that cannot
otherwise be explained by the other terms. The 8
with each disturbance term is a binary indicator of

absence (8 = 0) or presence (8 = 1) of disturbance, while examples of endogenous disturbance
include gap creation (Bosch and Gutiérrez 1996)
and examples of exogenous disturbance include
insect epidemics (Swetnam et al. 1985).

A general strategy in dendrochronology is to
isolate the explainable variance of R, into just one

predictor term of the linear aggregate model by
reducing the effect of the other terms. For example, age- or size -related variation can be accounted
for by standardizing measured values with a tree -

specific growth curve of expected values empirically estimated from the measurement data (Fritts
1976). The effects of disturbance (D1, and D2,)
can be avoided by sampling trees with no outward
evidence of injury. The effects of climate (C,) can
be removed by quantitatively modeling out important climatic controls of tree growth.
One way of improving the environmental applications of the linear aggregate model is to add
explanatory terms that decrease the error term (E).
One such additional term could relate to the quality of soil, which provides moisture and nutrients
for tree growth and whose physical, chemical, and
biological properties vary at the tree spatial scale
or even less (Arnold and Wilding 1991). Indeed,
soil characteristics other than moisture availability,
which is accounted for by the climate term, were
specifically included as part of E, (Cook 1987).
Soil nutrient availability can vary dramatically in
soils across short distances (Beckett and Webster
1971; George et al. 1997) such that trees within a
typical dendrochronological site might be growing
in soils of different quality. Adding a soil nutrient
availability term to the linear aggregate model may
broaden the range of environmental applications of
dendrochronology as well as improve interpretations of radial growth patterns. The primary objective of this research was to assess the relationship between ring -width variation and soil nutrient
availability at the tree scale, with the potential goal

of adding a soil nutrient availability term to the
linear aggregate model.

METHODS

Study Site
The study site was located within the Aigüestortes and Sant Maurici Reservoir National Park
of Catalunya (42 °35'00 "N, 1 °0'00 "E, 2,000 m el-

evation) of the central Spanish Pyrenees (Figure
la). The site had a subsite with a 30° slope angle
and an adjacent flat subsite, which allowed for the
evaluation of topography and geomorphic position
on the relationship between ring -width trends and
soil nutrient availability. Because the study site
was small at only 0.2 -ha, trees within it have been
experiencing essentially the same climate through
time, thereby equalizing the effect of C, on R, for
all trees.
Weather records at the nearby town of Capdella
(42 °27'55 "N, 0 °59'28 "E, 1,270 m elevation, rec-

ords from 1945 to 1997, Figure la) show a mean
total annual precipitation of 1,261 mm evenly distributed across all months of the year and a mean
annual temperature of 9 °C with a range of 16 °C
between January and July average temperatures
(Figure 2). A field survey of the soil indicated that
it is generally shallow (<0.5 meters deep), dark
brown, and sandy loamy in texture with abundant
(-20 %) cobbles and weak granular structure; the
soil probably classifies as lithic Haplumbrept (Soil
Survey Staff 1990). The study site has a stem density of -200 trees/ha with Pinus uncinata Ram.
as the dominant overstory tree species and Vac -

cinium spp. and grasses as the understory and
ground cover species.

Field Sampling
Ten trees per subsite were sampled in October
1996 (Figure 1 b). To equalize the effects of A, on
Ri for all trees, mature, dominant trees of approximately the same age were selected. To avoid the
effects of D1, and D2, on R1, trees were selected

that did not have abrasion scars or other visible
evidence of injury. Two increment cores were col-

lected from each tree along opposing radii that
were parallel to the slope contour for trees of the
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Figure 1. (a) Federal and autonomy maps of Spain and Catalunya and (b) plan view of study site. Contour lines are relative to

the elevation of the flat subsite. Open circles denote trees with low NO3 availability while closed circles denote trees with high
NO3 availability.
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Figure 2. Climograph for Capdella (42 °27'55 "N, 0 °59'28 "E,
1270 m elevation, records from 1945 to 1997). Bars indicate
mean total monthly precipitation (mm) and solid line indicates
mean monthly temperature ( °C). MTAP is the mean total annual precipitation and MAT is the mean annual temperature.

sloped subsite and randomly oriented for trees of
the flat subsite. The location and topographic microsite conditions of each tree were recorded.
Measuring the total amount of a nutrient present
in soil would have quantified the potential nutrient
pool, but that may not relate reliably with what
actually becomes available in mineralized forms
(Binkley and Hart 1989). We measured potential
soil nutrient availability using ion -exchange resins
(IER), which approximate soil -root interactions
with respect to nutrient availability (Gibson 1986;
Skogley and Dobermann 1996). One IER capsule
( UNIBEST PST -1 capsules, Bozeman, Montana)
was buried within the root zone (1 -2 meters from
the trunk) for each sampled tree. Having more cap-
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suies per tree would have been preferable because
soil nutrient availability can vary at small spatial
scales (Beckett and Webster 1971). The capsules
were buried to a uniform depth of 10 -15 cm with
as little disturbance to the soil column as possible
(Carlyle and Malcolm 1986). The soil particles removed while digging with soil corers were placed
back into the hole over the capsule, and complete
contact between the capsules and the surrounding
mineral soil was attained (Gibson 1986; Skogley
et al. 1996). The IER capsules were retrieved in
May, 1997, after having resided in the soil for 247
days spanning autumn, winter, and the first half of
spring. The capsules were lightly rinsed with deionized water in the field (Giblin et al. 1994) and
stored individually in marked plastic bags (Skogley et al. 1997).

Laboratory and Quantitative Analysis
The tree cores were prepared and crossdated ac-

cording to standard dendrochronological procedures (Douglass 1941; Swetnam et al. 1985).
Width of all dated rings was measured to ±0.01
mm and checked for dating and measurement errors using cross -correlation testing (Holmes 1983).

Measured values were then averaged within each
tree for all years held in common by both cores
of each tree. To remove the effect of A, on RC for
all trees, measured values were converted to dimensionless indices by dividing them by curve fit
values. For this step, the cubic- smoothing spline
was selected whose flexibility retained 75% of the
variation at the 100 -year period in the resultant
index series (Cook and Peters 1981). This strategy
allowed for analysis of trends up to 50 years in
length in tree growth. All resultant index series
were averaged together into a standard chronology
(Fritts 1976).

Correlation functions between the standard
chronology and monthly precipitation and temperature variables were inspected to identify the important climatic controls of tree growth (Biasing
et al. 1984). A dendroclimatological year was tested, extending from September of the prior year to
September of the current year of growth. Regression analysis of the standard chronology and the
strongest climate variables was used to model cli-

mate with tree growth. Model residuals were
checked for the necessary assumptions of time -se-

ries regression analysis (Ostrom 1990). Once a
model was identified, it was re- evaluated for the
index series of each tree to remove the effects of
C, on Rr for all trees. This resulted in a time series
of residual tree growth for each tree.

Ions absorbed by the IER were extracted in
three steps using 20 ml of 2 M HC1 agitated for a
total of one hour (Dobermann et al. 1997; Skogley
et al. 1997). This resulted in a 60 -ml solution for
each tree. Solutions were then measured for NH4,
NO3, and PO4 using colorimetry (Clesceri et al.
1989), Ca using atomic absorption spectrometry
(Wright and Stuczynski 1996), and K using flame

emission spectrometry (Wright and Stuczynski
1996).

Relationships between temporal trends of residual tree growth and soil nutrient availability were

quantified using bivariate plots and regression
analysis. Because we were interested primarily in
analyzing relative tree growth of the last few decades, during which global deposition of N has
been increasing (Mayewski et al. 1986), trends in
growth indices since 1950 were tested as the de-

pendent tree- growth variable. Model residuals
were inspected for the necessary assumptions of
regression analysis (Sokal and Rohlf 1981).

RESULTS
The length of individual tree index series averaged 159 years and ranged from 128 to 184 years,
long enough for all trees to express departures of
50 years in length (Cook et al. 1995). The index
chronology did not show a significant trend since
1950 (Figure 3a).

Precipitation of fall and winter prior to the
growing season tended to correlate positively with
the standard chronology (Figure 4a). The strongest
multi -month season of precipitation was September of the prior year through January of the current

year of growth, with a correlation of +0.42.
Spring temperatures tended to correlate positively
with tree growth (Figure 4b). The strongest multi -

month season of temperature was April through

May of the current year, with a correlation of
+0.41. Neither of the seasonal climate variables
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Figure 4. Correlation functions for the index chronology using
all trees and (a) monthly total precipitation and (b) monthly
average temperature, recorded at Capdella. Dashed lines indi-

slope since 1950 = +0.006

0

1950

A

Month

(c) Apr -May temperature
3

M

1990

Year

Figure 3. (a) Index chronology derived from all trees of the
study site, (b) mean total precipitation at Capdella for the season from September to January, (c) mean temperature at Cap della for the season from April to May. All series were truncated to show the period 1950 to 1996. All original values have
been converted to z- scores to facilitate comparison between
series. Flat solid lines are the means while dashed lines are the
linear trends since 1950.

showed a significant trend since 1950 (Figures 3b
and 3c). The best dendroclimatic model used both
of the seasonal climate variables to explain 22%
of variation in the index chronology since 1950.
The model was significant (p < 0.01) and had residuals that were normally distributed, that showed
no relationship with predicted or predictor values,
and that were not significantly autocorrelated. The
model was re- evaluated for each tree to provide a
time series of residual tree -growth for each tree.
The best one -variable model of soil nutrients
and trends in residual tree growth used NO3 as an
independent variable to explain 22% of variation

of trends in growth since 1950 (Figure 5). This
model was significant (p < 0.05) and had normally

distributed residuals that did not relate with predictor or predicted values. No other single soil nutrient variable correlated significantly with the
tree -growth variables.

The 20 measured soil NO3 values happened to

cate significant r values (n = 53, a = 0.05, Rohlf and Sokal
1981). The "p" in front of months indicates a prior -year
month, otherwise months are for the current year of tree
growth. The pSep -Jan indicates the season of September
through January and the Apr -May indicates the season of April
through May.

fall into two clear groups, one of trees with more
than 10 µg /day /IER unit and the other of trees
with less than 5 µg /day/IER unit. The groups did
not correspond with the original flat or sloped sub sites, which had average soil NO3 values that did
not differ significantly from one another. Instead,
the majority of trees with high NO3 (seven of nine)
were in the transition zone between the two sub sites, either in the lower half of the sloped subsite
or in the part of the flat subsite that is adjacent to
the margin of the two subsites (Figure 1 b). Con.o
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Figure 5. Regression results using NO3 availability to explain
trend in residual growth since 1950. Dashed lines are the 95%
confidence limits of the predicted values.
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Figure 6. Residual chronologies for (a) trees with high NO3
availability ( >10 µg /day /IER unit), (b) trees with low NO,
availability ( <5 µg /day/IER unit). All original values have
been converted to z- scores to facilitate comparison between
series. Flat solid lines are the means while dashed lines are the
linear trends since 1950.

versely, the majority of trees with low NO3 (eight
of eleven) were either on the summit of the sloped
subsite or in the toeslope of the flat subsite.
After subdividing the residual index series of all
trees into two subsets based on NO3 availability,
the resultant subsite chronologies showed different
low -frequency features (Figure 6). The chronology
composed of trees with high NO3 availability had

a significantly positive slope since 1950 (p <
0.05). By contrast, the chronology of trees with
low NO3 availability had a slope since 1950 that
was actually negative though not significantly different from zero.

DISCUSSION
After removing or avoiding the effects of age or
size, climate, and disturbance on tree growth, there
was still variation in decadal -scale trends across

Thompson 2000). For now, we assume that there
is spatial persistence in soil properties regulating
nutrient availability such that current spatial variability in relative nutrient availability reflects that
of the recent past. We do not assume that current
absolute values of soil nutrient availability are the

same as those of the past, only that the spatial
patterns of relative availability have not changed
through time.
The two groups of trees with high- versus low NO3 availability transcended the original flat versus steep subsites, and instead they followed a pattern more related to geomorphic hillslope position.
Most of the high -NO3 trees were in or near the
backslope -footslope (Hall and Olson 1991) transition of the site. The hillslope of our site had a
convex contour and a weakly convex slope, which
may cause surface and subsurface water and nutrients to accumulate in the backslope -footslope
transition zone (Hall and Olson 1991). Trees of
this geomorphic position may tend to have more
available soil nutrients and therefore grow slightly
better than other trees (Hammer et al. 1991). However, this geomorphic association was not perfect
in this study: trees #6, #8 and #15 were growing
in the backslope -footslope zone but had low NO3
availability while trees #2 and #4 were in the toe slope zone but had high NO3 availability (Figure
lb). Thus, quantifying the topographic microsite
and geomorphic position of each tree may not suffice as a substitute for actually measuring soil nutrient availability for each sampled tree within a

trees in this study. Soil nutrient availability-most
notably N in the form of NO,-was useful in explaining some of that remaining variation between
trees. Trees with currently relatively high NO3 dendrochronological study.
The interpretability of the separate subsite -chroavailability have been growing better than expected since 1950 based on their own past growth pat- nologies was more informative than that of the
terns. In contrast, trees with less NO3 availability full -site chronology. The different decadal -scale
have been growing about as expected since 1950 patterns of the two subsite -chronologies in this
study were statistically related to current N availbased on their own past growth patterns.
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1960s (personal communication with national park

across dendrochronological sites depending on the
spatial variability of soil nutrients within sites. The
SN term should play its strongest role in sites with
thin, poorly developed soils on complex geomorphic terrain, where soil nutrient availability is likely to vary at the individual tree spatial scale (Beas-

authorities), and this type of disturbance can

ley 1972). Conversely, the SN term should play

change below -ground competition for N (Pritchett

a weaker role in sites with well- developed soil on
uniform terrain, where soil nutrient availability is
likely to be relatively uniform across the individual tree spatial scale. In either case, accounting for
the SN term in the linear aggregate model of tree
growth could improve the interpretation of the other terms of the model, or it could be useful in its
own right in environmental studies of the effects
of spatial variation and temporal alterations in nutrient availability on tree growth.

ability at the tree level, and additional research
should focus on the mechanisms that could cause
this relationship. At least three possibilities exist.
First, light selection harvesting of trees took place

around the study site in the late 1950s and late

and Fisher 1987), perhaps more so for some remaining trees than for others. Second, grazing has
been allowed in the national park, and this activity

can redistribute nutrients in tree- specific ways
(Beckett and Webster 1971). Third, recent N deposition of the central Spanish Pyrenees has been
enhanced anthropogenically, though not to the level of central Europe (Camarero and Catalan 1993).
Nitrogen deposition is a low- concentration nutrient

input that might significantly affect tree growth
over decades, especially in cool, coniferous for-

CONCLUSIONS

ests, where N is often limiting to tree growth
(Pritchett and Fisher 1987).
If chronic atmospheric deposition is adding N
to the study site, then it is reasonable that soil and
slope position play a role at the tree level in mediating the availability of N from chronic pollution

to trees (Lammers and Johnson 1991) because

trees take in much of their N as ionic forms
through their roots (Kramer and Kozlowski 1979).
Trees growing in zones of natural accumulation of

soil moisture and nutrients might be fertilized
more effectively with N from atmospheric deposition than trees growing in zones of natural surface /subsurface runoff of water and nutrients.
The ability to distinguish between trees within
a site on the basis of environmental variables that
are independent of their growth data -NO3 avail-

ability in this case-is the essence of adding an
additional explanatory term to the linear aggregate
model of dendrochronology and decreasing the er-

ror term. Because the measurements of nutrient
availability in this study were for only a single
point in time, the time subscript is not applicable,
as follows:

Rr= Ar +Ct +8D1t +6D2t +E SN +E,

(2)

where / SN is the sum of effects of all n soil
nutrients that significantly affect tree growth.
The SN term undoubtedly plays a variable role

Measuring and analyzing soil nutrient availability at the tree level can enhance environmental ap-

plications of dendrochronological research. Although hillslope position can explain much of the
soil NO3 variability at the tree scale, hillslope position may not be a perfect surrogate for actual soil
availability measurements. Ion- exchange resins
appear to be a reasonable approach for measuring
soil nutrient availabilities in dendrochronological
studies.

With soils information at the tree spatial scale,
it is possible to distinguish between subgroups of
trees within a tree -ring site and thereby construct
subchronologies that differ significantly, especially
for variation at the decadal scale. Subsite- chronologies may then lead to different and presumably
more informative environmental interpretations
relative to those based on a full -site chronology.

Further testing of relationships between tree
growth and soil nutrient availability, across different forest types and levels of soil development, is
merited to determine the general utility of this concept in dendrochronological research. Tree growth
relationships with soil nutrients should be stronger
at sites with high topographic relief (and therefore
high soil variability) and weaker at sites with little
topographic relief. Furthermore, dendrochronolog ical studies of the role of increasing N deposition
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on tree growth might best be focused on sites with
sluggish soil nutrient cycling where N deposition
may be relatively important compared to natural
soil nutrient availability.
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ABSTRACT
Many studies use the temporal record of dendrochronologically -dated fire scars to document properties
of fire regimes before human interference (e.g. fire suppression, logging, and agriculture) became pervasive.

Such reconstructions provide vital information that can be used by land management agencies when designing and implementing fire management policies, and are especially useful for justifying the reintroduction of fire to areas where fire has long been excluded by humans. Tree -ring based fire history studies
produce large quantities of data that require efficient tools for compilation, organization, and analysis. In
this paper, I describe the development and use of FHX2, software comprised of individual modules designed
specifically for (1) entering and archiving of fire history data, (2) creating graphs that display both temporal
and spatial features of the site fire history, (3) conducting statistical analyses on fire intervals and seasonality, and (4) performing superposed epoch analysis to analyze climate /wildfire interactions. Although designed to analyze fire history, the software can be used to analyze any set of events recorded in the tree ring record, such as growth suppressions and releases, floods, and insect outbreaks.

INTRODUCTION

Reconstructions of fire history based on tree ring data provide valuable information on reference conditions of fire regimes prior to widespread
Euro- American settlement and its associated disturbances. Analyses of these reconstructions allow
assessments concerning the changing structure of
forests due to (1) possible human -induced distur-

bances on fire occurrence, such as grazing, fire
suppression, and land use (Cooper 1960; Covington and Moore 1994), and (2) natural factors that
operate over both local and regional scales, such
as climate change (Johnson and Miyanishi 1991;
Swetnam 1993; Grissino -Mayer 1995). Many
studies have used dendrochronologically -dated fire

scars found within the growth -ring record to establish temporal and spatial patterns of past fires
(e.g. Weaver 1951; Zackrisson 1977; Kilgore and
Taylor 1979; Baisan and Swetnam 1990; Swetnam
1993; Grissino -Mayer 1995; Veblen et al. 2000).
The escalating number of studies that use fire -scar
Copyright © 2001 by the Tree -Ring Society

data underscored a need for software to systematically process and analyze the large volumes of
data generated. The FHX2 system was developed
to meet this need.
FHX2 is DOS -based software that facilitates the

analysis of past fire history from fire scars and
other fire -related injuries found in the annual
growth rings of trees. Four modules comprise the
FHX2 system (Figure 1). The Data Entry Module
allows one to enter, edit, and archive fire history

information. The Graphics Module creates and
prints graphs that display the temporal and spatial
patterning of past fire within a site. The Statistics
Module provides a wide array of statistical analyses, including the modeling of fire interval data
using the Weibull distribution, tests for analyzing
fire seasonality, and tests for detecting changes or
differences in fire regimes over time and space.
Finally, the Superposed Epoch Analysis Module
assesses the preconditioning of fire occurrence due

to climate. The maximum number of samples
FHX2 can analyze is 255 up to 800 years in
115
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Figure 1. The FHX2 system contains four primary modules: (1) Data Entry, (2) Graphics, (3) Statistics, and (4) Superposed

Epoch Analysis (SEA). The FHX2 data files are used directly in the Graphics and Statistics modules, while the SEA module
uses a list of fire years generated from the composite information for an individual site, along with a climate proxy (e.g. a tree ring chronology) or tree -ring based climate reconstruction.

length, or 99 up to 2,500 years in length. The soft-

ware is menu driven using dialog boxes, and
guides users through intuitively- designed pop -up

windows that enhance ease of use. A 110 page
User's Manual is supplied with the software.
The FHX2 system has been used primarily to
analyze fire regimes in the American Southwest
dominated by ponderosa pine (Pinus ponderosa
Dougl. ex. Laws.) forests (e.g. Grissino -Mayer
1995; Ortloff et al. 1995; Morino 1996; Swetnam
and Baisan 1996; Fulé et al. 1997; Baisan and

Swetnam 1997; Grissino -Mayer and Swetnam
2000). However, the software has been used to analyze a variety of fire regimes where tree rings can
provide annually resolved dates for past wildfires.
Such fire regimes include the ponderosa pine forests of the central Rocky Mountains (Veblen et al.

2000; Brown et al. 2000) and Black Hills region
(Brown and Sieg 1999), the mixed -oak forests of
the central United States (Sutherland 1997), the

boreal forests of Fennoscandia (Lehtonen et al.
1996; Lehtonen and Huttunen 1997), the conifer
forests of southern Canada (Guyette and Dey
1995; Dey and Guyette 2000), the mixed- conifer
forests of the American Southwest (Grissino -May-

er et al. 1995; Wolf and Mast 1998) and the
mixed -conifer forests of the Pacific Northwest
(Wright 1996; Everett et al. 2000). Although designed to analyze fire history, the software can be
used to study any event recorded in the tree -ring

record, such as flood scars (McCord 1996) and
stand dynamics effects (e.g. growth releases or
suppressions).

THE FHX2 FORMAT
The FHX2 system uses a character -based data
format designed to (1) speed data entry, (2) provide an intuitive format for fire history data, (3)
create a standard for tree -ring based fire history

FHX2 Software

Table 1. Symbols used in the FHX2 data format and their
explanations.
Explanation

Symbols

D, d

left square bracket: pith date, the very inside date
possible on the tree
right square bracket: bark date, the very outside
date possible on the tree
left curly bracket: the innermost date possible on
the tree -pith is not present
right curly bracket: the outermost date possible on
the tree -bark is not present
a period: a "null" year -a dated tree ring for
which no information on fire history is available, e.g. the ring formed prior to the initial
scarring event
a vertical line (or "pipe" symbol): a "recorder"
year -a dated tree ring that formed after the
initial scarring event, but contains no scar
a fire scar (uppercase) or injury (lowercase) situated in the dormant position, between the previous year's latewood and the current year's ear lywood

E, e

a fire scar (uppercase) or injury (lowercase) situated in the early (one -third) portion of the early -

M, m

a fire scar (uppercase) or injury (lowercase) situated in the middle (one- third) portion of the ear lywood
a fire scar (uppercase) or injury (lowercase) situated in the latter (one -third) portion of the early wood
a fire scar (uppercase) or injury (lowercase) situated in the latewood
a fire scar or injury for which the position could
not be determined

wood

L, 1

A, a
U, u

1 17

are those tree rings that formed after the tree had
been initially scarred by fire, as this initial wound
increases the tree's chances of recording subsequent fires. "Null" rings are the exact opposite.
These tree rings provide no information on fire
history because they (1) formed prior to the initial
scarring event, (2) formed after the tree has completely healed over the initial fire wounds and is

no longer a recorder of fire events, or (3) were
damaged due to decay or burning by subsequent
fires, thus masking whether the tree was a recorder
of fire or not. Researchers should maintain meticulous notes that record which portions of the fire scarred samples were "recorder" years and which

were "null" years.
DATA ENTRY
Data entry is menu -driven using steps to guide
the user through the process. In Step 1, the user
can either (1) set up a new data file (called a matrix), (2) import an old data file for further data
entry, or (3) change the settings of a current data
file already loaded. In Steps 2, 3, and 4, the user
specifies a file name for the matrix, the ID for the
sample being entered, and the beginning year of
that sample. In Step 5, the actual data are entered.
In Step 6, the user documents the data file by entering all site information, which is saved in the
same file as the fire -scar data. Comments can be
added to the data file. The Data Entry module also

provides utilities to (1) merge one or more data
data, and (4) provide flexibility for new data types
in the future. In this format, characters indicate a
particular property (Table 1), such as a scar in the
early portion of the earlywood ( "E ") or a scar in
the dormant season portion of the ring ( "D "). Fire
scars are always denoted by capital letters based
on the position of the scar within the annual ring,
while any other injury, whether or not related to
fire, is denoted by a lowercase letter. Table 2 lists
a file in FHX2 format.
The format considers whether a tree was a po-

tential "recorder" of fire during any particular
year or series of years (Romme 1980) because this
information is crucial for more accurate statistical

analyses (e.g. calculating the percentage of trees
scarred in any given fire year). "Recorder" rings

files, (2) move or rename individual series, (3) delete individual or entire sets of series, and (4) sort
the data file using nine different sort options (e.g.

sorting by the first year of each series, or by the
first year that recorded a fire scar). Sorting is a
valuable tool because temporal and spatial patterns

of past fires may be indistinguishable if samples
are simply analyzed in the order in which they
were originally collected in the field.
GRAPHICS
The production of high -quality graphics show-

ing the temporal and spatial characteristics of a
site's fire history is an important function of the
FHX2 system (Figure 2). Dieterich (1980) first de-
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Table 2. A simulated data file in FHX2 format. The second
line contains the beginning year, number of samples (columns),
and the length of characters in the sample ID. Each sample is
represented by a column, while each row contains the fire history information for the year.

FHX2 FORMAT

1812 7

CCCCCCC

5

EEEEEEE

RRRRRRR

0000001
3457890

scribed the use of graphical "composite fire intervals." These graphs consist of horizontal lines representing individual sampled trees on which symbols are overlain that denote the years that contain

the dendrochronologically -dated fire scars. The
sample ID 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.
In FHX2, a "composite" axis is also drawn that
represents the composite fire information from all
individual series (or a subset) over the entire range

(or a subset) of years. The program also has options for adding a title, legend, custom lines (to
help delineate certain fire years), seasonal designations (if available), and tic marks and labels, and

the user can choose to graph a subset number of
years or a subset number of series. Several font
and symbol types are available.
The composite information is important for assessing changes in fire frequency over time and
space within and between sites. The user has great
flexibility in the information that can be displayed
on this composite axis by using any one or a combination of three filters: (1) minimum percentage
of samples scarred during any year (calculated using only recorder trees), (2) minimum number of
samples scarred, and (3) minimum number of samples. These filters are designed to help identify fire
years that may have been particularly widespread
across the study site, and assumes that higher per-

centages indicate progressively greater areas
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1996). For example, a year in which fire scarred
75% of the samples may have had a more significant impact on the environment than a year in
which fire scarred only 5% of the samples. Filtering of fire data can also provide information concerning the spatial distribution of fire across the
study site. For example, a higher percentage of
trees may have been scarred in one portion of the
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Figure 2. A master fire history graph created for Peter's Flat, a mixed- conifer site in the Pinaleño Mountains of southeastern
Arizona (Grissino -Mayer et al. 1995), sorted by the first year of each series. This type of sorting more clearly demonstrates the
spatial patterning of past fires, and can also be used to evaluate dates for stand origins after possible high- intensity fires. Note
the living trees in the upper portion of the graph that show few fire scars during the 20th century.

study site, indicating possible effects due to local
topography, local microclimatology, or human -related disturbances. Such spatial differences in fire

regimes are important when designing fire management guidelines.
To suppress the display of those years when

only one tree was scarred, the user can set the
minimum number of trees scarred to two samples
or higher. The body of the graph can also be filtered using these same composite filters to create
a graph that highlights major fire years. All fire
history information from the composite axis (i.e.
the site composite) can be exported to a separate
data file, which can automatically be merged with
composite information from other sites to create a
regional data set for display and further analyses.
The data from the composite information can also

be exported and used in the superposed epoch
analysis.

Printer and plotter drivers are supplied with the
FHX2 system for immediate printing. A useful option is the ability to create files using the Hewlett-

Packard Graphics Language (HPGL), a standard
format that can be imported into many graphics
packages.

STATISTICAL ANALYSES
FHX2 provides basic summary information for
each sample and performs a number of statistical
tests and functions to help evaluate the fire history
for any given site. The Statistics Module can output summaries for individual series and create a
table showing the (l) changing sample depth over
time, and (2) the changes in fire frequency and /or
percentage of trees scarred during running 10, 25,
or 50 year periods. Analyzing changes in fire frequency over time is important when assessing the
effects of local or regional factors (such as human
disturbance and climate change) on fire regimes.
This table can be imported into standard spreadsheet programs for graphing. It is good practice to
print out and archive all summary information for
a given site.

GRISSINO -MAYER
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Table 3. Descriptive statistics output by the FHX2 Statistics Module for analyzing fire intervals.
Description

Statistic

Total Intervals
Mean Fire Interval
Median Fire Interval
Weibull Modal Interval
Weibull Median Interval
Fire Frequency
Standard Deviation
Coefficient of Variation
Skewness
Kurtosis
Location parameter
Scale parameter
Shape parameter
Minimum Fire Interval
Maximum Fire Interval
Lower Exceedance Interval
Upper Exceedance Interval
Maximum Hazard Interval

(number of fire years) - 1
(sum of all fire intervals) /n, n = number of intervals
midpoint interval in array of ordered interval data
the mode of the Weibull distribution
the median (50th percentile) of the Weibull distribution
(1 /MFI), in FHX2 calculated as (1/Weibull Median Interval)
square root of variance, measures dispersion about the mean
a measure of variability, defined as (standard deviation /mean)
measures distribution imbalance left and right of the mean
measures peakedness of the distribution
locates Weibull distribution on the interval class axis
locates Weibull distribution across the interval class axis
characterizes the unique shape of the Weibull distribution
shortest fire interval
longest fire interval
delimits unusually short intervals
delimits unusually long intervals
fire interval associated with the maximum hazard rate

The seasonality of fire is an important property
of fire regimes, and can be estimated in the tree ring record by observing the intra- annual position
of the fire scar within the annual tree ring (Baisan
and Swetnam 1990). By analyzing the frequency
of the various scar positions, the dominant season
of fire occurrence can be determined, if one exists.
FHX2 can analyze these (if seasonal designations
were recorded and entered) to determine the distribution of the seasonal timing of past fires, and
help note whether any changes in fire seasonality
have occurred. Assigning actual calendrical seasons to a past fire event, however, will depend on
the phenology of the tree species being analyzed,
which itself is influenced by elevation, topography,
soil conditions and composition, climatic influences, and forest composition and structure.
The analysis of fire intervals is an important tool
for analyzing fire regimes. FHX2 uses the Weibull
distribution to model fire interval data (Johnson
and Van Wagner 1985; Grissino -Mayer 1995,
1999), a flexible distribution that can be fit using
a variety of shapes (representing different models)
to fire interval data. The Weibull distribution helps
define fire regimes by providing statistical descriptors (Table 3) that bracket the historical range of
variability. These descriptors include two important measures of central tendency. The Weibull

Median Interval (MEI) is the fire interval associated with the 50th percentile of the fitted distribution, while the Weibull Modal Interval (MOI) is

the fire interval that contributes the greatest
amount of area under the probability density function. In a recent study, the MOI was found to be
a superior overall measure of central tendency, and
appeared to identify a common underlying structure in Southwestern fire regimes independent of
habitat type and environmental gradients (Grissino -Mayer 1999). The interval data can be filtered
by percentage scarred classes, and results from fitting of the Weibull distribution can be output to
tables and imported into spreadsheet programs.
Finally, the Statistics Module provides parametric and nonparametric tests for evaluating whether
changes have occurred (1) temporally between two
or more independent periods, and (2) spatially between two or more sites or subsites. Often, changes or differences may be observed in (1) the fire

frequency at an individual site or between two
sites, (2) the percentage of trees scarred by fires
within and between individual sites, or (3) the synchrony of fires between periods and between sites.

Three basic tests are used to determine whether
differences in the mean fire intervals or percentage
of trees scarred are statistically significant between

two independent periods. FHX2 uses a Student's

FHX2 Software
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Figure 3. Results from the superposed epoch analysis are tabulated and can be imported into a spreadsheet program to generate
simple bar graphs that show the months when climate may have significantly influenced tire occurrence. (A) Fires primarily occurred

during severe drought years preceded by generally wet years, but the latter were not significant. (B) Drought during the year of lire
was not a significant factor, but rainfall preceding the fire years was significant. This suggests a preconditioning of fire occurrence
by the amounts of fine fuels produced in response to generally wetter antecedent conditions, a pattern found in a number of fire
history studies in semiarid Southwestern forests ( Swetnam and Betancourt 1998; Grissino -Mayer and Swetnam 2000).

t -test to test whether a difference in mean fire intervals or percentage of trees scarred exists, cal-

culated for both equal and unequal variances,
whichever is appropriate. An F -test is used for
evaluating differences in the variance of fire interval or percentage -scarred data sets between two
independent periods. FHX2 then uses a two -sample Kolmogorov- Smirnov (K -S) test for analyzing
differences in the distributions of fire interval or
percentage -scarred data between two periods.
FHX2 can also analyze whether differences ex-

ist spatially between two independent data sets

second using a 2 X 1 table (a 1 -1 cell containing
synchronous fire years versus a combined cell containing 0-1 and 1 -0 non -synchronous years). Grissino -Mayer (1995) suggested that the 2 X 2 is appropriate for sites distant from each other, while

the 2 x 1 is more appropriate for sites that are
essentially contiguous.

FHX2 also computes an array of similarity indices commonly used in ecological analyses for
testing association (Hubalek 1982; Ludwig and
Reynolds 1988), including the Ochiai Index, Jac card Index, Dice Index, Kulczynski Index, Yule

containing fire history information. The samples in
the fire history data set are first grouped based on
site information. For example, one group may con-

Index, and the Baroni - Urbani and Buser Index. Finally, a Wald- Wolfowitz Runs Test (Downie and

tain all samples collected on the lower half of a

the number and length of runs of synchronous and
asynchronous fire years in the two data sets were
generated by a random process.

hill slope, while the second group may contain all
samples collected on the upper half. To test whether differences exist between these two independent
data sets, FHX2 again uses the same t -test, F -test,
and K -S test. FHX2 can also test for synchrony of
fires between these two independent data sets using an array of diagnostic tests. First, two types of
chi -squared tests are used, the first using a 2 X 2
contingency table (with cells containing presence absence totals for 1 -1, 0 -1, 1 -0, 0 -0, where "1"

denotes the presence of a fire for that year, and
"0" denotes absence of a fire in that year) and the

Heath 1959) is performed to determine whether

SUPERPOSED EPOCH ANALYSIS
Superposed epoch analysis (SEA) is a powerful
tool used to analyze the influence a particular variable has prior to and during a certain event (Figure 3) (Swetnam 1993; Swetnam and Baisan 1996;
Veblen et al. 2000). In fire history studies, SEA is

used to analyze the influence of climate on fire
occurrence in years preceding, during, and follow-
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actual reconstruction or on a tree -ring chronology
serving as a proxy for climate) for years prior to,
during, and following the fire years. This portion
of the output is critical because the user can quickly scan the mean values to determine the characteristics of climate during the event window. Confidence limits are also provided in this portion of
the output. The third part of the output provides
similar information and statistics for the number

due to effective fire suppression. This restoration
is designed primarily to prevent the catastrophic,
high intensity fires that have become more common now than the low- intensity surface fires that
occurred prior to widespread Euro- American settlement (Swetnam 1990). Restoration of fire, however, is challenging because the historical range of
variation in fire frequency for many areas is not
well known. In addition, fire management is further complicated by sites with complex geology,
diverse habitat types and ecotonal boundaries, and
various human -related factors (e.g. grazing, logging, road construction, and fire suppression) that
influence the landscape.
Temporal and spatial aspects of past history can
be documented by analyses of fire scars embedded
within the annual rings of trees, but these analyses
generate large volumes of data. FHX2 provides an
efficient means for entering, analyzing, and archiving of fire history information derived from
tree -ring data. The program combines graphical
techniques and statistical analyses that together
help clarify properties of fire regimes as they existed prior to human interference. The documentation of these properties provides critical information on the range of natural variation in fire
regimes, information that is useful when designing
and implementing fire management plans and policies. The use of FHX2 can help document and
model the frequency of past wildfires, delimit critical threshold fire intervals that indicate severe fire
hazard, and analyze the spatial properties of past

of simulations conducted. Windows of similar

fires.

ing fire years. Although climate in years t + 1, t
+ 2, etc. does not exert any influence on a fire in
year t, analyses that include these years may help
detect important patterns of climate prior to and
following a fire year. Two variables are required:
(1) the list of fire years to be analyzed (created
using the Composite Axis export function in the
Graphics Module), and (2) either a tree -ring chronology that spans the length of the desired period
to serve as a proxy of climate, or an actual reconstruction of a particular climate variable based on
tree -ring data. Climate conditions in years prior to

and during fire years are averaged after all fire
event years have been "superposed" (i.e. stacked
one on top of another and set to year zero). Second, bootstrapping methods are employed (Mooney and Duvall 1993) on simulated events (windows picked at random) to provide robust levels
of confidence.
The first portion of the output provides statistics

on the climate or tree -ring variable being used.
The second portion provides information and sum-

mary statistics on climate (whether based on an

length are randomly selected and 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. 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 which symbols designate the 95 %, 99 %, and 99.9% confidence intervals. All tables can be imported into a spreadsheet or graphics program.

SUMMARY
Many agencies currently wish to reintroduce fire
back into areas where fire has long been excluded
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BOOK REVIEW
HENRI D. GRISSINO -MAYER
Department of Geography
University of Tennessee
Knoxville, TN 37996 -0925, USA

Time, Trees, and Prehistory: Tree -Ring Dating
and the Development of North American Archaeology, 1914 -1950, by STEVEN E. NASH. 1999, The

University of Utah Press, Salt Lake City, 294 pp.,
32 illustrations, 8 tables, references, index. $29.95
(hard -bound). ISBN 0- 87480 -589 -9.

Too few books concern the history of dendrochronology, which is surprising considering the
impact that dendrochronology has had in so many
of the physical and cultural sciences. I can recall
only one other published book that deals directly
with the history of dendrochronology, George E.
Webb's 1983 book Tree Rings and Telescopes:
The Scientific Career of A. E. Douglass (University of Arizona Press). Despite the wealth of information provided by Webb's book, the content
concerns solely a biography of A. E. Douglass, the
founder and formulator of the basic principles behind dendrochronology, and provides little infor-

mation on the science of tree -ring dating as it
evolved in its earliest years of the 20th century. A
desperate need existed, not only to document the
impact that A. E. Douglass and the University of
Arizona had on archaeological tree -ring dating, but

to document the effects that students of Douglass
had on North American archaeology beginning in
1930.

The author fulfills this need by providing remarkable details on the roles that Douglass's students and associates had on archaeology, including
such notable dendroarchaeologists as Emil Haury,
Florence Hawley, James Giddings, Sid Stallings,
Lyndon Hargrave, and John McGregor. Chapter 1
begins by providing a very brief background to
dendrochronology, its principles, and its applica-

this is best left to other books (e.g. Stokes and
Smiley's An Introduction to Tree Ring Dating).
Chapter 2 describes the many setbacks and accomplishments of Douglass beginning in 1914,
when he was first approached by Clark Wissler of
the American Museum of Natural History con cerning the possibility of using tree rings to date
archaeological ruins in the Southwest. The chapter
concludes in 1929 following the dramatic bridging
of the gap by Douglass and his colleagues between
the living tree chronology and the chronology derived from archaeological timbers. This bridging
of the gap is considered one of the milestones in
Southwestern archaeology, as it allowed archaeologists to date with annual precision the construction date of many ruins throughout the American
Southwest.

Following a description by Douglass of this
event in National Geographic, dendrochronology
became firmly entrenched as one of the premier
archaeological dating techniques, as evidenced by
the offering by the University of Arizona and A.
E. Douglass in 1930 of the first class ever taught
in dendrochronology, Astronomy 211, Tree -Ring
Interpretation.
Chapter 3 describes the continuation of Doug lass's dendroarchaeological dating at the University of Arizona until 1945, with particular attention
to the contributions of Earl Morris. During this
time, Douglass endured a barrage of attacks on his

dating method by Harold Gladwin, who had
founded the Gila Pueblo Archaeological Foundation. These confrontations are described in Chapter
4, which begins by describing the extensive dating
of sites throughout east -central Arizona and west -

central New Mexico by Emil Haury, who had

tions. Don't look to this chapter for providing

transferred to the Gila Pueblo in 1930. After Hau-

cookbook procedures for doing tree -ring dating, as

ry's departure in 1937, Gladwin's attacks on
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Douglass mounted, in part due to Gladwin's lack
of knowledge of the skeleton plotting technique so
critical to successful dendrochronological dating.
Chapter 5 describes the contributions to den droarchaeology by the Museum of Northern Arizona, established by Harold S. Colton in 1928. Eager to develop a dendrochronology program, Colton hired Lyndon Hargrave and John McGregor,
both accomplished dendrochronologists, having
trained under A. E. Douglass. Their efforts concentrated on cultural ecology and the impact of the
eruption of nearby Sunset Crater on the Sinagua
culture of northern Arizona. But tree -ring dating
was not as straightforward as archaeologists first
believed. As early as the 1920s, Douglass realized
that the patterns of rings from trees collected in
the Rio Grande area of New Mexico were slightly
different. Chapter 6 describes the efforts of Sid
Stallings at the Laboratory of Anthropology in
Santa Fe, New Mexico, to develop yet another
millennium- length tree -ring chronology that could

be used to date ruins near the Rio Grande valley.
Chapter 7 is perhaps the most entertaining of

any of the book's chapters, revealed by its title
"News Leaks, Gender Politics, Spies, and Historic
Deforestation." After her graduation from the Uni-

versity of Arizona, Florence Hawley accepted a
graduate position at the University of Chicago,
where she established the first tree -ring laboratory
outside the Southwestern realm. This chapter describes her attempts to date archaeological sites in

the Midwestern United States by first creating long
tree -ring chronologies from local species. Her professional relationship with A. E. Douglass and his

demands on the accuracy of her dating highlight
this chapter. Finally, Chapter 8 describes the unusual field methods of James L. Giddings, one of
the premier dendrochronologists of the 20th century. He was first to firmly establish successful
crossdating in species growing in the higher latitudes of North America, and often went in the field
by foot with nothing more than a compass, a backpack, and a rifle.

The book draws much of its information from
unpublished letters of correspondence between the
many archaeologists involved in the early days of
North American dendrochronology, providing a
glimpse into their personal behavior, attitudes, and
interactions. The many excerpts from these letters
within the book are entertaining, adding a measure
of personal realism and genuineness to individuals
that most present -day dendrochronologists know
little about. The author has done an excellent job
in the book's organization and content, his writing
style is formal and to -the- point, and the book suffers few major editorial errors (for example, Figures 17 and 21 are the same). The author has provided a much- needed and major contribution, not
only to the history and science of dendrochronology, but also to the evolution of Southwestern archaeology. The book should belong on everyone's
"most- wanted" list.
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