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ABSTRACT

An attempt was made to verify dendroclimatic re
constructions of July Palmer Drought Severity Indices (PDSI) 
and of seasonal temperature and precipitation in the 
contiguous United States by means of tree-ring chronologies 
not used in the calibration procedure. Eight tree-ring 
chronologies were developed from white oak (Quercus alba L.) 
on five sites in Iowa and were used in statistical verifica
tion procedures along with 26 other chronologies from the 
eastern and central U. S. Six types of statistical test 
were used to detect linkages between tree-ring series and 
actual or reconstructed climatic series. Only those 
chronologies showing significant linkages with actual 
climatic data were used in verification attempts. Success
ful verifications of two PDSI reconstruction sets for two 
regions of Iowa using the Iowa chronologies were attributed 
to validity of these reconstructions and strong linkages of 
the Iowa chronologies to actual July PDSI data, and it was 
concluded that verification of dendroclimatic reconstruc
tions using independent tree-ring chronologies is possible. 
Unsuccessful verification attempts ip all areas tested for 
the temperature and precipitation reconstructions and for 
one PDSI reconstruction in four regions of the Ozarks area 
were attributed principally to invalidity of these .
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reconstructions and secondarily to weaker linkages of the 
independent chronologies to actual data of these variables



INTRODUCTION AND OBJECTIVES

A large number of well-dated tree-ring chronologies 
from western North America have been developed which extend 
back to 1600 or earlier (Fritts and Shatz, 19 75; Drew,
1976), and whose ring widths have been found to be strongly 
related to fluctuations in climatic variables (Fritts,
1976). These chronologies have been used as proxy data to 
estimate or reconstruct annual fluctuations of several 
climatic variables for much or all of the contiguous United 
States for the last several hundred years (Fritts, 1976, 
1978; Fritts et al., 1977; Stockton and Meko, 1975;
Stockton, Meko, and Mitchell, 1978). Such reconstructions 
using proxy data are valuable because they allow study of 
climatic variations occurring over periods considerably 
longer than can be studied using the shorter records of 
direct climatic measurements.

Dendroclimatic reconstructions are made using tree- 
ring data and climatic observations over a period of time 
for which observations of both series exist; this period is 
called the dependent or calibration period and the observa
tions are called the dependent or calibration data (Fritts,
1976). These data are used to develop an equation called 
a transfer function (Fritts, 1976; Biasing, 1978) which 
translates predictor (tree-ring) observations into predicted



(climatic) estimates. This transfer function is then 
applied to independent predictor data (tree-ring data for 
years outside the calibration set) to reconstruct the value 
of the predictand for the independent period. If the 
reconstruction is a valid one, these estimates will 
resemble the actual values of the climatic variable.
Testing the validity of, or verifying dendroclimatic 
reconstructions generally involves testing their similarity 
to climatic observations in the independent period.
Because very few climatic observational records exist for 
periods prior to 185 0 in the United States, and many 
stations have fewer than ten years of record in the inde
pendent period, actual climatic records can be used to 
attempt verification of only a relatively small portion of 
the reconstruction. In such cases it is desirable to 
verify the reconstruction using some other variable with 
a long record in the independent period, which has a.known 
relationship or linkage to climatic fluctuations.

This thesis investigates the usefulness of inde
pendent tree-ring chronologies (chronologies not used in 
the calibration) in verifying dendroclimatic reconstruc
tions. If verification could be made using independent 
chronologies Sensitive to the climatic variable in question 
and extending to the early 1800's or earlier, longer 
segments of the reconstruction could be confirmed. 
Verification by means of independent tree-ring data could



also be used to test the validity of climatic reconstruc
tions for areas having no independent climatic data.

Numerous tree-ring chronologies have been developed 
for sites in the eastern United States (DeWitt and Ames, 
1978), extending well into the 1700's and in some cases 
into the 1600's. These include several chronologies from 
sites in Iowa which were developed as part of this thesis. 
Because these chronologies were not used to calibrate the 
reconstructions of eastern United States climate and are 
well outside the area covered by the tree-ring set used in 
the calibrations, they are especially suitable as inde
pendent chronologies to verify these particular climatic 
reconstructions if they are significantly related to the 
climatic variables in question.

In this thesis, tests are made to find relation
ships between each chronology and actual climatic observa
tions at nearby stations by using a set of statistics. In 
those cases where relationships are found to be signifi
cant, the same set of statistical tests are performed 
between the chronology and the reconstructed climatic 
values for the same station. If the tests on the 
reconstruction in the independent period yield signifi
cant values, it is concluded that there is a relationship 
between the chronology and the reconstruction of the 
climate, and the reconstruction is inferred to resemble 
the climate which actually occurred.



PREVIOUS ATTEMPTS TO VERIFY CLIMATIC 
ESTIMATES USING TREE RINGS

Several researchers have attempted to verify 
estimates or reconstructions of past climate using inde
pendent tree ring series. Lynch (1931) developed a series 
of estimates of annual rainfall or rainfall indices for 
the Los Angeles area for the rainfall years 1769-70 through 
1929-30. These rainfall indices were derived from 
historical records, including crop records at missions and 
elsewhere, lake level records, diaries and other histories, 
reports of floods and droughts, and stream runoff records; 
actual rainfall records since 1850 were also used.
Douglass (1933) compared Lynch's rainfall indices with tree- 
ring chronologies from pines in the nearby San Bernardino 
Mountains and from sequoias in General Grant National Park 
200 miles away. The correlation between the rainfall 
indices and the pine chronology for 1770-1930 was 0.45, and 
with the sequoia chronology the correlation was 0.28; both 
correlations are significant at the 99% confidence limit. 
Douglass considered the high correlation with the pine 
chronology to be a verification of the Lynch rainfall 
indices. Although correlations were not computed 
separately for the period prior to 1850 when no actual 
rainfall records were available, Douglass' time series



plots of the rainfall indices and the pine chronology show 
a clear resemblance to each other in the earlier period as 
well as in the latter period.

Schove (1955) attempted to match a series of 
droughts recorded in medieval English chronicles with the 
narrow rings of a floating chronology of oak timbers from 
a medieval Saxon archaeological site. If successful, this 
would verify the occurrence of the recorded droughts as well 
as provide cutting dates for the timbers. Schove believed 
that the droughts would cause narrow rings, and he was able 
to match three recorded droughts with narrow rings.
However, a fourth recorded drought showed a one-year dis
crepancy with a narrow ring, and a fifth recorded drought 
was not associated with a narrow ring. This match yielded 
a cutting date of 835 A.D., which agreed well with an 
estimated date of usage of the site based on a coin found 
at the site. Schove accepted the 835 date provisionally, 
but the coin date evidence was later found to be in error 
(Schove, 1959). He later used cross-dating with more 
recently developed chronologies to move the cutting date 
back 54 years (Schove, 1975), but did not say whether the 
revised dates of narrow rings coinciced with those of 
recorded droughts.

Lawson (1974) retrodicted the occurrence of 
droughts in the Great Plains in the nineteenth century, 
using an approximately 20-year drought cycle suggested by



Willett (1961). This drought cycle was based on the 20-22 
year double sunspot cycle, and Lawson (1974) used sunspot 
observations in the 1800's to make the retrodictions.
Lawson then examined eight tree-ring chronologies from the 
Great Plains and Rocky Mountain region in an attempt to 
verify the occurrence of the droughts. Although the tree 
rings indicated dry weather in some areas during some of the 
predicted drought periods, near-normal or wet conditions 
were indicated for others. Lawson concluded that the tree- 
ring records do not support Willett's drought cycle. '

Biasing and Fritts (1975) used a set of 21 tree-ring 
chronologies from Alaska and northwestern Canada in an 
attempt to verify a reconstruction of annual summer 
atmospheric pressure anomalies, made for the Arctic regions 
using a 'set of tree-ring chronologies from western North 
America. Pressure anomalies control circulation patterns 
which produce climatic anomalies. Thus the map pattern of 
growth anomalies of the Arctic trees, which produce narrow 
rings in cold wet summers and wide rings in warm sunny 
summers, can be used to infer climatic anomalies and thus 
the circulation pattern and pressure anomalies producing 
that climate. Agreement was found between the reconstructed 
pressure anomalies and the pressure anomaly patterns 
inferred from the tree growth patterns for several time 
intervals in the late 1700's and 1800's, but there were 
disagreements during a few time intervals.
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Fritts, Biasing, and Lofgren (1976) attempted to use 

a chronology of high-altitude bristlecone pine (Pinus 
longaeva D. K. Bailey) from the White Mountains of 
California to verify a dendroclimati-c reconstruction of 
annual spring pressure anomalies back to 1600. Bristlecone 
pine growth at the upper tree line is directly related to 
growing season temperature, so narrow rings imply cool 
anomalies and wide rings imply warm anomalies. Cool periods 
in California are associated with a high pressure anomaly 
over the Pacific west of California. The average recon
structed pressure for several periods of low bristlecone 
pine growth in the independent period does in fact show a 
marked high pressure anomaly west of California. The 
correlation between the bristlecone pine chronology and an 
index of the amount of anomalous northerly air flow based 
on the pressure reconstruction was found to be significant 
at the 95% confidence limit over the entire period of the 
reconstruction.



THE RECONSTRUCTIONS SELECTED FOR 
VERIFICATION ATTEMPTS

Ten dendroclimatic reconstructions were selected for 
verification attempts using independent tree-ring 
chronologies. Four of these are reconstructions of mean 
temperature for each of the four seasons, and four others 
are reconstructions of total precipitation for each of 
the four seasons. The other two are reconstructions of 
annual July Palmer Drought Severity Indices. This chapter 
describes these reconstructions and how they were made.

The Temperature and Precipitation 
Reconstructions

Tree-ring data have been used to reconstruct yearly 
seasonal temperature and precipitation for the entire 
contiguous United States (Fritts, 1978) for each of four 
seasons: winter (December-February)r spring (March-June), 
summer (July-August), and autumn (September-November). 
Reconstructions were made for 1.602-1961, and the calibra
tion data covered 1901-1963. The tree-ring data came from 
65 sites in western North America as discussed by Fritts 
and Shatz (1975) and Fritts et al. (1976). The climatic 
data consisted of yearly seasonal mean temperatures from 77 
stations distributed throughout the contiguous United 
States, and yearly seasonal total precipitation from 96



stations throughout the contiguous United States (DeWitt, 
1978).

A multivariate technique known as canonical 
analysis (Biasing, 1978) was used to derive a statistical 
calibration called a transfer function (Fritts et al.,
1976; Fritts et al., 1977) which equates principal 
components (eigenvector amplitudes) of tree growth with 
principal components of the given climatic variable for the 
1901-1963 period. Each transfer function was then applied 
to the tree-ring data for the 1600-1963 period to obtain 
estimates or reconstructions of the climatic variable.

For each climatic variable, several transfer 
functions, or models, were developed. These vary in the 
number of eigenvector amplitude series used (Fritts et al.,
1977) , as well as in the years ;of tree-ring growth used to 
reconstruct the climate of a given year. To reconstruct 
the climate of a year t, principal components of tree 
growth in years t-1, t, t+1, and/or t+2 may be used 
(Fritts et al. , 1977; Fritts, 1978). Singlet models 
utilize principal components of tree growth for only one 
year (t, t+1, or t+2), and couplet models utilize tree 
growth for two consecutive years, for example t and t+1 
(Fritts, 1978). In some models the tree-ring series were 
adjusted to remove autocorrelation prior to extraction of 
principal components and transfer function development 
(Fritts et al., 1977). Additional models have been
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developed by averaging the reconstructed series of two or 
more singlet or couplet models (Fritts, 1978).

A system for naming the models (Fritts, 1978) uses 
the following letter designations to identify tree-growth 
years in the model: B (before) for year t-1; I (immediately 
following) for year t; F (following year) for year t+1; 
and FF (second following year) for year t+2. Removal of 
serial correlation is designated by an M (for minus serial 
correlation) preceding the letter designating the year for 
which serial correlation was removed, for example MB, MF, 
or M alone in the case of the year t series. Couplets are 
named using letter combinations, for example BI, IF, MBI, 
or MF; averaged models are designated as sums of their 
components, for example BI+MBM+MF.

Three statistics were used to compare the recon
structed climatic series of each model to the actual 
climatic series during the calibration period. The first 
of these is the average per cent variance calibrated at all 
climatic stations for all years; this statistic measures the 
per cent of the variance of the actual calibration climatic 
data which was explained or accounted for by the transfer 
function. The second statistic is the reduction of error 
(Fritts, 1976) which is a test similar to the square of the 
correlation coefficient. The average reduction of error 
over all stations was found for each year, and the number 
of years for which this average was above certain levels
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was counted and the counts compared among models. The

.third statistic, calculated for each year, is the correla
tion of the map pattern of reconstructed anomalies with the 
pattern of the anomalies in the actual data. Again the 
years with correlations above certain levels were counted 
and the counts compared among models. The models used to 
reconstruct each variable were ranked according to the . 
results of these three tests. The top-ranked models as of 
June 15, 1978 (Fritts, 1978) are listed in Table 1, along 
with the per cent variance calibrated for each. These are 
the models for which verification was attempted using 
independent tree-ring chronologies. All selected models 
utilized fifteen principal components of tree-ring growth. 
All precipitation models used twenty principal components 
of precipitation data, and all temperature models used 
fifteen principal components of temperature data with the 
exception of the winter model which used twenty, hence the 
"20T" in the model name (Table 1). Because all the selected 
temperature and precipitation models used tree growth in 
year t+2, the last year for which climate was reconstructed 
was 1961, or 1960 in the case of autumn. These temperature 
and precipitation reconstruction models are not the final 
models selected by Fritts1 research group, as other models 
have been developed which yield more significant verifica
tion results using actual independent climatic data.
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Table 1. Temperature and Precipitation Reconstruction 

Models Selected for Verification Attempts

Variable Model Name
Per Cent 
Variance 

Calibrated

Winter Precipitation BI-fBM+IF+MMP+FFF 50.1
Spring Precipitation BM+FMF+FFF 47.3
Summer Precipitation BI+MBM+IMF+FFF 41.2
Autumn Precipitation BI+BM+MMF+FMF+FFF 46.8
Winter Temperature 2OTBI+IM+MF+MMF+FMF+FFF 57.0
Spring Temperature BM+IF+FFF 61.7 '
Summer Temperature BI+IMF+FFF 58.6
Autumn Temperature MBM+I+IMF+MMF+FFF 43.2

The Palmer Drought Severity Index 
Reconstructions

The-Palmer Drought Severity Index (PDSI) is a 
measure of soil moisture conditions, computed from tempera
ture and precipitation records for a given month (in this 
case July) and the records of several preceding months 
(Palmer, 1965). Thus the PDSI is a cumulative measure of 
conditions over a several month period and is capable of 
measuring the development of extended drought conditions. 
The July index was selected because it reflects moisture 
conditions immediately prior to and during the growing
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season of most trees (Stockton and Meko, 1975). The values 
of this index range from -4.0 or less (extreme drought) 
through 0.0 (near normal conditions) to +4.0 or more 
(extremely wet).

One of the PDSI reconstructions, developed by 
Stockton's research group (Stockton and Meko, 1975; Stockton 
et al., 1978), utilized tree-ring data from forty tree-ring 
chronologies in the western and central United States. Six 
of the chronologies were from,sites in the Midwest, making 
this the only reconstruction whose calibration set includes 
sites east of the Great Plains for which verification was 
attempted. The other PDSI reconstruction, developed by 
Fritts and his research group as discussed by Stockton et 
al. (1978) utilized the same 65 chronologies used in the 
temperature and precipitation reconstructions.

The PDSI data used to calibrate both reconstruc
tions consisted of annual July PDSI values from 40 regions 
covering the western two-thirds of the contiguous United 
States, for the period 1931-1963. Both reconstructions 
were developed using canonical analysis with five principal 
components of PDSI data, three principal components of tree 
growth for the concurrent year (t), and three for the 
following year (t+1). Because tree growth for the follow
ing year was used, the last year for which PDSI was re
constructed is 1962, one year prior to 1963, the last year 
of tree-ring data. Stockton's group's reconstruction covers.
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the period 1700-1962, and Fritts1 group's reconstruction 
covers the period 1600-1962.

The annual fluctuations in reconstructed drought 
area were measured by counting, for each year, the regions 
whose reconstructed PDSI was -1.0 (mildly dry) or lower. 
These counts were then correlated with the actual drought 
area fluctuations, measured by the annual count of regions 
whose actual PDSI was -1.0 or less, for the 1931-1962 
period (Stockton et al., 1978). The correlations were 
squared to obtain estimates of the per cent variance of the 
drought areas accounted for by the calibration portions of 
the reconstructions. The Stockton reconstruction accounted 
for 72% of the drought area variation in the actual PDSI 
series, and the Fritts reconstruction accounted for 69% of 
this variance.



THE IOWA WHITE OAK CHRONOLOGIES

In 1977 and 1978, 307 increment cores were collected 
from 136 living white oak (Quercus alba L.) growing at five 
locations in central Iowa. Figure 1 is a map showing the 
locations of the sampled sites, and Table 2 lists several 
of the important site characteristics. All of the sites 
are covered by oak-hickory forest (Kiichler, 1964) in which 
white oak is one of the dominant species.

Site Characteristics 
Duvick Back Woods covers four acres of forested 

land in the town of Johnston, Iowa. The soil contains a 
high percentage of clay, and is dissected by several steep
sided ravines twenty to forty feet deep, which drain to the 
southeast. White oaks constitute fifty to seventy-five per 
cent of the dominant trees on this site.

Ledges.State Park consists of numerous sandstone 
cliffs, and steep forested slopes and ridges on which white 
oaks are common. Most of the sampled trees are on the upper 
slopes and ridge tops. The oldest trees, two to three 
hundred years old, are on or near the crest of a steep west- 
to-southwest facing slope which drops sharply from high 
level ground one hundred fifty feet to the valley of the 
Des Moines River. This slope was formed by the river and

15
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•  LAKE AHQUABI

Figure 1. Map of Iowa Showing Five Tree-Ring Sites (Circles) and Des Moines 
Climatic Station (Star)



Table 2. Locations and Characteristics of Iowa White Oak Sites

Duvick
Back

Woods Ledges
Woodman
Hollow

Lake
Ahquabi Pammel

Latitude i—1oI—1 &OOoCM 42 0 25 ! N 41°171N 41°17'N
Longitude 9 3 ° 4 2 1W 9 3 0 5.3 ' W 9 4 ° 0 6 1W 93°35'W 94°04'W
County Polk Boone Webster Warren Madison
Elev. (Feet) 900 1050 1100 900 1000
Slope Dir. Southeast Southwest South North Northeast
Slope Angle 5-35° OO1O Oo1o 15-35° OOcnIo

Trees Sampled 48 26 15 17 30
Cores Taken 115 53 30 48 61



18
a small tributary stream as they cut a valley in otherwise 
level terrain.

The sampled trees at Woodman Hollow State Preserve 
are on the crest of a steep (30-40°) south-facing slope 
which extends downward one to two hundred feet to a small 
tributary of the Des Moines River. This slope was formed in 
the same manner as the Ledges slope, and is similar to it 
in steepness, length, vegetative cover, and the sharp, 
sudden drop-off at the crest on which the oldest trees were 
found.

Lake Ahquabi State Park consists of forested land 
surrounding a man-made lake. The sampled trees are on a 
predominantly north-facing slope, south of the upper (east) 
end of the lake. This slope is dissected by two or three 
steep-sided ravines which drain northward into the lake.
The soil, where exposed by erosion at the bottoms of the 
ravines, has a high percentage of clay.

At Pammel State Park, trees were sampled in two 
regions of the park. The first region is on the east-to- 
northeast facing slope of a ridge, about one hundred feet 
above the Middle River, which flows through the park. It 
is densely forested with a slope angle of fifteen to 
twenty degrees and, according to the park ranger, much of 
it' is virgin forest. The second region is one-fourth of a 
mile southwest Of the first, and is a predominantly west- 
facing slope dissected by two fifty-foot deep ravines.
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Nineteen trees were sampled in the first region, nine trees 
were sampled in the second region, and two trees were 
sampled in other parts of the park.

Tree Characteristics
As experience was gained coring white oaks, I 

developed the ability to distinguish the extremely old 
trees by their appearance. White oaks over two hundred 
years old frequently have heavy, gnarled limbs and large 
burls or knots on the trunk and limbs, while white oaks 
under one hundred fifty years old generally have straight 
trunks and limbs and lack the gnarled appearance. When 
compared to younger white oaks, the old trees often have 
thick trunks compared to their crown sizes; they may be up 
to three feet in diameter. Unfortunately, many of these 
old trees are also hollow; this limited the lengths of 
several of the cores and made some trees unusable.

Several trees over two hundred years old were found 
at each site except Duvick Back Woods. There, despite an 
extensive sampling of nearly fifty white oaks, I was unable 
to find any over 130 years old. Many of .the trees at this 
site exhibit a strong surge of growth beginning in 1882, 
when they were under four inches in diameter, but none of 
the other sites exhibit a surge beginning that year. The 
surge and the lack of old trees can be interpreted as. 
timbering of the original forest in 18 82, releasing the
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small understory trees from competition and allowing them to 
grow rapidly.

Several of the trees at the other sites also 
exhibited growth surges at various times between 1850 and 
1900. These surges appeared strongly in some trees and 
either not at all or in different years in other trees at 
the same site, and they generally did not coincide among 
different sites. At Pammel such release effects were noted 
beginning in 1869 in several of the trees but not until the 
1880's in others; at Woodman Hollow most trees exhibit a 
release in 1877, and at Lake Ahquabi several of the trees 
exhibit a release in 1851. The lack of synchrony in these 
surges suggests a non-climatic cause for them. However, as 
at Duvick Back Woods, the surges are best interpreted as 
cutting or death of neighboring trees at various times in 
the late 1800's.

Development of the Chronologies
The cores were mounted in grooved sticks, exposing 

them along the horizontal plane, and the exposed portion of 
each core was leveled and surfaced with 400-grit sandpaper . 
so the rings could be clearly seen under a microscope. The 
rings of each core were dated using the skeleton plot 
technique (Stokes and Smiley, 1968). Cross-dating was found 
between all the cores from each site and between cores from 
different sites as well. No rings were found to be missing
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in any of the cores. False rings or inter-annual bands are 
extremely rare, and can be distinguished by their vessels 
which are much smaller than those of true annual rings.

The widths of the dated rings were measured to the 
nearest 0.01 millimeter, and the measurements were punched 
into computer cards. Computer program RWLST was used to 
produce a tabular list of the ring widths of each core, and 
to plot the mean widths for twenty-year intervals overlapped 
by ten years as a function of time. The lists were checked 
for measuring or keypunching errors, and the plots were 
studied to decide what type of curve should be applied for 
the standardization of each core.

Standardization is performed by fitting a curve to 
each ring-width series and dividing each ring width by the 
value of the curve for that year. This produces a tree-ring 
index series in which low-frequency trends approximated by 
the curve have been removed. Standardization was performed 
using INDXA, a computer program package. It offers three 
options of the type of curve to be used for standardization: 
straight lines, exponential curves, and orthogonal 
polynomials. A line is useful when one wants .to preserve 
most or all of the low-frequency variance in a series. The 
exponential curve is useful for removing the decreasing 
trend in ring widths which is frequently found in conifers 
and is associated with increasing tree age. The polynomial 
is a complex, flexible curve which can be used to remove
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low-frequency fluctuations in ring width which cannot be 
approximated by a line or exponential curve.

When a polynomial curve is being fit, the computer 
program applies polynomials of successively higher order and 
greater flexibility, until the addition of another coeffi
cient to the curve's equation fails to reduce the variance 
of the indices by an additional five per cent. Although 
five per cent is the most commonly used value for this 
reduction of variance test, the program user may select a 
different value; a smaller value such as one per cent will 
allow more flexible polynomial curves which remove more of 
the low-frequency variance.

Because few of the cores exhibited linear or 
exponential growth trends and most of them exhibited periods 
of growth suppression and release or growth surges, 
polynomial curves with the 5% reduction of variance test 
were used to standardize all the cores. However, the 5%- 
test polynomials which were fit. to the Woodman Hollow cores 
left a considerable amount of low frequency variance caused 
by the 18 77 release. Therefore, a second Woodman Hollow 
chronology, designated Woodman Hollow-B, was developed from 
the same set of cores by lowering the reduction of variance 
test to 0.5%. The original Woodman Hollow chronology, 
developed using the 5% reduction of variance test, is 
designated Woodman Hollow-A. ,
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The initial Lake Ahquabi chronology was developed in 

the spring of 1978 from paired cores collected from eleven 
trees in December 1977. On May 26, 1978, additional cores 
were collected, and paired cores from six new trees plus a 
third core from each of six of the trees were added to the 
original collection to form a new 40-core chronology.

The 40-core Lake Ahquabi chronology, the Woodman 
Hollow-A chronology, and the Pammel, Ledges, and Duvick 
Back Woods chronologies were summed together to form a 
regional chronology, using computer program SMSR;. this 
chronology is denoted as. the Iowa 5-site sum. Appendix A 
of this thesis includes, for each of the eight Iowa 
chronologies (representing five sites), a tabular list of 
the indices and sample sizes for each year, and a time 
series plot of the indices.

Statistics Used to Describe Tree-Ring 
Chronologies

Mean.sensitivity, first-order serial correlation, 
and standard deviation are statistics which measure the 
variability in the tree-ring index series; each statistic 
covers a different frequency domain. Mean sensitivity 
measures the relative amount of year-to-year (high fre
quency) variability in the series. It is calculated by 
dividing the absolute value of the difference between each 
two successive values by their mean, and then averaging 
these quotients (Fritts, 1976). Its values can range from
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0.0 to 2.0 but seldom exceed 1.0. First-order serial 
correlation indicates the amount of low-frequency variation 
in the series by measuring the amount of dependence of each 
index value on the value immediately preceding it. Serial 
correlations range from -1.0 (inverse correlation) to +1.0 
(direct correlation), but are seldom negative for index 
series. Standard deviation is an integrated measure of the 
variance of the indices at all frequencies; its value is 
positive but is usually less than 1.0 for index series.

Because the high-frequency year-to-year variations 
in ring widths or indices are caused mainly by year-to-year 
climatic fluctuations, high mean sensitivity indicates that 
climate has had a strong influence on the tree growth.

At many sites, especially in the eastern United 
States, low-frequency fluctuations in ring widths are 
caused by non-climatic factors including timbering and other 
human disturbance, changes in competition due to growth and 
natural death of neighboring trees, injuries and disease.
If the chronology is to be used for climatic study it is 
generally desirable to remove these low-frequency variations 
when standardizing. Thus in such cases, including the.Iowa 
chronologies, low serial correlation of the indices is 
considered preferable.

The standard error of the mean index for a given 
year is an estimate of how close this mean is likely to be 
to the true mean, that is, the mean of all possible indices



for that year at the site. Standard error is inversely 
proportional to the square root of the sample size, and 
directly proportional to the scatter of the indices about 
the mean value, for the year. For a sample of over 30 
indices, the mean will be within two standard errors of 
the true value in 21 out of 22 cases (Fritts, 1976). The 
standard error of a chronology is the average of the 
standard errors of all the indices represented by two or 
more cores. The standard errors of the chronology index 
values are frequently highly and directly correlated with 
the mean index values (Fritts, 19 76). That is, large mean 
indices tend to be less precise estimates of their popula
tion (true) values than do small mean indices. INDXA 
computes the value of this correlation (designated R) along 
with the slope (B) and y-axis intercept (A) of a regression 
line fitted to the mean index value (x-axis) plotted against 
standard error (y-axis).

An analysis of variance (Fritts, 19 76) was performed 
for each chronology. This analysis divides the total 
variance of all the index series into four components, each 
of which is attributed to a different source.

The first component is variance held in common to 
all series. This variance can be attributed to climatic 
variations or any other environmental factors which affected 
the growth of all the trees in the same manner. It repre
sents the variance in the final chronology. If this



component is large relative to the other components, clima 
tic variation has strongly affected the growth of all the 
trees in the same manner and the chronology is useful for 
-dendroclimatic study.

The second component is variance attributed to 
differences in tree chronologies. The tree chronology is 
formed by averaging the index series of the two cores from 
each tree. • Variance in this category is held in common 
between the two cores of each tree, but is not held in 
common between the chronologies of different trees. This 
variance is caused by microsite differences or any other 
factors which affected the growth of each tree differently

The third component is variance attributed to dif
ferences between core classes. The two cores from each 
tree were classified by larger or smaller mean ring width 
at all the sites except Woodman Hollow, in which the cores 
were classified by first and second core taken from the 
tree. All the cores with larger mean ring widths were 
summed into one chronology, and those with smaller ring 
widths were summed into a second chronology. Variance in 
this category can be attributed to factors which con
sistently affected the slower-growing sides of the trees 
differently from the faster-growing sides.

The fourth component is variance attributed to 
differences between the two cores of each tree. This 
variance is caused by.localized factors such as injuries,
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variations in competition on different sides of the trees, 
and measurement errors and can be considered random or 
"noise" variance.

The analysis of variance is performed for a 
specified period of years in common to all the index series 
to be used. There must be the same number of cores (two 
for all the Iowa chronologies) from each tree,

A cross-correlation analysis was also performed for 
each chronology, using the same index series used in the 
analysis of variance. In this analysis, the Pearson 
correlation coefficient (r) was calculated for all possible 
combinations of the index series from the site. The mean 
correlation among all series, the mean correlation between 
the two cores from each tree, the mean correlation between 
cores from different trees, and the mean correlation of each 
core with all the other cores are also calculated. The 
average correlation between all the cores in a chronology, 
like the first component of the analysis of variance, indi
cates the amount of variance common to all the index series, 
and thus the strength of the climatic signal in the variance. 
A high average correlation between the series indicates much 
variance in common,

If the average correlation between all cores of a 
chronology is fairly high, for example 0.5, but there is 
one core whose average correlation with all the others is 
near zero or negative, this core may have been incorrectly
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dated, or the climatic signal in its ring widths may have 
been obscured by a non-climatic influence on the growth. If 
climatic fluctuations are of interest and correct dating has 
been ascertained, it is best to exclude the core from the 
chronology.

Discussion and Statistics of the 
. Iowa Chronologies

Table 3 lists several statistics of each chronology. 
Table 4 presents the analysis of variance results, and 
Table 5 presents the cross-correlation results. Included 
in the tables are average values of selected statistics of 
several or all of 36 published chronologies from the eastern 
United States outside Iowa (DeWitt and Ames, 1978) and of 
102 published chronologies from the western United States 
as discussed by Fritts and Shatz (1975) and Drew (1976) .

Except for the short Duvick Back Woods chronology, 
the lengths (Table 3) of the Iowa chronologies are 
typical of eastern United States chronologies represented 
by the published set,'but are considerably shorter than 
most chronologies from the western United States, where 
trees in excess of 400 years old are much more abundant.
The two oldest trees were found in the virgin forest area 
at Pammel, with innermost rings on the cores dated 1640 and 
1642. Based on the curvature of these innermost rings, the 
pith dates of both trees were estimated to be in the mid- 
1630's. These, are the oldest white oaks in Iowa known to



Table 3„ Statistics of Iowa White Oak Chronologies

Chronology
First
Year

Last
Year

Mean
Sens.

Serial
Corr.

Std.
Dev.

Std.
Error Ra Bb AC

No.
Cores

NO.
Trees

Duvick Back Woods 1852 1977 .24 .25 .23 .047 .69 .025 .005 51 25
Ledges 1688 1976 .20 .42 .24 .053 .51 .026 .004 47 23
Woddman Hollow-A 1729 1977 .16 .39 .19 .047 .72 .039 —. 006 30 15
Woodman Hollow-B 1729 1977 .16 .28 .17 .039 .57 .029 0.000 30 15
Ahquabi 22 cores'̂ 1717 1977 .19 .23 .20 .055 .58 .050 -.009 22 11
Ahquabi 40 cores 1708 1977 .19 .26 .20 .044 i 66 .035 —. 005 40 17
Pammel 1641 1977 .19 .37 .21 .052 .41 .059 -.007 61 30
Sum 5 Iowa Chrons. 1641 1977 .18 .31 .19 .038 .39 . 027 —. 002 229 110
Avg. Eastern U. S.® 1685 1961 .17 .51 .24 ■
Avg. Western U. S. 1491 1967 .37 .42 .38

aR is the correlation between mean index and standard error of index.

is the slope of a regression line between mean index (X axis) and standard error of 
index (Y axis).

CA is the Y-intercept of the regression line.
d iPublished chronology (DeWitt and Ames, 1978).

8Mean of 36 published Eastern U. S. chronologies, excluding Iowa chronologies (DeWitt 
and Ames, 1978).

"̂ Mean of 102 published Western U. S. chronologies discussed by Fritts and Shatz (1975) 
and Drew (1976).
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Table 4. Analysis of Variance of the Iowa Chronologies

Site

Source
Variance

of
(%) a Period

Analyzed
No.

TreesY YT YC YCT

Duvick Back Woods 51 27 0 22 1900-1976 25
Ledges 40 31 0 29 1894-1976 23
Woodman Hoilow-A 41 20 1 38 1814-1974 15
Woodman Hollow-B 42 19 0 39 1814-1974 15
Ahquabi 22 cores 39 31 ; 0 30 1901-1977 11
Ahquabi 3 4 cores 42 29 0 29 1901-1977 17
Pammel 42 26 1 31 1899-1977 25
Avg. 23 Eastern*3 29 25 0 46 — -- ■

aY is variance common to all series; YT is variance 
attributed to differences between trees; YC is variance 
attributed to differences between core classes; YCT is 
variance attributed to differences between cores within 
trees.

^Average values for 23 published eastern U. S. 
chronologies. Excludes Iowa chronologies.
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Table 5. Cross-Correlation Analysis of the Iowa 

Chronologies

Site

Average Correlation
All
Series

Within
Trees

Between
Trees

Duvick Back Woods .53 .78 .52
Ledges . 43 .72 .42
Woodman Hoilow-A .43 CMID .42
Woodman Hollow-B .45 .62 .44
Ahquabi 22 Cores .43 .72 .41
Ahguabi 34 Cores .44 .71 4̂ U>

P amine 1 .45 . 68 .44
Avg. 20 Eastern3 .32 .55 .31

^Average values for 20 published eastern U. S. 
chronologies excluding Iowa chronologies.
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Landers (1978), who has cored trees at numerous sites in 
Iowa.

The mean sensitivities (Table 3) of the Iowa 
chronologies average somewhat higher than the mean value 
for the other published eastern United States chronologies. 
The per cent variance common to all series (Table 4) is 
the largest component of the variance of each chronology, 
and is ten to twenty per cent larger than the average for 
the other published eastern chronologies. Among the 39 
published eastern United States chronologies (DeWitt and 
Ames, 1978), the Woodman Hoilow-A chronology has the 
highest per cent variance common to all series, 41%; this 
percentage is exceeded in several of the unpublished Iowa 
chronologies. The average cross-correlations between all 
cores, between cores within trees, and between cores from 
different trees (Table 5) is 0.10 to 0.20 higher in the 
Iowa chronologies than in the other eastern United States 
chronologies. The serial correlations (Table 3) of the 
Iowa chronologies are considerably lower than those of the 
other eastern chronologies, indicating successful removal 
of the non-climatically caused low-frequency variations. 
Because the Iowa chronologies have less low-frequency 
variation than the other eastern United States chronologies, 
their standard deviations are lower also.

These statistics indicate that the ratio of 
variance caused by climate (the "signal") to variance
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attributed to other sources (the "noise") is higher in each 
of the Iowa chronologies than in most of the other eastern 
chronologies. The Duvick Back Woods chronology, having the 
highest per cent variance common to all series, the highest 
cross-correlation coefficients and the highest mean 
sensitivity, has the largest signal-to-noise ratio of all. 
The relatively strong climatic signals in the Iowa 
chronologies may be due to the proximity of the sites to 
the western (arid) limit of the range of white oak (Powells, 
1965). .

The strength of the climatic signal in the Iowa 
chronologies is considerably less than that in most 
chronologies from the western United States, however. The 
average mean sensitivity of 102 western chronologies (Drew, 
1976) is twice that of the Iowa chronologies (Table 3).
The average per cent variance common to all series for 71 
western chronologies (Fritts, 1965, 1969; Fritts, Smith, 
Cardis, and Budelsky, 1965; Fritts, Smith, and Stokes,
1965; Stockton, 1975) is 59.3%. The maximum is 81% and 
only three of the 71 chronologies have values under 40%.
Many of these western sites are near the arid forest 
border, and the climate in these areas is a stronger 
limiting factor to tree growth than is the moister Iowa 
climate.

The relatively low standard errors (Table 3) of 
the Woodman Hollow-B and 40-core Lake Ahquabi chronologies
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indicate that the core indices for each year are more 
tightly clustered about their means. However, these 
chronologies have relatively large sample sizes through 
most of their lengths, while the Ledges and Pammel 
chronologies have relatively long periods which contain 
12 or fewer cores. As the standard error for each year is 
inversely related to the sample size and the standard error 
of the chronology is averaged over all years, these long 
periods with few cores help to explain the higher standard 
errors for Pammel and Ledges, while the large sample size 
of the 5-site summed chronology helps to explain its small 
standard error.

Woodman Hollow-B contains a higher percentage of 
variance in common to all series (Table 4), and also has 
higher cross-correlation between all series and between 
trees (Table 5) than does Woodman Hoilow-A. Because their 
sample sizes are identical, their standard errors can be 
directly compared; the lower standard error of Woodman 
Hollow-B (Table 3) indicates a greater similarity among 
its core index series than those of Woodman Hollow-A.
These statistics indicate that Woodman Hollow-B contains a 
higher climatic signal-to-noise ratio than does Woodman 
Hollow-A. The lower serial correlation of Woodman Hollow-B 
(Table 3) indicates that considerably more low-frequency 
variance was removed by the more tightly fit polynomials.
The higher per cent variance common to all series in
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Woodman Hollow-B suggests that some of this additionally 
removed low-frequency variance was not held in common by 
all series and was therefore not climatically caused.

There is a strong direct correlation (R in Table 3) . 
between the mean indices of the individual years and the 
standard errors of these means. This gives a positive 
slope (B in Table 3) to the regression lines, and means 
that the small rings were more consistently small than the 
large rings. This can be explained by more consistent 
limitation of tree growth by climate in climatically 
stressful years, while in climatically favorable years 
different factors limited the growth of each tree to vary
ing degrees, resulting in a greater range of ring widths.
The Y-axis intercepts (A in Table 3) of the regression 
lines are all close to zero, indicating that as the mean 
index for a year approaches zero, so does its standard 
error.

A cross-correlation analysis was performed between 
the Pamine 1, Ledges, 40-core Ahquabi and Woodman Hollow-A 
chronologies, for the period 1730-1976 and for 20-year 
subperiods overlapped by ten years. Table 6 presents the 
correlations of each chronology with all the others for the 
1730-1976 period. Figure 2 shows the average of the 
correlations between the four chronologies [solid line) by 
subperiod, plotted against the median year of the sub
period. Each of the four dots plotted for each subperiod
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Table 6. Cross-Correlations Among Four Iowa Chronologies7 

1730-1976

Chronology Pammel Ahquabi Ledges
Woodman
Hollow-A

P amine 1 1. 000 .725 .671 .557
Lake Ahquabi . 725 1.000 .537 .537
Ledges .671 .537 1.000 .478
Woodman Hoilow-A . 557 .537 . 478 1.000
Avg. with Others .651 .. 600 .562 .524
Average correlation between all chronologies .584



CORRELATION
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Figure 2. Correlation Analysis Between Famine1, Ledges, 40-Core Lake Ahquabi, and 
Woodman Hollow-A Chronologies, 1730-1970
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shows the average correlation of one of the chronologies 
with the other three during that subperiod; the dots thus 
show the scatter of the individual correlations about their 
means. All the chronologies are positively correlated with 
each other throughout the 247-year period, and are most 
highly and consistently correlated after 1870, when the 
correlations average between 0.73 and 0.83 and only one 
value falls below 0.70. The Pammel chronology is most 
highly correlated with the others during the entire period 
(Table 6), while Woodman Hollow is most poorly correlated 
overall. The sample sizes (number of cores) of all the 
chronologies are highest during the last century (see 
Appendix A). The sample size of Woodman Hollow falls to 
eight cores prior to 1762, and to four or less cores prior 
to 1750; in Figure 2 the bottommost dot for each of the 
first three subperiods represents the correlation of 
Woodman Hollow with the other chronologies. Because the 
non-climatically caused variance in tree-ring series is not 
held in common among different cores or trees, it is 
averaged and cancelled as additional cores are added to a 
chronology, so that a typical eastern United States 
chronology containing cores from 15 or more trees contains 
less than five per cent noise variance (DeWitt and Ames,
1978). Thus the variance of each Iowa chronology after 
1870 is nearly all due to macroclimate, and the high

I
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correlations during the last century express the homogeneity 
of the macroclimate throughout central Iowa. The reduced 
correlations in the mid-1800's (Figure 2) coincide with the 
period when tree growth surges indicate much timbering 
activity, introducing variance which differed among the 
sites. The low correlations prior to 1770 are apparently 
caused by the relatively large amount of non-climatically 
caused variance accompanying the small sample sizes, 
especially at Woodman Hollow.

The Iowa chronologies have an average of 43% of 
their variance in common to all series, while for western 
United States chronologies this statistic is typically 60%. 
Such a western chronology, containing one core from each of 
ten trees, has a signal-to-noise ratio of 15 (DeWitt and 
Ames, 1978) . Because the ring widths of white oaks have 
less variance in common, 20 Iowa white oaks must be 
sampled, one core per tree, to develop a chronology with a 
signal-to-noise ratio of 15. If two cores per tree are 
collected, as was done for all the Iowa chronologies, 15 
Iowa white oaks must be sampled to get a signal-to-noise 
ratio of 15. The sample sizes of the Iowa chronologies 
range from 30 to 61 cores from 15 to 30 trees, so at. least 
during the last hundred years they all have signal-to-noise 
ratios of 15 or more.

The Ledges, Woodman Hollow-A, and 22-core Lake 
Ahquabi chronologies are included in the Laboratory of



Tree-Ring Research publication of eastern United States 
chronologies (DeWitt and Ames, 1978). The Duvick Back 
Woods chronology did not meet the length requirement for 
the publication, and the other chronologies were not 
completed in time for inclusion.



SELECTION OF CHRONOLOGIES AND 
CLIMATIC STATIONS

Because I desired to verify reconstructions in areas 
outside the region covered by the calibration tree-ring 
chronologies, and the calibration chronologies were nearly 
all from sites west of the Great Plains,, only chronologies 
and stations east of the Great Plains were considered. All 
the Iowa chronologies are included in the PDSI verifica
tions. The Ledges, Duvick Back Woods, 22-core Lake 
Ahquabi, and Woodman Hoilow-A were the only Iowa 
chronologies used in the temperature and precipitation 
verifications, because the other Iowa chronologies were 
not completed at the time these verifications were attempted. 
Length was the primary criterion used to select eastern 
United States chronologies outside Iowa, because of the 
limited number of long chronologies from this region, and 
the desire to verify periods of a century or more prior 
to 1900.

Thirty chronologies were selected to attempt 
verification of the reconstructions for 13 nearby tempera
ture and 13 nearby precipitation stations. Table 7 lists 
the 30 chronologies; Table 8 is a key to the species code 
used in Table 7. Table 9 lists the temperature and 
precipitation stations, ten of which are used for both

' 41



Table 7. Thirty Selected Eastern United States Chronologies

Seq.
No.

IDa
No. Site Name Species*3

Stations Verified0
Temp. Precip.

1 645819 Duvick Back Woods, Iowa QUAL A A
2 463810 Lake Ahquabi (22 Cores) QUAL • A A
3 648819 _ Ledges, Iowa QUAL A A .
4 649810 Woodman Hollow-A, Iowa QUAL A A
5 384819 Russellville, Arkansas QUAL FI FI
6 388849 Big Brushy Mt., Ark. PIEC FGHI FGHI
7 354819 Brush Heap Mt., Ark. QUAL FGHI FGHI
8 570840 Pine Hills-4, Illinois PIEC E D
9 580843 Piney Creek, Illinois PIEC E D

10 396818 Feme Clyffe, Illinois QUAL E D
11 820810 Mammoth Cave, Kentucky QUAL EK JK
12 293899 Livingston, Mass. PCRU LMO LNO
13 553927 Saganaga'Lake, Minn. PIKE BC BC
14 577929 Seagull Lake, Minn. PIRE BC BC
15 430928 Itasca State Park, Minn. PI RE B B
16 386819 Shannon County, Mo. QUAL EF DF
17 387818 Winona-Mark Twain, Mo. QUAL EF DF
18 297899 Nancy Brook, New Hamps. PCRU OP 0 .

19 391899 Giant Ledge, New York PCRU LM L
20 367859 Shawangunk Mts., N. Y. QUPR LM L
21 378930 Shawangunk Mts., N. Y. TSCA LM L
22 420809 Shawangunk Mts., N. Y. PIRI . . LM L
23 368900 Shawangunk Mts., N.. Y. . PIST LM L
24 418890 Newfound Gap, N. Car. PCRU K K
25 395848 Savage Gulf Hi+Lo, Tenn. PIEC K JK
26 431819 Fall Creek Falls, Tenn. QUAL K JK
27 438840 Norris Watershed, Tenn. PIEC K K
28 432819 Steiner's Woods, Tenn. QUAL •K K ’



Table 7.— Continued

Seq.
No.

IDa
No. Site Name _ . b Species

Stations
Temp.

Verified0
Precip.

29 559891 Camel'1s Hump C+A, Vt. PCRU P 0
30 427929 Trout Lake, Wisconsin PIRE C C

aEach chronology developed at the Laboratory of Tree-Ring Research is 
assigned a unique six-digit ID number. .

kgee Table 8 for key to species code.
^Sequence letters from Table 9.
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Table 8. Key to Species Code in Tables 7 and 10

Species Code Scientific Name Common Name

PCRU Picea rubens red spruce
PIEC Finns echinata shortleaf pine
PIRE Finns resinosa red pine
PIRI Finns rigida pitch pine
PIST Finns strobus white pine
QUAL Quercus alba white oak
QUPR Quercus prinus chestnut oak
TSCA Tsuga canadensis eastern hemlock
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Table 9. Temperature and Precipitation Stations

Seq.
Letter Station Variable3

Associated ^ 
Chronologies

A Des Moines, Iowa T , P 1,2,3,4
B Fargo, N. D. T,P 13,14,15
C Marquette, Mich. T , P 13,14,30
D St. Louis, Mo. P 8,9,10,16,17
E Cairo, 111. T 8,9,10,11,16,17
F Springfield, Mo. T , P 5,6,7,16,17
G Ok1ahoma City, Ok. T,P 6,7
H Shreveport, La. T,P 6,7
I Memphis, Tenn. T,P 5,6,7
J Nashville, Tenn. P 11,25,26
K Knoxville, Tenn. T, P 11,24,25,26,27,28
L Albany, N. Y. T, P 12,19,20,21,22,23
M New Haven, Conn. T 12,19,20,21,22,23
N Blue Hill Obs., 

Mass. P 12
0 Concord, N. H. T , P 12,18,29 (29 P only)
P Burlington, Vt. T 18,29

aT — temperature; P = precipitation.
^Sequence numbers of chronologies from Table 7.
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variables. Each chronology is identified by a sequence 
number and each station by a letter. Table 7 includes, 
for each chronology, the sequence letters of the stations 
associated with it for verification attempts. Table 9 
lists, for each station, the sequence numbers of the 
chronologies used to test the reconstructions for that 
station. Each combination of one climatic station with 
one chronology is referred to as a site-station pair.
There are 50 site-station pairs for temperature and 46 for 
precipitation. Figure.3 is a map of the eastern United 
States showing the sites of the 30 selected chronologies 
and the 16 temperature and precipitation stations, identi
fied by the sequence numbers and letters in Tables 7 and 9. 
All selected chronologies except Duvick Back Woods, Iowa 
and Piney Creek, Illinois extend prior to 1800, and all 
except Steiner's Woods, Tennessee contain at least 2 0 
cores.

Because the Palmer Drought Severity Index recon
structions exclude the eastern third of the United States, 
the chronology selection was limited to the Midwestern 
areas. Thirteen chronologies, seven of which represent the 
five sites in Iowa, were selected to verify the reconstruc
tions of six of the PDSI regions. Table 10 lists these 
chronologies and the regions whose reconstructions were 
compared with each chronology. Figure 4 is a map showing 
the locations of these chronologies and regions. There are
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Table 10. Thirteen Chronologies Used to Verify PDSI 

Reconstructions

Seq.
No.

ID
No. Site Name Species3

Regions
Verified

- 470818 Iowa 5-Site Sum̂ * QUAL 27,29,27+29
1 464819 .Pammel, Iowa QUAL 27,29,27+29
2 463819 Lake Ahquabi (40 cores) QUAL 27,29,27+29
3 648819 Ledges, Iowa QUAL 27,29,27+29
4 645819 Duvick Back Woods, Iowa QUAL 27,29,27+29
5 649810 Woodman Hoilow-A, Iowa QUAL 29
6 649811 Woodman Hollow-B, Iowa QUAL 29
7 384819 Russellville, Arkansas QUAL 37,39,37+39
8 388849 Big Brushy Mt., Ark. PIEC 36,39,36+39
9 354819 Brush Heap Mt., Ark. QUAL ' 36,39,36+39

10 570840 Pine Hills-4, Illinois PIEC 33
11 580843 Piney Creek, Illinois PIEC 33
12 387818 Winona-Mark Twain, Mo. QUAL 37

aSee Table 8 for key to species code. 
Ŝuiti of chronologies 1,2,3,4, and 5.
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Figure 4. Map of Eastern United States Showing Six Regions 
of PDSI Reconstructions and 12 Tree-Ring Sites



29 site-region pairs for the PDSI verification tests, 17 of 
which are in Iowa and 12 of which are in other states. All 
of the site-region pairs were used to attempt verification 
of the Stockton reconstruction; however, only the Iowa data 
for the Fritts reconstruction were available so the Fritts 
reconstruction was tested using only the Iowa chronologies. 
The Shannon County, Missouri, Ferne Clyffe, Illinois, and 
northern Minnesota chronologies were used in the calibra
tion of the Stockton reconstruction, so they were not used 
in the verification attempts.



THE STATISTICAL TESTS USED IN THE 
VERIFICATION ATTEMPTS

The verification procedure used six statistical 
tests to determine the nature of the relationships between 
the tree-ring series and the climatic series. Each test 
measures the relationship in a different frequency domain 
or places a different relative emphasis on the magnitudes 
of the individual values in the series.

Two correlation tests were performed, one of which 
is the standard correlation coefficient r. The equation
for calculating this statistic between two time series is

t=n (x -m )(y -m )
r = Z — y— T\  — —xy t=1 <n-l)sxsy

where t represents the time increment from one to n years?
x̂ _ and ŷ . are elements of the two time series x and y for
year t; m , m , s , and s are the means and standard x y x y
deviations of the two time series, and r is the correla-xy
tion coefficient. The correlation coefficient is a measure 
of the relationship between the series integrated across 
all frequencies. Extreme values in the series yield large 
products in the numerator of the equation. Since the value 
of the coefficient is proportional to the sum of these 
products, the correlation coefficient emphasizes the rela
tionship of the extreme values relative to that of the
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values near the series mean. If the value of the correla
tion coefficient exceeds the 95% confidence limit for n-2 
degrees of freedom, where n is the number of items in the 
series, the correlation is considered significant.

The second correlation test is the correlation of 
first differences. The first difference value for each year 
t is calculated by subtracting the value for the preceding 
year (t-1) from the value for the year t. The resultant 
first difference series represents only the very high 
frequency year-to-year variation in the original series.
The two first difference series are correlated using the 
equation for correlation described above. Significance is 
also tested the same way, but there is one less degree of 
freedom for the confidence limit because there are n-1 first, 
differences.

Two sign tests were performed. The first differ
ence sign test compares the signs of corresponding first . 
differences in the two series without regard to their 
magnitude. The sign test of departures from the sample 
mean compares the differences of corresponding values from 
the sample mean. In each test the number of agreements and 
disagreements in sign are counted. In the first differ
ence sign test, a greater number of sign agreements than 
disagreements indicates a direct relationship between the 
signs of the high-frequency variations of the two series.
In the sample mean departures sign test, a greater number



of agreements than disagreements indicates a direct rela
tionship between the, signs of the departures of the values 
from the means of the series. Variations at all frequencies 
influence the signs of the departures from the mean, and 
thus influence the sign test of departures from the mean. 
Because the magnitudes of the values are not considered, 
all values are of identical importance in a sign test; thus 
a few extreme estimates of incorrect sign will not influence 
a sign test as much as they will influence a correlation.
If the number of disagreements in sign is less than the 95% 
confidence limit for a sign test with the given number of 
sign comparisons, the relationship is significant.

The cross-product means test utilizes the cross- 
products which are formed by multiplying the departures of 
corresponding values from the series mean. If the 
departures are of like sign the cross-product is positive; 
if they are of unlike sign the cross-product is negative.
The mean of the positive cross-products and the mean of the 
negative cross-products are calculated, and significance of 
the difference between the absolute values of these means is 
tested using the t-statistic. The equation for this 
statistic is



54
where |m̂ | and jirigl are the absolute values of the positive
and negative cross-product means, respectively; n^ and n^
are the numbers of positive and negative cross-products, and 

2 2s^ and Sg are the variances of the positive and negative 
cross-products (Fritts, 1976). If the t-statistic is 
positive and exceeds the 95% confidence limit for the given 
sample size, the mean of the positive cross-products is 
significantly larger than that of the negative cross- 
products. This indicates that when the departures of 
corresponding values from the mean are large, their signs 
are usually in agreement, and that most of the disagreements 
in departure sign occur when the departures from the mean 
are small and indicate near-average conditions.

In the chi-square test (Stockton and Fritts, 1971)<
the ring-width data are divided into k equally probable 
classes, and the climatic data are divided into r equally 
probable classes. The class divisions are based on a 
normal distribution having the mean and standard deviation 
of the data. A contingency table is set up with k x r 
cells; each row r of the table corresponds to one class of 
the climatic data (or reconstruction) and each column k^ 
corresponds to one class of the tree-ring set. Each 
occurrence, consisting of a tree-ring index and the 
climatic data for the corresponding year, is placed in the 
cell kmrn , where the row of the appropriate climatic class 
rn intersects the column of the appropriate tree-ring class
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km . If there is a linkage between the tree rings and 
climatic data, some of the cells of the table will contain 
more occurrences and some will contain fewer than would be 
expected by chance. The significance of such a linkage is 
determined using the chi-square statistic

,,2 kvr  < frrin hmn*
X  =  "  — ^ --------------------------

where f is the observed frequency in the cell at the mn ^
intersection of the nth row and the mth column of the 
contingency table, h ^  is the hypothetical or expected 
frequency in this cell, and the summation is performed 
across all k x r cells. The value of the hypothetical 
frequency for a given cell is dependent on the total number 
of actual occurrences in the corresponding row> and on the 
number in the corresponding column. Thus this test is not 
affected by non-normally distributed data sets which may 
have many more values in some classes than in others. If 
the value of chi-square exceeds the 95% confidence limit 
for the chi-square distribution with the given numbers of 
classes, the linkage is significant.



PROCEDURE OF THE VERIFICATION ANALYSIS

The verification analysis, including the statisti
cal tests, was performed using VERIFY, a CYBER-175 computer 
program developed by Geoffrey Gordon at the Laboratory of 
Tree-Ring Research. This program was designed and used to 
verify dendroclimatic reconstructions with actual climatic . 
data using the six statistical tests. Minor changes in the 
program allowed it to be used with tree-ring indices in 
place of the actual climatic records.

Because little was known about the response of the 
trees at each eastern United States site to each climatic 
variable, it was necessary to find which chronologies 
responded significantly to each climatic variable and would 
thus be usable for verification. This was done by using 
the six statistical tests to compare each chronology to the 
calibration (actual) climatic data set at each associated 
station. Each of the six statistical tests performed for 
a site-station pair was said to pass if it indicated a 
significant relationship at the 95% confidence limit. 
Passage of tests made between chronologies and actual 
climate was determined using a two-tailed significance 
test. Thus, each test bearing a sign (all except chi- 
square) could pass either with a positive sign, indicating 
a significant direct relationship, or with a negative sign,

56
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indicating a significant inverse relationship. There were 
276 individual tests performed for precipitation (six tests 
times 46 site-station pairs) and 300 individual tests for 
temperature (six tests times 50 site-station pairs).

The temperature and precipitation reconstructions 
were broken into the following time intervals, . with verifi
cation attempted for each interval separately; 1630-1800, 
1801-1900, and the calibration period 1901-1961. The time 
intervals for the PDSI reconstructions were 1655-1699 
(Fritts' group's data only), 1700-1799, 1800-1930, and the 
calibration period 1931-1962. When a chronology covered 
only a portion of a time interval, verification was 
attempted for that portion; however, the results of all 
individual tests, whether they represented partial or 
complete time intervals, were given equal weight in all 
analyses of the results. The shortest partial interval 
contained 20 years, but most were 40 or more years long.
It was noted that the early portions of some of the" 
chronologies included several decades which had a sample 
size of only one core. Only 29% of the variance of the 
index series of a single core from a typical eastern 
United States chronology (DeWitt and Ames, 1978), or 43% 
of the variance of the index series of a typical Iowa white 
oak core, is likely to be caused by climatic variation.
This percentage rises rapidly for a chronology as more 
cores are added to the chronology. Because of this low
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percentage of variance due to climate in a single core, 
coupled with the fact that any one climatic variable 
accounts for only a fraction of that percentage, these 
long series with only one core were truncated. The cutoff 
point used was the last decade year (for example 1680) 
prior to the first year for which the sample size was two 
or more cores (for example 1689). Thus no tree-ring series 
used for verification attempts included more than nine 
years represented by only one core.

Selection of significant relationships between 
chronologies and actual temperature and precipitation was 
performed using two procedures, and two sets of tests were 
formed for each climatic variable for use in attempting 
verification of the reconstructions. The first set of 
tests (Set A) contains all the individual statistical tests 
which passed with the actual climatic records; if only some 
of the six statistical tests passed using actual climatic 
data for a particular site-station pair, only those tests 
which passed were included in Set A. No attempt was made 
to verify the 1630-1800 independent period with Set A; only 
the 1801-1900 independent period and the 1901-1961 calibra
tion periods were tested. The second set of tests (Set B) 
was developed and used only for spring precipitation, 
spring temperature, and summer temperature. Selected for 
each variable were all six statistical tests in those site- 
station pairs for which four or more of the six tests passed
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with the actual climatic data. A strong relationship was 
inferred to exist between each of the Set B chronologies■ i
and the actual climatic record. Therefore, although in 
some cases one or two of the tests had not passed with the 
actual climate, the relationship was considered to be 
significant overall, and all six tests in each of these? 
site-station pairs were used. Set B includes 16 site- 
station pairs for spring precipitation, 13 for spring 
temperature, and 11 for summer temperature. Most of these 
chronologies are in Iowa, Missouri, Arkansas, and Illinois, 
and include all four Iowa chronologies (Table 7) for spring 
precipitation and spring temperature and two Iowa 
chronologies (Duvick Back Woods and Ledges) for summer 
temperature. The other five temperature and precipitation 
variables yielded three or fewer qualified Set B site- 
station pairs and were excluded from the Set B tests.
Both the 1630-1800 and 1801-1900 independent periods were 
verified with the Set B tests.

For each time period of each reconstruction, the 
number of tests passed was divided by the number of tests 
attempted to obtain a percentage of tests passed. Signifi
cance of all verification attempts was determined using a 
one-tailed significance test, that is, the sign of the 
verification test must be the same as that with the actual 
data.
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Nearly all the tests made between actual Palmer 
Drought Severity Indices and the chronologies passed; 
therefore, as was done for Set B, all tests in each site- 
region pair were utilized in the PDSI verification attempts. 
The chi-square test was not used in the PDSI verification 
attempts because the actual PDSI data set of 32 years was 
too small for this test to be performed.

When a relationship between two series is signifi
cant at the 95% confidence limit, there is a 95% chance that 
there is a real linkage between the series, and a 5% chance 
that the apparent relationship occurred by chance alone and 
that the two series are in fact unrelated to each other 
(Freund, 1967). If there were no relationship between any 
of the chronologies and reconstructions, 5% of the verifica-.. 
tion tests would be expected to pass; this percentage is 
called the noise level. If there is in fact a relationship 
between the chronologies and the reconstructions, more than 
5% of the tests will pass, and the stronger the relation
ship, the higher the percentage of tests which pass. Thus 
the reconstruction which most faithfully reproduces the 
climate which actually occurred will pass the highest 
percentage of verification tests.

Positive autocorrelation in a time series reduces 
the number of degrees of freedom in the series, which 
constitutes the effective sample size. The 95% confidence 
limits for a. statistical test vary depending on the
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effective sample size (number of degrees of freedom). The 
following formula has been used in tree-ring studies (Cook 
and Jacoby, 1977) to estimate the number of degrees of * 
freedom to be used when testing for a significant relation
ship between two autocorrelated series, assuming there is 
only a first-order autocorrelative effect:

rlr2
. N ’ =  (N"2) T+r^r^

where N is the number of observations in each series, r^ 
and rg are the first-order autocorrelation coefficients of 
the two series, and N' is the corrected degrees of freedom. 
The mean first-order autocorrelation of the 30 eastern 
United States chronologies (Table 7) is 0.52. The mean 
autocorrelation of the two PDSI reconstructions for the two 
Iowa regions is 0.47; although they were not available, 
the autocorrelations of the temperature and precipitation 
reconstructions are assumed to be close to this figure. 
Substituting these autocorrelation values into the above 
equation and letting N = 100 observations results in N' =
60 degrees of freedom.

The 95% confidence limit against which computer 
program VERIFY tests the significance of the verification 
tests, using a one-tail test on 100 years of data, is 1.660 
for the t-test. This confidence limit assumes that the 
number of degrees of freedom is equal to the sample size.
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that is, that there is zero autocorrelation. Using the 
graph on page 82 of Vogler and Norton (1957), 1 have 
determined that a t-value of 1.660 marks the 94.5% confi
dence limit of the t-distribution if 60 degrees of freedom 
is the effective sample size. Similarly, a t-value of 
1.812, which marks the 95% confidence limit for a sample 
with 10 degrees of freedom, marks the 94% confidence limit 
if autocorrelation reduces the degrees of freedom to six. 
None of the verification tests with tree-ring data utilized 
under 10 observations. Therefore the product means t-tests 
which are labeled significant at the 95% level by program 
VERIFY are in fact significant at at least the 94% con
fidence level.

When the 30 eastern United States chronologies 
(Table 7) were compared to the actual climatic data for 
autumn temperature using the six statistical tests, only 
severt out of 300 individual tests, or 2% of the tests 
passed at the 95% confidence limit. Between these 
chronologies and actual winter temperature, only 17 out of 
300 individual tests, or 6% of the tests passed. Because 
these percentages are near or below the 5% passage 
attributable to chance, these chronologies as a whole can 
be considered unrelated to these two climatic variables, 
and therefore to any reconstructions of these variables.
An estimate was made of the number of tests which can be 
expected to pass by chance between these chronologies and



any climatic reconstruction, by performing the verification 
tests between the 30 chronologies and the reconstructions 
of these two variables. The independent period of each 
reconstruction was divided into the intervals 1602-1700, 
1701-1800, and 1801-1900, and each interval was tested 
separately. An error in running the verification computer 
program for the 1602-1700 and 1701-1800 intervals resulted 
in a one-year lag between the tree-ring series and the 
reconstructions, so that the tree-ring value for a given 
year was being compared to the reconstructed climate of the 
following year. Because I was interested in testing the 
relationships between unrelated series, this error was not 
a problem; in fact it increased the likelihood that the 
series as tested were unrelated to each other, since the 
growth of one year does not influence the climate of the 
following year. Out of 1418 individual tests made between 
the chronologies and the three intervals of these two 
reconstructions, 105 tests of 7% of the tests passed. This 
is 2% above the expected 5% passage, and the extra 2% 
passage can be attributed to the reduced effective sample 
size caused by autocorrelation in the series. This set of 
tests indicate that, overall, tests which are labeled 
significant at the 95% confidence limit by computer program 
VERIFY are in fact significant at the 93% confidence limit. 
This conclusion agrees closely with the 94% confidence 
determined for the t-test. These figures suggest that the
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results of the verification attempts using tree rings in 
this paper should be evaluated against a noise level of 7% 
rather than 5%„ Each of the three subperiods of each of the 
two reconstructions contained from 124 to 300 individual 
tests. The percentages of tests passed in these subperiods 
were 2%, 4%, 5%, 7%, 11%, and 12%, and suggest the range of 
percentages of tests passed which are likely to occur for 
sets of 100 or more tests between unrelated series.

Because only a fraction of the variance in a 
chronology is caused by any one climatic variable, and only 
a fraction of the variance of the actual climate is repro
duced by a reconstruction, it was hypothesized that the 
relationships between some chronologies and reconstructions 
might be too weak to be significant, but that these rela- ■ 
tionships might affect the signs of the signed tests. If 
so, more than 50% of the signs of the tests made with the 
reconstructions would agree with the signs of the same 
tests performed with actual climatic data. This hypothesis 
was tested by comparing the sign of each test made with the 
reconstruction with the sign of the same test made between 
the same chronology and the actual climatic data at the 
same station. These tests will be referred to as the sign 
agreement tests. If the signs agree, the test with the 
reconstruction is referred to as positive; if the signs 
disagree the test is negative. The positive and negative 
tests were counted for the calibration and independent



periods of each reconstruction, Individual sign tests of 
first differences and sign tests of departures from the mean 
which yielded equal numbers of agreement and disagreement 
of signs could not be classified as positive or negative 
and were omitted. In cases where the relationship between 
a chronology and actual data for a climatic variable is 
inverse, as is usually the case for spring and summer 
temperature, each test made between that chronology and the 
reconstruction of that variable must also indicate an 
inverse relationship to be classified as positive. Thus, 
for there to be verification, the number of tests positive 
must always exceed 50%.



RESULTS OF THE VERIFICATION ATTEMPTS

The results of the verification attempts are 
presented as fractions and percentages„ For each period 
of each reconstruction, the denominator of the given 
fraction is the number of individual statistical tests 
attempted for that period and the numerator is the number 
of these tests which passed. The resultant percentage of 
tests passed is shown to the right of each fraction.

Temperature and Precipitation 
Table 11 presents the results of the temperature 

and precipitation verification attempts using the Set A 
tests (using selected individual statistical tests). The 
number of tests attempted for each variable in Set A (the 
denominator of the fraction in Table 11) is also the 
number of tests which passed with the actual climatic data 
for that variable. This number varies considerably, from 
only seven tests for autumn temperature to 106 tests for 
spring precipitation. In each case except autumn tempera
ture, over half the tests passed with the calibration 
portion of the reconstruction. During the independent 
1801-1900 period, the percentage of tests passed ranges 
from zero to 16%, and the average value of 6% is less than 
the 7% noise level expected for unrelated series.
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Table 11. Results of Set Aa Temperature and Precipitation

Verification Attempts

Tests Passed/Tests Made 
and-Per Cent Passed

Independent Dependent
Period Period

Variable 1801-1900 1901-1961
Winter Precipitation 3/31 10% 22/31 71%
Spring Precipitation 9/106 8% 73/106 69%
Summer Precipitation 2/41 5% 26/41 63%
Autumn Precipitation 4/25 16% 13/25 52%
Winter Temperature 0/17 0% . 12/17 71%
Spring Temperature 6/88 7% 68/88 77%
Summer Temperature 0/89 0% 54/89 61%
Autumn Temperature 1/7 14% 1/7 14%
Total All Variables 25/404 6% 269/404 67%

^Selected as those individual statistical tests 
which passed using actual climatic data.
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Table 12 shows the results of the Set B tests (using 
selected site-station pairs) for spring precipitation, 
spring temperature, and summer temperature. With actual 
climatic data, 73% to 84% of the Set B tests passed, and 
58% to 73% of the tests passed with the calibration portions 
of the reconstructions. In the 1630-1900 independent period, 
the highest per cent tests passed was 11% for spring
precipitation, which is only 4% above and the 7% noise
level. Summing the results for the independent periods of 
all three reconstructions, 8% of the tests passed; this is 
only 1% above the noise level. The 1630-1800 period of each 
reconstruction passed a higher percentage of the Set B
tests than did the 1801-1900 period. The Des Moines with
Ledges, Iowa site-station pair passed eight of the twelve 
tests made for the independent period of the spring 
precipitation reconstruction. .No other site-station pair 
passed more than three out of twelve Set B tests in the 
independent period of any of the reconstructions.

The percentages of tests passed using Set A and 
Set B are compared in Table 13. Although Set A consistently 
passed higher percentages of tests than Set B with the 
actual climatic data and the calibration portions of the 
reconstructions, both sets passed nearly indentical per
centages of tests in the 1801-1900 independent period. The 
summer temperature reconstruction did not pass any tests in 
the 1801-1900 period with either Set A or Set B.
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Table 12. Results of Set Ba Temperature and Precipitation

Verification Attempts

Tests Passed/Tests Made 
and Per Cent Passed

Spring Spring Summer
Data Set and Period Precip. Temp. Temp.

Recons. 1630-1800 11/82 13% 10/71 14% 2/52 4%
Recons. 1801-1900 8/96 8% 5/78 6% 0/66 0%
Total Indep. Period 19/178 11% 15/149 10% 2/118 2%
Recons. 1901-1961 58/96 60% 57/78 73% 38/66 58%
Actual Data 1901-63 81/96 84% 57/78 73% 51/66 77%

^Selected as those site-station pairs for which four 
or more statistical tests passed with actual climatic data.

Table 13. Comparison Between Set A and Set B Verification 
Attempts for Three Reconstructed Variables

Per Cent Tests Passed
Actual Data Recons. Recons.
1901-1963 1901-1961 1801-1900

Variable A B A B A B

Spring Precip. 100% .84% 69% 60% 8% 8%
Spring Temp. 100% 73% 77% 73% 7% 6%
Summer Temp. 100% . 77% 61% 58% 0% 0%
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Verification has been attempted by Gordon (19 78) for 

each of the temperature and precipitation reconstructions 
using actual climatic records in the independent period at 
each of the climatic stations. Table 14 compares the per 
cent test passage in the independent period for Set A and 
Set B with the per cent tests passed using actual climatic 
data in the independent period. The third column of per
centages in Table 14 shows the percentage of verification 
tests passed in the independent period using actual 
climatic data at the 13 climatic stations for which 
verification was attempted using the tree rings. The 
fourth column of percentages shows the percentage of 
verification tests passed using independent actual climatic 
data for the entire grid of stations included in each 
reconstruction (96 stations for precipitation and 77 
stations for temperature). The percentages listed for the 
entire grid of each reconstruction include, in addition to 
the six statistical tests, the results of a seventh test, 
the reduction of error test (Fritts, 1976) . The reduction 
of error test is not included in the 13-station percentages, 
however. The percentages of tests passed using the tree 
rings and using actual data are similar in magnitude; in 
most cases they are less than 14%. Overall, 6% of the tests 
passed using Set A, 8% passed using Set B, and 9% passed 
using actual climatic data for both the entire grid and the 
selected stations. There is no apparent tendency for
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Table 14. Comparison of Results of Verification Attempts 

Using Set A, Set B, and Actual Climatic Data

Variable

Per Cent Tests Passed in Independent Period

Set A 
Tree Rings

Set B 
Tree Rings

13
Stations
Actual
Data

Entire
Grid

Actual
Data

Winter Precip. 10% -- 6% 7%
Spring Precip.. 8% 11% 3% 8%
Summer Precip. 5% - 9% 7%
Autumn Precip. 16% - 6% 6%
Winter Temp. 0% -- 32% 21%
Spring Temp. 7% 10% 3% 13%
Summer Temp. 0% 2% 8% 9%
Autumn Temp. 14% - 5% 3%
Total 6% 8% 9% 9%
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reconstructions which passed high percentages of tests with 
actual data to pass high percentages of tests with the tree 
rings. For example, the winter temperature reconstruction 
passed the highest percentage with actual climatic data, 
but passed no tests with the tree-ring data in Set A.

Palmer Drought Severity Indices 
The chronologies selected for PDSI verification 

attempts were directly related to spring and summer 
precipitation and inversely related to spring and summer 
temperature. Because the July PDSI values are directly 
related to precipitation and inversely related to 
temperature in July and several prior months, it was assumed 
that direct relationships would predominate between July 
PDSI values and these tree-ring chronologies. Therefore # 
a one-tail test was used to determine the significance 
of relationships between the chronologies and actual PDSI 
values. Of the 85 individual tests performed between the 
Iowa chronologies and actual PDSI data for 1931-1962, 82 
tests or 96% of the tests passed. Of the 60 individual 
tests performed between actual PDSI data and the Arkansas, 
Missouri, and Illinois (collectively referred to as the non- 
Iowa) chronologies, 53 tests or 88% of the tests passed.
Thus the Iowa chronologies overall a.re somewhat more 
strongly related to fluctuations in PDSI than are the others.
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Table 15 presents the results of the verification 

attempts for both PDSI reconstructions for each time 
interval; the results are shown as fractions and per
centages as was done in Tables 11 and 12. The results 
using actual PDSI data (1931-1962) are included at the 
bottom of the table. The calibration period of the Iowa 
reconstructions passed higher percentages of the tests than 
did the calibration period of the non-Iowa reconstructions. 
In the 1655-1930 independent period, Fritts1 group's 
reconstruction passed 39% of the tests with the Iowa 
chronologies. Both the Fritts and Stockton reconstructions 
passed 57 out of 155, or 37% of the tests with the Iowa 
chronologies in the 1700-1930 independent period. The 
percentages passed with the Iowa chronologies for all p 
independent subperiods of both PDSI reconstructions are 
consistently well above the 7% noise level, and well above 
the highest percentage passed by the independent period of 
any of the temperature and precipitation reconstructions.
The Stockton PDSI reconstructions for the non-Iowa regions 
passed only 5% of the tests in the 1700-1930 independent 
period, with 7% passing for 1700-1799 and 3% passing for 
1800-1930.

Verification of the independent period of the 
Fritts PDSI reconstruction for Iowa was initially attempted 
back to 1641 using the Pammel and Iowa 5-site sum 
chronologies. For the 1641-1699 period, only the
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Table 15- PDSI Verification Results by Time Interval

Tests Passed/Tests Made 
and Per Cent Passed

Fritts Stockton Stockton
Data Set and Period Iowa Iowa Non-Iowa

Recons. 1655-1699 16/30 53% - ---
Recons. 1700-1799 26/70 37% 33/70 47% 4/55 7%
Recons. 1800-1930 31/85 36% 24/85 28% 2/60 3%
Total Indep. Period 73/185 39% 57/155 37% 6/115 5%
Recons. 1931-1962 64/85 75% 68/85 80% 39/60 65%
Actual PDSI 1931-6 2 82/85 .96% 82/85 96% 53/60 88%

correlation of first differences and sign test of first
differences passed. Examination of the cores and of plots 
of indices of these two chronologies (see Appendix A), 
which are identical -prior to 1688, revealed a period of 
high growth in the late 16401s and early 1650's whigh 
coincided with a reconstructed drought period. This period 
of high growth occurred while the sampled trees were less 
than 25 years old. When verification was attempted for 
1655-1699, omitting the high growth period, the tests 
involving low-frequency variance passed as often as did the 
first difference tests; overall, 53% of the tests passed 
(Table 15). Thus the high growth period which diverged from
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the reconstructed drought was the apparent cause of the 
failure of the tests including low-frequency variance for 
the 1641-1699 period. The youth of the trees prior to 
1655, coupled with the fact that the high growth period 
caused the tests involving low-frequency variance to fail 
while allowing the high-frequency tests to pass, suggests 
that the high growth period was a low-frequency function of 
tree age superimposed on the high-frequency effects of 
climate. Because of this suspected non-climatic influence 
on growth in the early years, the results for 1655-1699 
rather than 1641-1699 were selected for inclusion in this 
paper.

The results of each of the six statistical tests 
over the entire independent period of each PDSI reconstruc
tion are presented in Table 16. Although the chi-square 
test could not be performed on the short set of actual PDSI 
data, it was performed on the longer independent series and 
its results are included here for comparison. These chi- 
square results are not included in any of the other tables 
of results of the PDSI verification attempts, however. The
percentages of tests passed by both PDSI reconstructions 
with the Iowa chronologies are well above the noise level 
for all tests except chi-square. With the Iowa chronologies, 
the Fritts reconstruction passed the correlation test most 
frequently and the Stockton reconstruction passed the 
correlation of first differences test most frequently. The
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Table 16. PDS1 Verification Results by Test for Independent 

Period

Tests Passed/Tests Made 
and Per Cent Passed

Fritts Stockton Stockton
Test Iowa Iowa Non-Iowa

Correlation 24/37 65% 15/31 48% 0/23 0%
Correl. First Diff. 13/37 35% 17/31 55% 0/23 0%
Sign of Departures 8/37 22% 8/31 26% 0/23 0%
Sign First Diff. 11/37 30% 8/31 26% 3/23 13%
Cross Prod. Means 17/37 46% 9/31 29% 3/23 13%
Chi Square3 , 2/37 5% 3/31 10% 1/19 5%

aChi square test not included in other tables of 
results of PDSI verification attempts.

percentage of tests passed between the Stockton reconstruc
tion and the non-Iowa chronologies is consistently low for 
all tests.

The results of the PDSI verification attempts are 
listed by chronology in Table 17; the first seven 
chronologies in the table are the Iowa chronologies. With 
actual PDSI data, the Iowa chronologies passed 93% to 100% 
of the tests, and the non-Iowa chronologies passed 73% to 
100% of the tests. With the calibration portions of the 
reconstructions, the Russellville chronology passed only



Table 17. Results of.PDSI Verification Attempts by Chronology

Tests Passed/Tests Made and Per Cent Passed

Chronology
Actual PDSI 
1931-1962

Fritts Reconstruction 
1655-1930 1931-1962

Stockton Reconstruction 
17.00-1930 1931-1962

Sum 5 Iowa 
Pammel
Lake Ahquabi

15/15 100%
14/15 9.3%
14/15 93%

Ledges 14/15 93
Duvick B. W. 15/15 100
Wood. Hoi.—A 5/5 100
Wood. Hoi.—B 5/5 100
Russellville 11/15 73
Big Brushy 15/15 100
Brush Heap 14/15 93
Pine Hills 4/5 80
Piney Creek 4/5 80
Winona-M. T. 5/5 100

25/45 56% 11/15 73%
22/45 49% 12/15 80%
3/30 10% 10/15 67%

13/30 43% 11/15 73%
4/15 27% 13/15 87%
3/10 30% 3/5 60%
3/10 30% 4/5 80%

12/30 40% 13/15 87%
15/30 50% 11/15 73%
5/30 17% 11/15 73%
20/30 67% 11/15 73%
1/15 7% 14/15 93%
2/10 20% 4/5 80%
2/10 20% 4/5 80%
3/30 10% 5/15 33%
2/30 7% 12/15 80%
1/30 3% 11/15 73%
0/10 0% 4/5 . 80%
0/5 0% 3/5 60%
0/10 0% 4/5 80%
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33% of the tests, but for the other chronologies the per
centages range from 60% to 93%. Among all the chronologies, 
the Iowa 5-site sum, Pamine 1, and Ledges chronologies 
exhibited the highest percentages of tests passed, 40% to 
67%, with the independent periods of both reconstructions. 
Combining the results using these three chronologies, the 
independent period of the Fritts reconstruction passed 50% 
of the tests, and the Stockton reconstruction passed 52% 
of the tests. The lowest percentages passed among the Iowa 
chronologies were 10% between Lake Ahquabi and the Fritts 
reconstruction, and 7% between Duvick Back Woods and the 
Stockton reconstruction. With each of the non-Iowa 
chronologies, the independent period of the Stockton passed 
10% or fewer of the tests, and did not pass any tests with 
three of these chronologies.

The PDSI results are summarized by region in Table 
18. The results for Region 29 are presented both with and 
without the results using the two Woodman Hollow 
chronologies. The results without Woodman Hollow, 
designated 29-WH in Table 18, are included so the per 
cqnt tests passed for Regions 27, 29, and the 27+29 
average can be compared using the same set of chronologies, 
since Region 27 and the 27+29 average were not tested 
against Woodman Hollow. The Iowa regions consistently 
passed at least 96% of the tests with actual PDSI data, 
while among the non-Iowa regions only the 36+39 average



Table 18. Results of PDSI Verification Attempts by Region

Tests Passed/Tests Made and Per Cent Passed 
Actual PDSI Fritts Reconstruction Stockton Reconstruction

Region 1931-1962 1655-1930 1931-1962 1700-1930. 1931-1962
27 24/25 96% 17/55 31% 18/25 72% 15/45 33% 21/25 84%
29 34/35 97% 30/75 40% 27/35 77% 27/65 42% 27/35 77%
29-WHa 24/25 96% 24/55 44% 20/25 80% 23/45 51% 19/25 76%
27+29 24/25 96% 26/55 47% 19/25 76% ' 15/45 33% 20/25 80%
33 8/10 80% — — — — —  — — — : o/is 0% 7/10 70%
36 9/10 90% ----- 2/20 10% 7/10 70%
37 9/10 90% ~  — -- — — -- 2/20 10% 6/10 60%
39 13/15 87% - - ----- _  — -- 0/30 0% 9/15 60%
36+39 10/10 100% ----- —  — 1/20 5% . 8/10 80%
37+39 4/5 80% ----- _ ----- ----- ----- 1/10 10% 2/5 40%

^Region 29 excluding tests with Woodman Hollow chronologies.

VO



passed over 90% of the tests with actual PDSI data. The 
calibration periods of the Iowa reconstructions passed 72 
to 84% of the tests, while the calibration periods of all 
the non-Iowa reconstructions, except the 36+39 average, 
passed 70% or fewer tests. In the independent period, 
every Iowa regional reconstruction passed at least 31% of 
the tests, while none of the Stockton non-Iowa reconstruc 
tions passed over 10% of the tests.

Sign Agreement Tests 
The results of the sign agreement tests are 

presented in Tables 19 through 22. In these tests the 
signs of the statistical tests between the chronologies 
and reconstructions (except chi-square, which is always 
positive) are compared to the signs of the same tests 
between the chronologies and actual climatic data, in an 
attempt to detect weak relationships which were not 
detected using the regular verification tests. To be 
classified positive, a test between a chronology and a 
reconstruction must bear the same sign, either positive 
(direct) or negative (inverse), as that of the same test 
performed between that chronology and the actual climatic 
data for that variable at that station. Thus, for there 
be verification, over half of the tests must be positive. 
In each table, the numbers of tests positive versus the
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Table 19. Results of Sign Agreement Tests for Temperature

and Precipitation Set A

Tests Positive/Tests Made 
and Per Cent Positive

Variable
Recons. Recons

1801-1900 1901-1961

Winter Precipitation 11/26 42% 26/26 100%
Spring Precipitation 54/95 5 7% 94/95 99%
Summer Precipitation 19/35 54% 34/35 97%
Autumn Precipitation 10/21 48% 21/21 100%
Winter Temperature 6/12 50% 13/13 100%
Spring Temperature . 42/79 53% 77/79 97%
Summer Temperature 23/79 29% 78/80 98%
Autumn Temperature 6/7 . 86% 7/7 100%
Total All Variables 171/354 48% 350/356 98%
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Table 20. Results of Sign Agreement Tests for Temperature

and Precipitation Set B

Tests Positive/Tests Made 
and Per Cent Positive

Spring Spring Summer
Data Set and Pd. Precip. Temp. Temp.

Recons. 1630-1800 31/69 45% 47/60 78% 20/43 47%
Recons. 1801-1900 45/80 56% 29/64 45% 11/54 20%
Total Indep. Pd. 76/149 51% 76/124 61% 33/97 34%
Recons. 1901-1961 80/80 100% 62/65 95% 53/55 96%

Table 21. PDSI Sign Agreement Test Results by Time Interval

Tests Positive/Tests Made 
and Per Cent Positive

Data Set and Fritts . Stockton Stockton
Period Iowa Iowa Non-Iowa

Re cons. 1655-1699 . 30/30 100%
Recons. 1700-1799 69/69 100% 63/70 90% 24/54 44%
Recons. 1800-1930 78/85 92% 79/85 93% 37/59 63%
Total Indep.
Period . 177/184 96% 142/155 92% 61/113 54%
Recons. 1931-1962 85/85 100% 85/85 100% 60/60 100%
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Table 22. PDSI Sign Agreement Test Results for Each 

Statistical Test in the Independent Period

Tests
and

Positive/Tests Made 
Per Cent Positive

Statistical Test
Fritts
Iowa

Stockton Stockton 
Iowa Non-Iowa

Correlation 37/37 100% 29/31 94% 12/23 52%
Correl. First Diff. 35/37 95% 28/31 90% 14/23 61%
Sign of Departures 3 7/37 100% 29/31 94% 7/22 32%
Sign First Diff. 33/36 92% 31/31 100% 14/22 64%
Cross Product Means 35/37 95% 25/31 81% 14/23 61%
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numbers of tests performed are listed as fractions and per
centages as in the previous tables.

Table 19 lists the results of the sign agreement 
tests for Set A temperature and precipitation tests. In 
the calibration portion of each reconstruction, all or 
nearly all of the tests are positive. In the independent 
period the percentages positive are near or below 50%, 
except for autumn temperature where only seven tests were 
performed. The 29% positive tests for the independent 
period of the summer temperature reconstruction is un
usually low; although the selected statistical tests all 
indicated inverse relationships to actual summer tempera
ture, they indicated inverse relationships to the summer 
temperature reconstruction only 29% of the time. Totaled 
for the independent periods of all eight reconstructions, 
only 4 8% of the tests are positive, which is less than the 
50% positive expected for unrelated series.

Table 20 presents the results of the sign agreement 
tests for the Set B temperature and precipitation tests. 
Again, all or nearly all of the tests are positive for the 
calibration portions of the reconstructions. In the 
independent period, there is a very wide range of per
centages positive, from 20% to 78%. Totaling the sign 
agreement test results for the independent periods of the 
three reconstructions, 185 out-of 370 or exactly 50% of 
the tests are positive.
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Table 21 shows the sign agreement test results for 

the PDSI reconstructions by time interval. In every case, 
all the tests are positive for the calibration portions of 
the reconstructions. At least 90% of the tests are posi
tive for each independent subperiod of both Iowa PDSI 
reconstructions. In the entire independent period of the 
Iowa PDSI reconstructions, 96% of the tests with the Fritts 
reconstruction are positive, and 92% of the tests with the 
Stockton reconstruction are positive. The sign agreement 
tests of the Stockton non-Iowa PDSI reconstruction are 54% 
positive for the entire independent period, which is very 
close to the 50% positive expected for unrelated series.

The sign agreement test results for the entire 
independent period of the PDSI reconstructions are given 
for each of the five signed statistical tests in Table 22. 
For both Iowa reconstructions, each statistical test is 
positive 81% to 100% of the time. None of the statistical 
tests on the non-Iowa PDSI reconstructions is more than 64% 
positive.



DISCUSSION OF RESULTS

The calibration portions of all the temperature, 
precipitation, and PDSI reconstructions (except autumn 
temperature) passed 52% to 80% of the tests, which is far 
above the 7% noise level, and 95% to 100% of the calibra
tion period tests were positive. This indicates that the 
transfer functions are consistently explaining a large 
amount of the climatic variance to which the trees are 
responding in the calibration period, and thus that these 
reconstructions are potentially verifiable using the 
selected independent chronologies.

Temperature and Precipitation in 
Independent Period

The percentages of tests passed by the independent 
periods of the temperature and precipitation reconstruc
tions range from 0% to 16% and are below the 7% noise level 
nearly as frequently as they are above it (Tables 11 and 
12). This range of percentages is very similar to the 2% 
to 12% of tests passed in six sets of 124 to 300 tests 
between the chronologies and the autumn and winter 
reconstructions which are unrelated to the chronologies as 
a whole, as. discussed in the chapter on procedure of the 
verification analysis. The overall percentages passed are 
6% for Set A and 8% for Set B; these are very close to the

8 6
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7% noise level. Together these statistics indicate that 
the percentages of tests passed by the independent periods 
of all the temperature and precipitation reconstructions 
are varying randomly about and averaging close to the noise 
level. Thus all the tests could have passed by chance and 
not indicate true linkages, so the temperature and 
precipitation reconstructions must be considered un
verified using these chronologies and tests.

The percentages of tests positive (signs of tests 
with reconstructions in agreement with the signs of the 
relationships to actual climate) for the independent 
periods fluctuate widely, from 20% to 86% (Tables 19 and 
20). If the chronologies and reconstructions are completely 
unrelated, the percentages of tests positive will fluctuate 
about and average near 50%. .The. percentages..positive for 
the Set A and Set B tests are below 50% as frequently as 
they are above it, and overall, 4 8% of the tests are 
positive for Set A and 50% are positive for Set B. The 
fact that these percentages fluctuate widely to both sides 
of, and average near 50% positive suggests that large 
departures from 50% positive in these tests can easily 
occur by chance and thus do not necessarily indicate 
verification. These wide fluctuations can be explained by 
intercorrelations among the six tests for each site-station 
pair, among reconstructions for neighboring stations and 
among neighboring chronologies. Together these



8 8

intercorrelations cause the signs of the tests for a 
reconstruction to vary together so that large percentages 
of the tests will be positive or large percentages will be 
negative more frequently than would be expected if each 
test was completely independent of the others.

A sign test, as described in the chapter on the 
statistical tests, was run for the sign agreement tests of 
the independent subperiods of the temperature and pre
cipitation reconstructions, comparing the number of tests 
positive to the number of tests negative in each sub- 
period. The number of tests positive was significantly 
greater than the number of tests negative for only one of 
the 14 independent subperiods, or 7%, which is very close 
to the 5% noise level. Because of the reduced degrees of 
freedom caused by the intercorrelations among the tests, 
the noise level for this sign test is likely to be con
siderably above 5%, so the one subperiod probably passed 
this test by chance. Thus the sign agreement tests indi
cate no verification of any temperature or precipitation 
reconstruction, and did not detect with certainty any weak 
relationships which might have been missed by the regular 
tests in Tables 11 and 12, •

The lack of any relationship between the per cent 
tests passed by each reconstruction using tree rings and 
the per cent tests passed using actual climatic data at the 
13 stations (Table 14) also suggests that the per cent
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tests passed using tree rings varies randomly and does not 
constitute any verification. Thus three lines of evidence—  
the standard verification tests, the sign agreement tests, 
and the lack of relationship to percentages passed with 
actual climatic data— all indicate no verificaion for^the 
temperature and precipitation reconstructions.

There are two possible causes for the failure of 
the temperature and precipitation reconstructions to 
verify. The first of these causes is that the reconstruc
tions are invalid, that is, they are reproducing little or 
none of the variations in actual past climate. This con
tention is supported by Table 14 which shows that, with the 
exception of the winter temperature reconstruction, the 
percentages of tests passed using actual climatic data at 
the 13 stations are all close to the noise level. The 
other cause is that,"even if the reconstructions are 
reproducing part of the variance of past climate, the 
signal variance common to the chronologies and reconstruc
tions is being obscured by a large amount of noise variance 
in the reconstructions combined with a large amount of 
noise variance in the chronologies. The noise variance in 
the chronologies includes variance caused by all climatic 
variables other than the one being reconstructed, as 
variance due to non-climatic influences on growth. Since 
each of these reconstructed variables represents only a 
relatively small part of the total climate, this noise
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variance in the chronology will be relatively large. The 
failure of these verification attempts is thus attributed 
to the failure of the reconstructions to reproduce more 
than a small amount of the variation in actual climate in 
the independent period, and the large amount of noise 
variation in the chronologies.

In the temperature and precipitation verification
V

attempts. Set A consists of only those individual statis
tical tests in each site-station pair which passed using 
actual climatic data; if other tests in the same site- 
station pair did not pass using actual climatic data, those 
tests were excluded from Set A. Set B contains all six 
statistical tests from each site-station pair for which 
four or more of the tests passed with actual climatic data. 
If three or fewer tests in a site-station pair passed with 
actual climatic data, none are included in Set B. Table 13 
indicates that the percentages of tests passed using Set B 
on the calibration and independent periods of the recon
structions are similar to or only slightly less than the 
percentages passed using Set A. Although the reconstruc
tions failed to verify with either Set A or Set B, the 
similarity of the results using the two sets in the calibra
tion period as well as in the independent period suggests 
that either of these two methods of selecting the tests to 
be used in verification attempts may be used with equal 
likelihood of obtaining verification.
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Program VERIFY was designed to verify reconstruc

tions using independent actual climatic data, and performs 
all six statistical tests for every station whose recon
struction is to be verified. The program produces a list
ing of the results of each of the six statistical tests 
for each station (or site-station pair), with an asterisk 
by the result of a test if it passes. The program also 
lists the total number of tests passed by the reconstruc
tion and expresses it as a percentage of the number of 
tests made. Because all six tests in each Set B site- 
station pair were of interest, it was possible to use these 
totaled figures in Table 12 after subtracting the totaled 
results of the reduction of error test, which is also 
performed by VERIFY and included in the output totals. 
However, because only certain tests were of interest in 
each Set A site-station pair, the totaled results produced 
by VERIFY could not be used, because they included the 
results of tests not of interest. Therefore it was 
necessary to refer to the listing of the results of the six 
individual tests for each Set A site-station pair and 
examine only the results of those tests which were of 
interest, and to count the significant tests by hand. This 
is a time-consuming and error-prone procedure; thus the 
Set B technique is a much more practical method to use with 
VERIFY in its present form.
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The seven tests passed between actual autumn 

temperature and the eastern United States chronologies 
(Table 11) represent only 2% of the 300 tests attempted; 
because this is less than the 5% noise level, all of these 
tests could easily have passed by chance and not represent 
actual responses of tree growth to autumn temperature. The 
same is true for the 17 tests which passed between actual 
winter temperature and the chronologies, since these 17 
tests represent only 6% of the 300 tests attempted. The 
spurious passage of many or all of these tests explains 
why only one of the seven tests which passed with actual 
autumn temperature also passed with the calibration portion 
of the autumn temperature reconstruction (Table 11).
Chance passage of the tests between the chronologies and 
actual winter temperature also explains why none of the 
tests on the independent period of this reconstruction 
passed even though affirmative verification was indicated 
using actual climatic records (Table 14). Because of the 
uncertainty about the reality of the linkages indicated 
between the chronologies and these two variables, the 
reconstructions of these variables must be considered not 
verifiable using the eastern United States chronologies.
The eastern United States trees as a whole are not

V
responding significantly to these variables as indicated 
by the statistical tests, so the chronologies do not contain
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any usable information on the past fluctuations in these 
variables.

Most of the significant relationships between 
actual spring and summer temperature and the chronologies 
are inverse, that is, the values of the signed statistical 
tests are negative. Because the desired relationship 
between actual data for a climatic variable and a recon
struction of the variable is always direct (positive), 
program VERIFY is designed to test significance of only 
direct relationships (tests bearing a positive sign) 
using a one-tailed significance test. To test the signifi
cance of inverse relationships with VERIFY, it was necessary 
to multiply either the tree-ring index series or the 
reconstruction series by -1.0 prior to attempting verifica
tion. This reverses the signs of all the signed verifica
tion tests so that they must bear a positive sign to 
indicate verification.

Palmer Drought Severity Indices in 
Independent Period

The consistently high percentages of tests passed 
(Tables 15-18) and tests positive (Tables 21 and 22) 
between the Iowa chronologies and the independent periods, 
of the Fritts and Stockton PDSI reconstructions indicate 
that both reconstructions have reproduced a significant 
portion of the variance of the July PDSI which actually 
occurred in Iowa in the independent period. This
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constitutes a positive verification of these reconstructions 
for the Iowa regions, and because each reconstruction 
passed 37% of the tests in the 1700-1930 independent 
period, both reconstructions appear to be equally valid 
in Iowa.

All of the five statistical tests used in the 
attempts to verify both Iowa PDSI reconstructions passed 
percentages of tests well above the noise level in the 
independent period (Table 16, excluding chi square). Of 
these, the correlation test was passed most frequently 
with 56% of the tests passing, averaged over both PDSI 
reconstructions for Iowa. The correlation of first 
differences test was the second most frequently passed test 
with 44% of the tests passing, averaged over both recon
structions. All or nearly all of the sign agreement tests 
are positive for each of the five statistical tests for 
both Iowa PDSI reconstructions (Table 22). These results 
indicate that both PDSI reconstructions for Iowa are 
reproducing both the high- and low-frequency variations 
in the PDSI which actually occurred in Iowa in the inde
pendent period.

The Iowa chronologies are especially strongly 
related to actual July PDSI values. The correlations (r) 
between the Iowa chronologies and actual July PDSI range 
from 0.61 to 0.82 and average 0.72; these values as well as 
those of the other statistical tests are far above the 95%
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confidence limits. The absolute values of the significant 
correlations between the eastern United States chronologies 
and actual seasonal!zed temperature and precipitation data 
rarely exceed 0.45 and in only two instances exceed 0.50. 
Thus the signal variance in the Iowa chronologies relative 
to July PDSI is much stronger than the signal variance in 
any of the eastern United States chronologies relative to 
seasonalized temperature and precipitation. The success of 
the Iowa PDSI verifications can be attributed in part to 
this strong linkage between the Iowa chronologies and actual 
July PDSI values.

There have been no attempts to verify any of the 
PDSI reconstructions using actual PDSI data in the inde
pendent period. However, because many'of the western 
United States chronologies used to make these reconstruc
tions are from arid forest-border sites where the trees'
^growth is strongly limited by drought as measured by the 
July PDSI, it is reasonable to suppose that these trees can 
be used to reconstruct a large part of the variation in 
July PDSI which actually occurred. The success of the Iowa 
PDSI verifications indicates that, at least for Iowa, a 
large part of the actual PDSI variation was in fact 
reconstructed. The fact that 37% of the tests between the 
Iowa chronologies and the PDSI reconstructions passed, 
while the temperature and precipitation reconstructions 
rarely passed over 10% of the tests with actual independent
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climatic data or independent chronologies (Table 14) 
indicates that both PDSI reconstructions are considerably 
more valid in Iowa than are the temperature or precipita
tion reconstructions tested in this study for the United 
States as a whole. Thus the western United States trees 
appear to be more useful for reconstructing drought than 
for reconstructing seasonal temperature or precipitation.

The July PDSI combines the variations of tempera
ture and precipitation over a several-month period prior to 
and including the growth period of the trees. As a 
measure of soil moisturer the July PDSI is directly related 
to precipitation in the preceding months (especially spring 
and summer). In addition, because high spring and summer 
temperatures increase the evapotranspiration rate, July 
PDSI is inversely related to spring and summer temperature. 
The Iowa chronologies are directly and significantly 
related to spring and summer precipitation and inversely 
and significantly related to spring, and summer temperature. 
The absolute values of the correlation between the Iowa 
chronologies and these variables are 0.5 or less, and 
average 0.45 for spring precipitation, the most strongly 
linked seasonal variable. The July PDSI, which combines 
the effects of these four variables, is much more strongly 
related to the Iowa chronologies, with correlations 
averaging 0.72, and the success of the-Iowa PDSI verifica
tions was attributed in part to this strong linkage. These
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statistics indicate that when several climatic variables, 
each of which is relatively weakly linked to tree growth, 
are combined the combined series will be more strongly 
related to tree growth than will any of the individual 
variables. Thus it may be possible to obtain verification 
by combining the reconstructions of several such variables, 
where verification attempts on the individual reconstruc
tions have failed. 

r  ■

The percentages of tests passed by the Stockton
non-Iowa PDSI reconstructions are consistently near the 
noise level (Table 15), and the percentages positive are 
close to 50% (Table 21); therefore these reconstructions 
must be considered not verified by the Missouri, Arkansas, 
and Illinois chronologies. The correlations between these 
non-Iowa chronologies and actual July PDSI range from 0.48 
to 0.71 and average 0.63. These values average less than 
those for Iowa, but are still considerably above the 
correlations between any of the eastern United States 
chronologies and actual seasonalized temperature and pre
cipitation data. The signal variance relative to PDSI in 
the non-Iowa chronologies, although stronger than the 
signal variance in any of the eastern United States 
chronologies relative to any of the seasonalized tempera
ture or precipitation variables, may have been insufficient 
to significantly affect the values of the statistical tests. 
It is also possible that, although successful in Iowa, the
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Stockton reconstruction failed to reproduce the variance of 
actual PDSI in the independent period in the non-Iowa 
regions and is thus invalid there. This could happen if 
the principal components of the actual PDSI used in the 
Stockton reconstruction explained a large percentage of 
the variance of the actual calibration period PDSI in 
Iowa, but explained little or none of the actual calibra
tion period PDSI variance in the non-Iowa regions.

In the independent period of the Fritts Iowa PDSI 
reconstruction, the Region 27+29 average passed a higher 
percentage of tests than.did the reconstructions for 
either region alone (Table 18). However, in the inde
pendent period of the Stockton reconstruction. Region 29 
excluding Woodman Hollow passed 51% of the tests, while 
Region 27 and the 27+29 average both passed 33% of the 
tests. The two-region averages of the Stockton non-Iowa 
reconstructions did not verify better than the individual 
regional reconstructions. Overall, it does not appear that 
averaging the reconstructions for two neighboring regions 
increases the percentage of tests passed.

Although the actual PDSI data for both Regions 27 
and 29 passed the same percentage of tests (96%) with the 
Iowa chronologies excluding Woodman Hollow, the independent 
periods of both the Fritts and Stockton reconstructions for 
Region 29 excluding Woodman Hollow passed considerably more 
tests than did the reconstructions for Region 27 (Table. 18).
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This indicates that both the Fritts and Stockton reconstruc
tions are reproducing more of the actual variance of PDSI 
in the independent period in Region 29 than in Region 27, 
which lies to the south of Region 29. Coupled with the 
failure of the Stockton non-Iowa verification attempts south 
of Region 27, this suggests that at least the Stockton 
reconstruction is more valid in northern than in southern 
regions east of the Great Plains.

Table 16 shows that in the independent periods of
the Iowa PDSI reconstructions, the chi-square test was

\passed much less frequently than any of the other statis
tical tests; with both Iowa reconstructions as well as with 
the non-Iowa reconstructions the percentages passed are 
near the noise level. Although this test could not be 
performed between the chronologies and the actual PDSI 
because the actual data set was too short, these results 
for the independent periods of the reconstructions suggest 
that the chi-square test does not do as good a job as the 
other statistical tests in detecting relationships between 
the series. A possible reason is that the contingency 
classes used in the chi-square test are too broad or 
general, thereby failing to detect linkages which are not 
extremely strong but which are significant using the other 
tests.

The Iowa 5-site sum passed higher than average 
percentages of tests with the actual PDSI data and with



the calibration and independent periods of both reconstruc
tions with the exception of the calibration portion of the 
Fritts reconstruction (Table 17). With the independent 
period of the Fritts reconstruction the Iowa 5-site sum 
passed 56% of the tests, compared to a total of 34% for 
the individual Iowa chronologies. With the independent 
period of the Stockton reconstruction 40% of the tests 
passed with the Iowa 5-site sum and 36% passed with the 
individual chronologies. The average correlation between 
the Iowa 5-site sum and the actual PDSI for Regions 27,
29 and the 27+29 average is 0.77, while the average 
correlation between the individual Iowa chronologies and 
actual PDSI is 0.71. The average correlation of the 
independent portions of both PDSI reconstructions with the 
Iowa 5-site sum is 0.21, while the corresponding average 
for the individual Iowa chronologies is 0.17. These 
statistics indicate that there is some increase in the 
relative strength of the signal variance caused by region- 
wide PDSI variations when several chronologies with similar 
climatic responses in a region are summed together, and 
that verification attempts are more likely to be successful 
using such summed chronologies than with the individual 
chronologies. This conclusion is reasonable because summing^ 
several chronologies from a region cancels the variance in 
the individual chronologies which was caused by local 
climatic or other environmental factors, and preserves the
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chronology variations caused by region-wide climatic 
fluctuations.

Among the individual Iowa chronologiesf the Ledges 
and Pammel chronologies passed the highest percentages of 
tests, 43% to 67%, with the independent periods of both 
Iowa PDSI reconstructions (Table 17). The mean sensitivity 
of the Ledges chronology (Table 3) is above average for 
the Iowa chronologies but its per cent variance common to 
all series (Table 6) is near or slightly below average.
Both the mean sensitivity and per cent variance common to 
all series of the Pammel chronology are near average. Thus 
the chronology statistics do not consistently indicate that 
these are the best of the Iowa chronologies for verification 
purposes. The Ledges trees are on high, well-drained 
southwesterly slopes, with sandstone underlying the soil; 
maximum exposure to sun and hot southwesterly winds on 
these slopes led to high evapotranspiration rates, and the 
porous sandstone allows rapid drainage of subsoil moisture. 
Thus on the basis of site factors the Ledges trees can be 
expected to be frequently subjected to drought stress, 
and this may explain the unusually good PDSI verification 
results with this chronology. The Pammel trees are on the 
upper slopes of a high, well-drained ridge where drought 
stress can be expected frequently. Jn addition, the Pammel 
site is geographically the most southwesterly of the Iowa 
sites (Figure 1). Extremely hot spring and summer
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temperatures, which limit Iowa white oak growth, are more 
frequent in southwestern Iowa than in other parts of the 
state, and the mean annual precipitation in Iowa decreases 
westward. Thus the Pamine 1 geographic region is expected to 
experience conditions producing drought stress more fre
quently than are the regions of the other Iowa sites; this 
may explain the unusually good verification results with 
the Pammel chronology.

Although the 40-core Lake Ahquabi chronology's 
per cent variance common to all series (Table 4) and its 
mean sensitivity (Table 3) are near average for an Iowa 
chronology, this chronology passed considerably fewer tests 
than average among the Iowa chronologies with the inde
pendent periods of the Iowa PDSI reconstructions (Table 17). 
Altogether, 13% of the independent period tests passed, 
and this is not far above the noise level. The average 
correlation between this chronology and actual PDSI for 
Regions 27, 29, and the 27+29 average is 0.63. This figure 
is considerably less than the correlations between the 
other Iowa chronologies and actual PDSI, and is equal to 
the average correlation between the non-Iowa chronologies 
and actual PDSI. The Lake Ahquabi site is geographically 
no further from the centers of Regions 27 and 29 than is 
average for the Iowa chronologies (Figure 4). These facts 
suggest that this chronology passed fewer tests with the 
independent periods of the PDSI reconstructions because it



is less strongly related to PDSI than are the other Iowa 
chronologies. They also suggest that the minimum correla
tion between a chronology and actual PDSI necessary for 
verification of PDSI reconstructions lies somewhere between 
0.63 and 0.73, the latter figure being the average correla
tion between actual PDSI and the other individual Iowa 
chronologies. The Lake Ahquabi trees are a considerable 
distance downslope from the crest of a long north-facing 
slope, while most of the trees on the other sites are on or 
near well-drained ridge tops or on southeast to southwest 
facing slopes. Because north-facing slopes receive less 
direct sunlight they are cooler and, other factors being 
equal, there is less evapotranspiration than on slopes 
facing other directions. Therefore, on the basis of site 
factors, the Lake Ahquabi trees can be expected to be less 
frequently subjected to severe drought stress than can trees 
on the other Iowa sites, and this may explain both the 
relatively low correlation of this chronology with actual 
PDSI and its relatively poor verification results with the 
PDSI reconstructions. The near-average mean sensitivity 
and per cent variance common to all series of this 
chronology, along with the site factors and weaker than 
average response to July PDSI, suggests that the Lake 
Ahquabi trees are responding more to some climatic factor 
other than drought than are the other Iowa chronologies.
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Response functions (Fritts, 1976) could be run for all the 
Iowa chronologies to see if this is true.

The Duvick Back Woods chronology has the highest 
mean sensitivity (Table 3) and the highest per cent 
variance common to all series (Table 4) of any of the Iowa 
chronologies. Its correlation of 0.78 with actual PDSI 
data is the highest among the Iowa chronologies, and the 
values of the other statistical tests between this 
chronology and actual PDSI are also above average. However, 
despite these indications of a strong climatic response, 
especially to drought, this chronology passed fewer tests 
than average for the Iowa chronologies with the independent 
periods of the Iowa PDSI reconstructions (Table 17). These 
relatively poor verification results can be attributed to 
two factors. First, the earliest 30 years of the 79-year 
independent portion (pre-1931) of this chronology are
represented by seven or fewer cores, and thus the indices

/for these years retain considerably more noise variance 
than does the rest of the chronology. Second, some effects 
of the 1882 growth release apparently were not removed 
when the cores were standardized. The period of growth 
suppression prior to 1882 remains as a series of low 
indices from the mid-18701s through 1881 (see Appendix A) 
where the other Iowa chronologies exhibit above-average 
growth. The noise variance from these two sources could 
have contributed to the relatively poor PDSI verification
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results in the independent period using this chronology. 
Because of this noise variance the strong climatic signal 
indicated by the chronology statistics after 1900 (Tables 
3 and 4) apparently is less strong before 1900.

The Woodman Hoilow-A and Woodman Hoilow-B 
chronologies passed the same numbers of tests with all the 
actual and reconstructed PDSI data sets (Table 17) except 
for the calibration period of the Fritts reconstruction, 
where Woodman Hollow-B passed one more test than did 
Woodman Hollow-A. The average correlation between actual 
PDSI for 1931-1962 and Woodman Hollow-A is 0.71; between 
actual PDSI and Woodman Hollow-B it is 0,73. The actual 
PDSI series does not cover the period of growth release 
at this site in the late 1800's, however. With the 1800- 
1930 independent period of the Stockton reconstruction, 
which includes the release period, the correlation of the 
Woodman Hollow-B chronology is slightly higher than that 
of Woodman Hollow-A. However, with the 1800-1930 period 
of the Fritts reconstruction Woodman Hollow-A is slightly 
more highly correlated than Woodman Hollow-B. The indices 
after the 1877 release are considerably lower in Woodman 
Hollow-B than in Woodman Hollow-A (see Appendix A), and 
the serial correlation of Woodman Hollow-B is considerably 
lower than that of Woodman Hollow-A (Table 3). This 
removal of part of the low-frequency variance caused by 
the release, by reducing the reduction of variance test
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when standardizing the Woodman Hollow-B chronology, 
provided little or no improvement in the results of the 
verification attempts using the trees from this site. The 
per cent variance common to all series of both Woodman 
Hollow-A.and Woodman Hollow-B is near average for Iowa 
chronologies, but the mean sensitivities of these 
chronologies are below average. Although the correlations 
of these chronologies with actual PDSI and their analyses 
of variance do not indicate a weaker than average response 
to drought, the low mean sensitivities may indicate weak
nesses in the climatic signal at this site which could have 
contributed to the somewhat below-average percentages of 
tests passed by the PDSI reconstructions with these 
chronologies in the independent period.

Overall, there does not appear to be any relation
ship between the strength of the climatic signal in the 
Iowa chronologies as indicated by the mean sensitivity 
(Table 3) or per cent variance common to all series (Table 
4), and the per cent tests passed between each Iowa 
chronology and the PDSI reconstructions (Table 17). Most 
of the values of these two statistics among the Iowa 
chronologies are very similar. With the exception of the 
Duvick Back Woods chronology the mean sensitivities have 
a range of only 0.04, from 0.16 to 0.20, and there is only 
a 2% range in the per cent variance common to all series, 
from 40% to 42% (the 22-core Ahquabi chronology was not
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used in the PDSI verifications). The similarity of these 
statistics, along with the stand disturbance, before 1900 
at Duvick Back Woods, suggests why there appears to be a 
lack of relationship between the statistics of the Iowa 
chronologies and the percentages of tests passed between 
these chronologies and the independent periods of the PDSI 
reconstructions.

The average per cent variance common to all series 
of the Iowa chronologies is 43% while the average value 
of this statistic for four of the six non-Iowa chronologies 
is 33%; no analysis of variance results were available for 
Pine Hills-4 or Piney Creek. If the lower strength of the 
climatic signal in the non-Iowa chronologies as indicated 
by the analysis of variance results was an important factor 
in the failure of the non-Iowa PDSI verification attempts, 
the per cent variance common to all series provides some 
indication of a chronology's usefulness for verification 
purposes. However, since it is possible that this verifica
tion failure was due to invalidity of the reconstruction, 
this evidence for the usefulness of the per cent variance 
common to all series as an indicator of a chronology's 
usefulness for verification cannot be considered con
clusive.



Sign Agreement Tests 
The results of the sign agreement tests (Tables 

19 through 22) confirm the results of the standard verifica
tion tests. Both types of test indicate strong relation
ships between the eastern United States chronologies and 
the calibration portions of all the temperature, precipita
tion, and PDSI reconstructions, with the 95% to 100% of 
tests positive (Tables 19, 20, and 21) confirming the 52% 
or more tests passed with the calibration portion of each 
reconstruction (Tables 11, 12, and 15), except autumn 
temperature. The percentages of tests positive as well as 
the percentages of tests passed with the independent periods 
of the temperature and precipitation reconstructions 
(Tables 11, 12, 19, and 20) and the Stockton non-Iowa 
PDSI reconstructions (Tables 15 and 21) all fluctuate 
about and average near the 7% noise level in the case of 
tests passed and 50% in the case of tests positive, and 
thus indicate little or no verification. With the 1700- 
1930 independent periods of both PDSI reconstructions for 
Iowa, the 90% to 100% of tests positive (Table 21) confirm 
the verification of these reconstructions as indicated by 
the 37% of tests passed by each reconstruction (Table 15). 
The sign agreement tests can thus be used as a reinforce
ment to the standard verification tests, but the wide 
fluctuations in per cent positive due to-intercorrelations 
among the tests as described earlier make the results of
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these tests somewhat unreliable. The sign agreement tests 
failed to detect with certainty any relationships too weak 
to be indicated by the standard verification tests between 
the tree ring chronologies and the temperature, precipita
tion, or non-Iowa PDSI reconstructions. Even if such weak 
relationships existed, it is doubtful whether the sign 
agreement tests could detect them more easily than the 
standard verification tests, because of the large amount of 
chance fluctuation of the per cent positive about 50% which 
is caused by the intercorrelations of the signs of the 
tests.



CONCLUSIONS AND RECOMMENDATIONS

The verification attempts were successful for both 
the Fritts and Stockton PDSI reconstructions for Iowa, and 
both of these reconstructions appear to be equally valid. 
Thus verification of dendroclimatic reconstructions using 
independent tree-ring chronologies is clearly possible for 
drought reconstructions, and by inference for reconstruc- . 
tions of any other variable to which the independent 
chronologies are strongly linked. The successful verifica
tion of these reconstructions is attributed to the validity 
of these reconstructions in the independent period and to 
the strong linkage between the Iowa chronologies and actual 
July PDSI.

The Stockton non-Iowa PDSI reconstructions and the 
temperature and precipitation reconstructions failed to 
verify; all the tests which passed could easily have done 
so by chance. The failure of the non-Iowa PDSI verification 
attempt was very likely due to the invalidity of the 
reconstruction in those regions and/or the weaker linkages 
of the non-Iowa chronologies to actual July PDSI. - The 
pricnipal components of actual PDSI data which were used 
to make the Stockton reconstruction might be examined to 
see if they are explaining a larger amount of the actual 
PDSI variance in Iowa than in the non-Iowa regions.

1 1 0
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Invalidity of the temperature and precipitation 

reconstructions, as evidenced by their failure or near
failure to verify with actual climatic data, appears to be 
a major factor in their failure to verify with the inde
pendent chronologies. Relatively weak linkages between the 
independent chronologies and the actual fluctuations in 
the seasonal climatic variables also contributed to these 
verification failures. Because of the apparent invalidity 
of these particular temperature and precipitation recon
structions, it remains possible that such reconstructions 
could be verified using independent chronologies if seasonal 
reconstructions can be made which recreate more of the 
actual climatic variations in the independent period.
Newer temperature and precipitation reconstruction models 
have been developed, some of which have better verification 
statistics using actual independent climatic data than do 
the models used in this study. These improved reconstruc
tions should be verified against the tree ring data and 
compared to the results presented in this study to see if 
there is any improvement. The successful verification of 
the Iowa PDSI reconstructions and the failure of the 
temperature and precipitation verification attempts suggest 
that the western United States trees are more useful for 
reconstructing drought than for reconstructing seasonal 
temperature and precipitation.
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Reconstructions of certain climatic variables, 
notably autumn and winter temperature, cannot be verified 
using this set of independent chronologies because the few 
tests which passed between the chronologies and actual 
data of these variables represent the noise level and are 
likely to be spurious. The statistical tests indicate no 
significant response by these trees to the fluctuations of 
these variables.

It is possible that if the reconstructions of 
several climatic variables are combined into one series, 
verification of the combined series using independent 
chronologies could be obtained even if the individual 
reconstructions failed to verify. To form such combined 
reconstructions for verification with independent 
chronologies using VERIFY, reconstructions of variables 
directly related to tree growth can be summed together. 
Reconstructions of variables inversely related to tree 
growth could be inverted to reverse the sign of the desired 
relationship to positive; when combining reconstructed 
series this can be done by subtracting the inversely- 
related series from the reconstructions of variables 
directly related to tree growth. To verify individual 
reconstructions of such inversely-related variables using 
VERIFY, the program could be modified to include an option 
to multiply either the reconstruction or the chronologies 
by -1.0 prior to verification, or to include an option to



113
test the significance of only inverse (negative signed) 
relationships.

Verification using independent tree-ring 
chronologies may be performed using only those statistical 
tests in each site-station pair which pass using actual 
climatic data, as was done in Set A, or they may be per
formed using all six tests in those site-station pairs for 
which four or more of the tests pass using actual climatic 
data, as was done in Set B. The Set B technique is much 
easier to use with program VERIFY in its present form, and 
is recommended for all future verification attempts using 
independent chronologies unless the program is changed. 
Because the reduction of error test is not used when 
attempting verification with independent chronologies, an 
option could be added to VERIFY to omit this test to 
facilitate' use of the totaled percentages of tests passed 
as produced by the program. . It would be helpful to modify 
VERIFY to allow the Set A technique to be performed more 
easily. To do this, an option could be added to the 
program allowing the user to. designate the one to six 
statistical tests to be performed for each site-station 
pair.

The sign agreement tests confirmed the verifica
tion of the Iowa PDSI reconstructions and the failure of the 
temperature, precipitation and non-Iowa PDSI verification 
attempts. Although the sign agreement tests can be used



to confirm the results of the standard verification tests, 
intercorrelations among the signs of the statistical 
tests can cause the per cent tests positive to fluctuate 
widely, making the sign agreement tests somewhat un
reliable. The sign agreement tests failed to detect with 
certainty any weak relationships not detected by the 
standard verification tests. Such weak relationships may 
not have existed.due to the apparent invalidity of the 
temperature and precipitation reconstructions. Because of 
the inherent unreliability of the sign agreement tests and 
the resultant unlikeliness that they can detect relation
ships undetected by the standard verification tests, it 
does not appear to be worthwhile to perform the sign 
agreement tests in future verification attempts.

The consistently high percentages of tests passed 
by both Iowa PDSI reconstructions for each of the statis
tical tests, except for the chi-square test, indicate that 
these reconstructions are reproducing significant amounts 
of both the high- and low-frequency variance in July PDSI 
which actually occurred. The chi-square test appears to 
be a considerably poorer test for verification purposes.
If in future verification attempts it passes consistently 
low percentages of tests when the other statistical tests 
are passing percentages well above the noise level, its 
use should be discontinued.
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Averaging the five Iowa chronologies improved the 

PDSI verification attempts, as the Iowa 5-site sum passed
Ihigher percentages of tests than the average for the 

individual Iowa chronologies. However, averaging the PDSI 
reconstructions for two neighboring regions did not con
sistently improve the verification results and the useful
ness of this technique is doubtful.

Both the Fritts and Stockton PDSI reconstructions 
for Region 29 appear to be reproducing somewhat more of the 
actual PDSI variance in the independent period than do the 
Region 27 PDSI reconstructions. Together with the failure 
of the Stockton non-Iowa PDSI verification attempts, this 
suggests that at least the.Stockton PDSI reconstruction is 
more valid in northern than in southern regions of the 
Midwest.

The two best individual chronologies for PDSI 
verification are Ledges and Pammel, whose strong response 
to drought is attributed to stressful site characteristics 
and, for the Pammel trees, geographic location. The Lake 
Ahquabi trees are on the lower portion of a north-facing 
slope; as a result they are subjected less to drought 
stress, and are less well-correlated to actual July PDSI 
than are the other Iowa chronologies. This is probably the 
reason for the relatively poor verification results with 
this chronology. The Duvick Back Woods chronology verified 
the PDSI reconstructions relatively poorly, probably because
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of small sample sizes in its first 30 years and stand 
disturbance effects. There was little difference between 
the PDSI verification results using the two Woodman Hollow 
chronologies. The removal of additional variance caused 
by growth release when standardizing the Woodman Hollow-B 
chronology did not improve the verification results using 
these trees.

There appears to be no relationship between the 
mean sensitivities and per cent variance common to all 
series among the Iowa chronologies, and the per cent tests 
passed by each chronology with the Iowa PDSI reconstruc
tions. This may be due in large part to the similarity of 
these chronology statistics among most of the Iowa 
chronologies, as well as to stand disturbance and small 
sample sizes prior to 1882 at Duvick Back Woods.



APPENDIX A

INDICES AND TIME SERIES PLOTS OF THE 
IOWA WHITE OAK CHRONOLOGIES
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645819 DU VICK UACK WOODS 
QUERCUS ALDA
LATITUDE 4 1 41 LONUITUDE 93 42 ELEVATION
COLLECTED UY D. DUVICK

TREE RING INDICES
DATE 0 1 2 3 4 5 6 7 0 9

1052 76 88 110 93 72 71 90 97
1 060 86 06 133 1 13 103 76 103 106 91 135
1070 79 110 147 96 76 95 85 83 1 11 05
1 080 65 7 9 1 15 112 130 145 81 78 90 110
1090 01 9 5 1 1 1 85 4 5 78 130 1 10 96 55
1900 6 1 70 135 120 133 147 117 139 136 120
1910 06 63 115 1 01 7 7 152 119 93 69 106
192 0 107 06 120 1 12 116 70 101 1 14 116 95
1930 94 53 112 02 40 125 03 89 93 57
1940 50 9 1 122 1 19 1 18 140 117 1 14 60 90
1950 95 115 100 102 80 100 57 90 1 18 96
1960 100 11 1 104 89 124 126 113 95 86 130
1970 9 0 90 98 119 99 90 92 55

SERIAL CORRELATION = .2 5 1  STANDARD DEVIATION = .2 3 2

900 FEET

NUHUKK OF SAMPLES
0 1 2 3 4 5 6 7 0

1 1 2 2 2 2 2
4 4 4 6 6 6 6 6 6
7 7 7 7 7 7 7 7 7
7 7 8 10 20 26 28 31 34

37 39 41 44 45 45 46 4b 48
51 51 51 51 51 51 51 51 51
51 51 51 51 51 51 51 51 51
51 51 51 51 51 51 51 51 51
51 51 51 51 51 51 51 51 51
51 51 51 51 51 51 51 51 51
51 51 51 51 5 1 51 51 51 51
51 51 51 51 51 51 51 51 51
51 51 51 5 1 51 51 51 15

SENSIT IV ITY - . 2 3 9 N = 126

9

2
7
7

34
49
51
51
51
51
51
51
51
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Duvick Back W oods

ID = 645819
TREE RING INDICES

2

1

1900 1950



9

11
2
3
8
9
9

10
1 I
1 1
12
12
13
15
18
24
26
30
34
36
42
47
47
47
47
47
47
47
47

648819  LfcDOKS STATfc PARK 
UUERCUS ALUA
LATITUDE- 42 0 LONGITUDE 93 53 ELEVATION 1050 FEET
COLLECTED UY D. DUVICK, C. MCKINNEY

TREE RING INDICES NUMBER OF SAMPLES
DATE 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7

1688 167 68
16 90 67 51 71 105 19 1 128 102 50 68 107 1 1 1 1 1 1 1 1
1700 94 122 75 86 68 90 104 166 7 8 104 1 1 1 1 1 2 2 2
1710 88 133 1 15 121 103 121 97 122 96 111 3 3 3 3 3 3 3 3
1720 71 57 106 142 91 90 158 139 135 107 4 5 5 7 8 8 8 8
1730 1 1 1 1 1 1 139 1 14 83 94 60 67 93 86 8 8 8 9 9 9 9 9
1 740 73 05 70 59 77 13 3 153 152 125 1 11 9 9 9 9 9 9 9 9
1750 129 105 95 97 116 99 7 9 83 84 105 9 9 9 9 9 10 10 10
176 0 71 122 137 99 128 1 1 1 161 124 92 105 10 10 10 10 10 11 11 1 1
1 770 9 1 55 6 1 58 93 113 88 1 16 98 107 1 1 1 1 1 1 11 1 1 11 11 1 1
1 780 79 115 67 79 75 79 07 80 77 79 1 1 1 1 1 1 11 1 1 12 12 12
1790 91 60 06 90 07 92 81 97 66 72 12 12 12 12 12 12 12 12
1800 46 0 2 132 87 102 95 129 99 9 1 77 13 13 13 13 13 13 13 13
1810 02 98 02 94 131 114 0 1 84 90 76 13 13 14 14 15 15 15 15
1820 64 60 72 • 66 95 96 115 125 157 114 15 15 15 15 15 15 15 17
1830 134 139 13 3 158 143 138 116 124 103 90 18 1 8 19 19 19 21 22 24
1040 126 127 90 1 11 1 16 92 07 99 78 104 24 24 24 25 25 25 25 26
1050 109 113 08 107 110 99 09 81 103 104 27 27 27 28 30 30 30 30
1060 04 79 100 86 00 77 95 97 92 131 31 31 32 32 32 33 33 34
1070 93 99 122 95 72 103 102 122 1 1 1 108 34 34 35 35 35 35 35 35
18 HO 94 119 123 109 113 123 86 72 92 99 38 39 40 4 1 41 41 41 41
1390 79 85 106 09 58 63 110 107 100 81 44 45 45 45 47 47 47 47
1900 70 81 119 123 1 19 113 125 124 130 125 47 47 47 47 47 47 47 47
1910 04 06 125 9 1 81 125 1 11 101 83 100 47 47 47 47 47 47 47 47
1920 1 14 105 111 102 1 12 77 68 109 125 89 47 47 47 47 47 47 47 47
1930 95 64 112 89 60 1 18 98 95 110 89 47 47 47 47 47 47 47 47
1940 71 125 123 114 121 125 99 1 16 77 93 47 4 7 47 47 47 47 47 47
1950 94 1 19 106 105 89 98 6 6 95 96 95 47 47 47 47 47 47 4 7 47
1960 92 107 112 74 1 10 104 103 90 92 114 47 47 47 47 47 47 47 47
1970 06 07 80 1 12 1 17 113 100 47 47 47 47 47 47 47

SERIAL CORRELATION = .417 STANDARD DEVIATION = . 2 3 5  MEAN SENSIT IV ITY  = . 1 9 6  N = 289
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bU9ai l )  WOODMAN IIGLLOW-A 5 . 0  PERCENT BED. VAT. POLYNOMIALS 
UUERCUS ALDA
LATITUDE 42 25 LONGITUDE 94 6 ELEVATION 1100 FEET
COLLECTED BY D. DUVICK, C. MCKINNEY, R. LANDERS

TREE RING INDICES NUMBER OF SAMPLES
DATE 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8

1729 79
17 30 77 117 104 106 62 80 96 105 1 19 131 1 1 1 1 1 1 1 2 2
1740 72 96 02 59 78 103 113 67 74 93 3 3 4 4 4 4 4 4 4
1750 99 02 76 75 104 133 116 96 104 158 7 8 8 8 8 8 8 8 8
1760 113 162 152 107 103 96 99 124 95 121 8 0 9 10 10 12 13 14 14
1770 106 8 3 65 59 1 14 123 101 1 17 93 132 16 17 17 17 17 18 18 18 18
1780 1 10 11 3 102 79 92 67 112 07 93 89 10 18 18 18 19 20 20 20 20
1 790 93 82 120 150 1 15 12 1 97 106 81 78 20 21 23 24 25 25 26 26 26
1800 06 105 115 79 93 103 113 115 93 06 27 27 27 27 27 29 29 29 29
1810 113 130 98 109 121. 120 91 109 99 76 29 29 29 29 30 30 30 30 30
1020 07 82 103 77 82 94 92 86 96 63 30 30 30 30 30 30 30 30 30
1830 04 93 102 114 1 15 106 9 1 102 83 82 30 30 30 30 30 30 30 30 30
1040 90 106 92 9 7 106 104 01 86 80 92 30 30 3U 30 30 30 30 30 30
1050 no 99 75 88 05 78 75 88 97 96 30 30 30 30 30 30 30 30 30
1060 93 106 108 76 92 83 101 106 108 106 30 30 30 30 30 30 30 30 30
1070 02 88 1 13 93 00 10 1 94 120 146 139 30 30 30 30 30 30 30 30 30
1000 115 132 138 117 121 147 102 92 12b 128 30 30 30 30 30 30 30 30 30
1090 100 1 10 146 109 71 89 109 124 121 91 30 30 30 30 30 30 30 30 30
1900 0 3 04 116 125 125 114 101 111 106 118 30 30 30 30 30 30 30 30 30
1910 79 90 1 10 91 90 107 115 111 08 98 30 30 30 30 30 30 30 30 30
1920 100 114 93 95 1 13 64 73 98 1 16 94 30 30 30 30 30 30 30 30 30
1 9 JO 97 62 1 17 90 73 117 89 105 102 88 30 30 30 30 30 30 30 30 30
1940 77 106 107 103 113 126 96 102 70 91 30 30 30 30 30 30 30 30 30
1950 90 105 98 104 98 85 71 96 95 86 30 30 30 30 30 30 30 30 30
1960 05 97 104 89 101 108 103 94 77 1 10 30 30 30 30 30 30 30 30 30
1970 09 84 104 122 1 16 112 105 79 30 30 30 30 30 26 26 26

SERIAL CORRELATION = .3 8 7 STANDARD DEVIATION = . 187 MEAN SENSIT IV ITY = . 162 N - 249

9

1
3
4
8

15
18
20
26
29
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
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6U9U11 HOOD MAN HOLLOH-B 0 . 5  PERCENT RED. VAR. POLYNOMIALS 
QUERCUS ALDA
LATITUDE 42 25 LONGITUDE 94 6 ELEVATION 1100 FEET
COLLECTED DY D. DUVICK, C.  MCKINNEY, P. LANCERS

TREE RING INDICES NUMBER OF SAMPLES
DATE 0 1 2 3 4 5 6 7 0 9 0 1 2 3 4 5 6 7 8

1 729 78
17 30 74 109 167 94 55 78 06 1 14 131 142 1 1 1 1 1 1 1 2 2
1740 79 10 7 90 64 86 1 16 125 93 79 95 3 3 4 4 4 4 4 4 4
1750 90 79 72 69 96 122 105 85 9 1 133 7 8 8 8 0 8 0 8 8
1 7b 0 98 139 134 90 • 94 90 93 1 17 93 119 8 8 9 10 10 12 13 14 14
1770 105 82 65 59 1 16 125 102 11 / 94 133 16 17 17 17 17 18 18 18 18
1780 1 10 112 102 80 92 86 110 85 91 87 18 18 18 18 19 20 20 20 20
1790 91 8 1 118 147 1 13 118 96 105 80 76 20 21 23 24 25 25 26 26 26
1000 84 103 1 12 78 92 102 1 13 114 92 86 27 27 27 27 27 29 29 29 29
18 10 113 130 98 109 122 120 92 110 10 1 78 29 29 29 29 30 30 30 30 30
1820 09 85 107 79 85 99 97 92 101 67 30 30 30 30 30 30 30 30 30
1830 09 100 109 123 123 1 14 90 110 90 89 30 30 30 30 30 30 30 30 30
1840 90 1 16 100 106 1 15 113 88 94 87 100 30 30 30 30 30 30 30 30 30
1850 96 107 81 94 92 83 80 94 102 101 30 30 30 30 30 30 30 30 30
1060 97 1 10 1 1 1 78 94 84 102 107 100 105 30 30 30 30 30 30 30 30 30
10 70 00 86 109 89 76 96 89 1 13 13b 130 30 30 30 30 30 30 30 30 30
1000 106 122 120 107 1 1 1 134 93 84 1 14 116 30 30 30 30 30 30 30 30 30
1090 90 107 134 1 00 65 82 100 1 13 1 1 1 04 30 30 30 30 30 30 30 30 30
1900 77 77 107 1 16 1 16 107 95 105 101 113 30 30 30 30 30 30 30 30 30
1910 70 86 106 88 87 104 112 109 87 97 30 30 30 30 30 30 30 30 30
1920 99 113 93 95 113 04 73 99 117 96 30 30 30 30 30 30 30 30 30
1930 99 63 119 1 00 74 120 92 108 105 9 1 30 30 30 30 30 30 30 30 30
1940 79 1 1 1 1 1 1 100 1 18 132 101 106 81 95 30 30 30 30 30 30 30 30 30
1950 102 109 102 100 102 80 74 99 98 89 30 30 30 30 30 30 30 30 30
I9 6 0 0 7 100 107 92 104 111 106 96 78 111 30 30 30 30 30 30 30 30 30
1970 91 04 105 122 1 16 114 106 00 30 30 30 30 30 26 2b 26

SERIAL CORRELATION = . 2 0 2 STANDARD DEVIATION = . 169 MEAN SENSIT IV ITY = . 162! N 249
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4I63U10 LAKE AIIQUAUI STATE I’AHK, 22 COPES 
UUERCUS ALUA
LATITUDE 4 1 17 LONGITUDE 93 35 ELEVATION
COLLECTED l$Y D. DU VICK

T FEE PING INDICES
DATE 0 1 2 3 4 5 6 7 8 9

1717 158 65 140
1720 118 95 1 14 125 1 10 160 109 1 12 90 84
1730 04 7b 126 1 05 92 98 69 78 1 10 103
1740 100 117 97 09 04 14 1 105 90 63 105
17 50 103 108 73 72 104 74 05 76 69 90
1 7b 0 98 129 1 17 136 119 78 127 103 103 108
1770 97 11 1 7 1 02 135 142 1 10 132 1 12 145
1700 92 137 107 96 1 16 106 92 103 92 81
1790 56 71 98 1 09 1 13 113 75 86 70 60
1800 55 100 155 103 120 125 114 120 104 86
1010 124 130 100 1 00 1 18 109 73 105 71 98
1020 91 73 103 98 124 129 100 99 120 81
1830 125 96 107 1 33 1 16 103 04 95 75 71
1040 05 90 96 89 96 80 76 81 68 87
1850 86 116 105 1 08 108 63 09 89 117 121
1060 68 90 108 99 94 103 109 105 89 117
1070 93 103 1 19 1 03 74 1 11 109 1 13 109 1 16
1880 106 138 128 126 136 13 1 96 80 119 121
18 30 74 100 109 82 59 7 1 07 99 85 103
1900 72 86 139 133 101 107 98 121 103 122
19 10 60 6 3 101 101 55 111 106 06 80 102
1920 102 93 98 105 115 87 99 113 136 100
1930 102 01 129 89 64 125 107 92 93 71
1 940 66 0 7 107 101 95 1 10 99 109 73 113
1950 99 120 1 10 1 14 93 92 65 93 95 105
1960 113 112 1 14 97 122 109 109 104 84 124
1 170 94 94 91 1 00 1 17 103 98 72

SERIAL CORRELATION = . 2 3 5 STANDARD DEVIATION - - 199

900 FEET

NUHUEH OF SAMPLES
0 1 2 3 4 5 6 7 8

1 1
1 1 1 2 2 2 2 2 3
3 3 3 3 3 4 4 5 5
5 5 5 5 5 5 5 5 5
6 6 6 6 6 6 6 6 6
6 6 0 8 9 9 9 9 1 1

12 12 12 12 12 12 12 12 12
12 12 12 12 12 13 13 14 14
14 14 14 14 14 14 14 14 14
14 14 14 14 1 4 14 14 14 14
14 14 14 14 14 14 14 14 14
14 14 14 14 14 14 15 15 15
16 16 17 17 17 17 17 17 17
17 17 17 17 17 17 17 18 18
18 19 19 19 19 19 19 19 19
19 19 19 20 20 20 20 20 20
20 20 20 20 20 20 20 20 20
21 21 21 21 21 21 21 21 21
21 21 21 21 21 21 21 21 21
21 22 22 22 22 22 22 22 22
22 22 22 22 22 22 22 22 22
22 22 22 22 22 22 22 22 22
22 22 22 22 22 22 22 22 22
22 22 22 22 22 22 22 22 22
22 22 22 22 22 22 22 22 22
22 22 22 22 22 22 22 22 22
22 22 22 22 22 22 22 22

SENSIT IV ITY = . 192 N 261
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«6J t i 19  LAKE AilOUAEL STATE PARK, 40 COPES 
QUERCUS ALUA
LATITUDE 41 17 LONGITUDE 9 3 35 ELEVATION 900 FEET
COLLECTED UY D. DUVICK

TREE PING INDICES
DATE 0 1 2 3 4 5 6 7 8

1708
1710 7 1 124 12b 126 46 44 66 131

51
68

1720 104 7b 1 16 1 17 1 Ob 133 126 80 100
1730 101 04 139 115 82 102 72 85 112
1740 111 138 102 86 72 139 12 1 105 79
1750 1 19 132 03 82 106 73 88 84 74
1760 98 117 103 1 14 1 06 77 121 108 10 1
1770 100 110 75 85 141 151 113 136 121
1780 97 137 1 14 100 120 106 100 101 91
1790 59 72 96 103 106 116 75 67 67
1800 53 95 130 86 107 1 11 109 108 98
1810 122 127 105 1 12 126 12 1 79 108 76
1820 84 74 10 1 89 110 121 96 97 113
1830 1 1 1 07 10 1 1 18 113 102 83 93 78
1840 82 98 93 92 94 8 1 80 85 7 1
18 50 87 118 103 106 108 62 89 90 1 17
1860 72 102 110 100 94 101 113 100 08
1870 92 90 113 99 73 1 12 107 1 13 110
1880 104 13b 130 130 139 133 99 82 1 18
1890 75 97 1 13 83 60 75 93 106 87
1900 73 9 1 136 134 104 111 101 130 • 104
1910 70 b b 99 101 56 113 107 67 84
1920 103 99 103 1 08 124 89 102 1 14 137
1930 105 82 132 88 65 117 107 90 91
19 40 b6 90 108 100 96 113 98 111 7 1
1950 99 119 106 106 90 88 64 91 95
1960 108 107 110 92 120 112 109 104 83
1970 96 94 92 1 12 1 16 103 99 72

SERIAL CORRELATION = . 2 5 8  STANDARD DEVIATION =

NUMBER OF SAMPLES
9 0 1 2 3 4 5 6 7 8 9

71 1 1
128 1 1 1 1 1 1 1 2 3 3

87 4 5 6 7 7 7 7 7 9 11
95 1 1 11 13 13 15 16 16 17 17 17

1 16 17 17 17 17 17 17 17 17 17 17
89 18 18 18 18 18 18 18 18 18 18

107 18 18 20 22 23 23 23 23 25 26
149 26 26 26 26 26 26 26 26 27 27

81 27 27 27 27 27 28 28 29 29 29
70 29 29 29 29 29 29 29 29 29 29
85 30 30 30 30 30 30 30 30 30 30
97 30 30 30 30 30 30 30 30 30 30
77 30 30 30 30 30 30 31 31 31 31
68 32 32 33 33 33 33 33 33 33 33
85 33 33 33 33 33 33 33 34 34 34

121 34 35 35 35 35 35 35 35 35 35
1 16 35 35 35 36 3b 36 36 36 36 36
119 36 36 36 36 36 36 36 36 36 36
118 37 37 37 37 37 38 38 38 38 38
104 38 38 38 38 38 38 38 39 39 39
122 39 40 40 40 40 40 40 40 40 40
106 40 40 40 40 40 40 40 40 40 40
100 40 40 40 40 40 40 40 40 40 40
71 40 40 40 40 40 40 40 40 40 40

1 13 40 40 40 40 40 40 40 40 40 40
104 40 40 40 40 40 4U 40 40 40 40
121 40 40 40 40 40 40 40 40 40 40

40 40 40 40 40 40 40 40

. 199 MEAN SENSIT IV ITY - .  194i N 270
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Ub48 H  PAMMKL STA1E PARK 
QUKRCU3 ALBA
LATETUDk: 4 1 17 LON' i lTUDE 94 4 ELEVATION 1000 FEET
COLLECTED UY D. DUVICK

TREE RING INDICES
DATE 0 1 2 3 4 5 6 7 8

1 b 4 1 92 91 93 105 63 109 1 16 113
1b!>0 87 13 J 1 17 167 139 69 105 89 04
1 bbO 120 100 96 99 59 53 77 7 8 80
H i 70 74 99 1 14 102 93 73 130 97 1 19
1680 1 16 1 12 116 158 132 85 101 120 83
1690 100 78 79 94 142 135 92 79 54
1700 100 108 81 9b 64 96 94 129 87
1710 122 154 124 132 9b 115 88 85 54
1720 108 7 7 117 1 13 78 91. 116 1 16 1 15
17 JO 126 9 1 134 123 92 121 49 62 1 12
1 740 108 107 80 75 71 138 132 136 1 19
1750 138 1 19 107 1 1 1 131 113 100 90 66
1 7o0 75 106 111 113 121 91 124 108 95
1770 106 94 86 90 146 14 7 109 140 1 1 1
1700 90 119 101 96 99 81 96 100 90
1790 63 76 103 100 1 10 90 86 92 68
1800 48 1 14 153 1 13 1 1 1 109 1 1 1 117 100
1810 109 115 9 1 102 129 1 1 1 74 105 91
1820 68 67 78 76 74 86 8 1 91 104
10J0 90 122 129 138 105 108 112 107 79
1840 109 106 110 100 116 84 92 93 80
18 50 97 116 89 90 90 65 79 65 91
1 860 6 1 9 1 90 87 76 88 89 84 85
1870 84 90 120 93 76 107 125 133 126
1080 120 126 120 121 135 144 101 97 125
1090 77 1 1b 132 104 70 8 1 125 144 123
1900 85 89 1 10 127 123 107 100 131 120
1910 71 85 1 13 109 82 122 116 98 84
1920 116 104 109 99 110 72 74 90 124
1930 96 75 129 78 59 104 8 7 85 77
1940 66 94 102 96 99 120 92 1 13 81
19 50 104 120 102 1 10 85 82 67 93 95
19b0 96 109 101 87 112 12 1 1 1 1 96 89
1970 91 95 96 111 108 1 16 114 68

SERIAL CORRELATION = . 3 b 8  STANDARD DEVIATION =

NUMBER OF SAMPLES
9 0 1 2 3 4 5 6 7 8 9

131 1 1 2 2 2 2 2 4 5
78 5 7 7 7 7 7 7 7 8 8

1 11 9 9 9 9 9 9 9 9 9 9
112 9 9 9 9 9 9 9 9 9 9

65 9 9 9 9 9 9 9 9 9 9
77 9 9 9 9 9 10 10 10 10 10

115 10 10 10 10 10 10 11 12 12 12
71 13 13 14 14 14 14 14 14 14 14

1 16 14 14 14 14 14 14 14 14 14 14
106 14 14 14 1b 16 16 16 16 17 17
14 1 17 17 17 17 17 17 17 18 18 19
101 20 20 20 20 20 21 2 1 22 23 23
105 24 24 26 27 27 28 28 28 28 29
141 29 30 30 3 1 32 32 33 33 34 35
74 35 35 37 38 38 38 38 39 39 39
83 39 39 40 40 40 41 41 41 41 41
80 43 43 43 44 44 44 45 45 4b 46
84 46 46 46 47 47 47 47 47 47 47
73 47 47 47 48 48 49 49 49 49 50

100 50 50 50 50 50 50 50 50 51 51
91 51 51 51 51 51 51 51 51 51 51
94 51 51 51 51 51 51 51 51 51 51

106 54 54 54 54 54 54 52 52 52 54
115 55 55 55 56 56 56 56 56 56 56
139 56 56 56 56 56 56 57 57 57 57
95 58 58 58 58 58 58 58 58 58 60

120 60 60 60 60 60 60 60 60 60 60
105 58 58 58 58 58 58 58 58 58 58

86 58 58 58 58 58 58 58 58 58 58
75 58 58 58 58 58 58 58 58 58 58

119 58 58 58 58 58 50 58 50 58 58
105 58 58 58 58 58 58 58 58 58 58
128 58 58 58 58 58 58 58 58 58 58

50 58 58 58 58 58 58 58

. 2 1 2 MEAN SENSIT IV ITY = . 190 N - 337 130
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H70U18 SUM OF 5 IOWA WHITE OAK CHFCNCLGG1ES 
UUERCUS ALHA
LATITUDE 41 44 LONGITUDE 9J  52 ELEVATION
COLLECTED l!Y D. DUV1CK, C. MCKINNEY, N. LANCEHS

TREE RING INDICES
DATE 0 1 2 3 4 5 6 7 8 9

1641 92 9 1 93 105 63 109 1 16 1 13 131
1650 87 133 1 17 167 139 69 105 89 04 70
1660 119 99 96 99 59 53 77 77 79 111
1670 73 99 1 14 102 93 72 130 96 1 19 1 12
1600 116 1 12 1 16 158 131 05 101 120 92 65
1690* 104 75 70 95 147 134 93 76 55 80
1 700 100 109 80 95 65 95 107 134 83 1 1 1
1710 113 149 123 130 94 112 88 95 62 06
1720 100 72 114 121 09 101 130 1 14 1 16 103
1 7 30 1 13 94 138 118 06 107 61 74 108 100
1740 100 113 06 74 73 134 130 124 102 123
1750 125 115 93 94 1 16 100 95 88 77 105
1760 06 1 19 118 110 1 15 90 124 1 13 97 100
1770 102 92 75 70 131 139 10b 131 109 137
1 70 0 95 123 103 92 101 89 100 95 89 79
1790 7 1 74 103 1 11 107 104 85 94 71 77
1800 58 103 136 95 105 10b 113 1 12 97 82
1010 110 120 95 105 127 116 00 104 89 05
1020 76 73 89 78 87 97 91 9b 1 1 1 78
1 83 0 103 109 1 16 130 114 111 10 1 105 84 87
1040 101 108 99 99 100 09 06 91 70 92
1050 95 112 09 97 90 74 82 79 101 103
I860 75 94 103 89 06 87 90 95 92 115
1070 07 94 119 95 75 106 109 122 122 118
1000 107 126 126 119 128 138 95 85 112 121
1 890 02 102 121 94 60 76 115 120 106 85
1900 74 03 123 127 121 1 19 109 129 121 121
1910 78 77 113 100 77 126 114 97 81 103
1920 109 100 110 104 1 14 77 83 105 123 92
1 930 97 67 121 06 60 116 92 92 93 75
1940 67 10 1 1 12 1 07 109 125 101 112 73 102
1950 98 1 16 102 106 87 9 1 64 93 100 90
1960 97 107 106 86 1 14 115 108 96 86 122
1970 92 90 95 1 14 1 10 107 102 70

SERIAL CORRELATION = .111  STANDARD DEVIATION =

FEET

NUMBER OF SAMPLES
0 1 2 3 4 5 6 7 8 9

1 1 2 2 2 2 2 4 5
5 7 7 7 7 7 7 7 8 8
9 9 9 9 9 9 9 9 9 9
9 9 9 9 9 9 9 9 9 9
9 9 9 9 9 9 9 9 10 10

10 10 10 10 10 1 1 11 11 1 1 1 1
11 1 1 11 1 1 11 12 13 14 15 15
17 17 18 18 10 18 18 19 20 20
22 24 25 28 29 29 29 29 31 34
34 34 36 39 4 1 42 42 44 45 46
46 46 47 47 47 47 47 48 48 49
54 55 55 55 55 57 57 58 59 59
60 60 65 69 70 74 75 76 78 81
82 84 84 85 86 87 88 88 90 91
91 9 1 93 94 95 98 98 1 00 100 100

100 10 1 104 105 106 107 108 108 108 108
113 113 113 114 1 14 1 16 1 17 117 118 118
118 118 119 120 122 122 122 122 122 122
122 122 122 123 123 124 125 127 127 129
130 130 132 132 132 134 135 137 130 138
138 138 138 139 139 139 139 141 141 141
142 143 144 145 148 148 148 148 148 148
154 154 155 150 158 159 157 158 158 161
162 162 163 164 164 164 164 164 165 165
160 169 171 182 184 191 194 197 200 201
207 210 212 215 218 218 219 220 222 225
227 228 228 228 228 228 228 228 228 228
226 22 6 226 226 226 226 226 226 226 226
226 226 226 226 226 226 226 226 226 226
226 226 226 226 226 226 226 226 226 226
226 226 226 226 226 226 226 226 226 226
226 226 226 226 226 226 226 226 226 226
226
226

226
226

226
226

226
226

226
226

226
222

226
222

226
139

226 226

SEN SIT IV ITY  = .1 7 8  N = j  37
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