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ABSTRACT

The use of orthogonalized climatic variables in regression to specify treegrowth /climate relationships, commonly known as response function analysis,
involves several a priori decisions and a posteriori interpretations, any of which maybe

open to question. Decisions about the number of climatic variables to include,
confidence limits, number of eigenvectors to allow as candidate predictors in
regression, etc., can affect the response function in unpredictable ways and lead to
possible errors in interpretation. To demonstrate the nature of these effects, we
compared response functions for particular chronologies with the correlation
function, which is simply the series of correlation coefficients between a tree -ring
chronology and each of several sequential monthly climatic variables. The results
indicate that response functions including high -order eigenvectors should be
interpreted cautiously, and we recommend using the correlation function as an
interpretive guide. Prior tree -growth variables in regression can mask climatic effects,
and the correlation fuñction can also be useful in detecting this masking. Statistical
significance is more often attained in response functions than in correlation functions,

possibly due to differences in the statistical testing procedures, to the statistical
efficiency of eigenvectors in spending degrees of freedom, or to the filtering effects on
the climatic data that result from eliminating high -order eigenvectors (noise) from the
response function. These filtering effects plus the orthogonalization make response
function analysis an efficient method for specifying tree -growth /climate relationships.

The examples and guidelines presented here should enhance the usefulness of the
method.
Die

Benutzung

von

orthogonalisierten Klimavariablen zur

regressionsanalytischen Bestimmung von Klima- Wachstums- Beziehungen -Bekannt als

Responsefunktions- analyse- erfordert mehrere a- priori- Entscheidungen und
a- posteriori- Interpretationen, die fragwürdig sein können. Entscheidungen über die
Anzahl der einzubeziehenden Klimavariablen, Vertrauensgrenzen, die Anzahl der
Eigenvektoren als Prediktoren in der Regression, usw. können die Responsefunktion in

unvorhersehbarer Weise beeinflussen und zu Fehlinterpretationen führen. Um
derartige Wirkungen aufzuzeigen, wurden die Responsefunktionen für bestimmte
Chronologien mit den entsprechenden Korrelationsfunktionen verglichen. Die
Korrelationsfunktion besteht aus den Korrelationskoeffizienten zwischen einer
Jahrringchronologie und den einzelnen, aufeinanderfolgenden Klimavariablen. Die
Ergebnisse zeigen, daß Responsefunktionen aus Eigenvektoren hoher Ordnung

vorsichtig interpretiert werden sollten. In solchen Fällen wird die Korrelationsfunktion als Interpretierungschilfe empfohlen. In der Re- gressionsberechnung können
Vorjahreszuwächse Klimaeinflüsse überdecken. Die Korrelationsfunktion kann
derartige Überdeckungen erkennen helfen. Bei Responsefunktionen wird häufiger

eine statistische Signifikanz erreicht als bei Korrelationsfunktionen, vermutlich
aufgrund unterschieldlicher Testverfahren, wegen der positiven Eigenschaft der
Eigenvektoren beim Verbrauch von Freiheitsgraden und wegen der Filterwirkung auf
die Klimadaten, die dadurch hervorgerufen wird, daß Eigenvektoren hoher Ordnung
(Geräusche) eliminiert werden. Diese Filterwirkungen zusammen mit der
Orthogonalisierung machen die Responsefunktionsberechnung zu einer wirksamen
Methode zur Bestimmung von Klima -Wachstums -Beziehungen. Die vorgestellten
Beispiele und Empfehlungen sollten die Brauchbarkeit dieses Verfahrens
hervorheben.
L'utilisation de variables climatiques orthogonalisées dans une régression destinée

à définir les relations cernes -climat, communément connues comme analyse de la
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fonction de réponse, suppose plusieurs décisions à priori et interprétations a posteriori,
chacune d'elle pouvant étre mises en question les décisions concernant le nombre de
variables climatiques à inclure, les limites de confiance, le nombre de vecteurs propres

à accepter comme prédicteurs dans la régression etc., peuvent affecter la fonction
réponse de manière impévisible et conduire à de possibles erreurs d'interprétation.
Afin de démontrer la nature de ces effets, nous avons comparé les fonctions de
réponses obtenues pour certains chronologies avec la fonction de corrélation qui est
simplement la série de coefficients de corrélation obtenue entre la chronologie des
cernes et chacune des différentes variables climatiques mensuelles ordonnées de façon
séquentielle.
Les résultats indiquent que les fonctions de réponse comportant les vecteurs
propres d'orde élevé, doivent étre interprétées avec précaution, et nous recommandons
d'user les fonctions de corrélation comme guides de l'interprétation.
L'introduction dans la régression de variables concernant la croissance antérieure
peut dissimuler l'effet climatique. Les fonctions de corrélation peuvent également étre
utiles pour détecter cet effet de dissimulation. Une signification statistique est plus
souvent obtenue dans les fonctions de réponses que dans les fonctions de corrélation.
Ceci peut -être dû à des différences dans les procédures statistiques utilisées pour tester
les différents types de fonctions, à l'efficacité statistique des vecteurs propres dans
l'utilisation des degrés de liberté, ou à l'effet de filtre sur les données climatiques qui
résultent de l'élimination des vecteurs propres de degré élevé (bruit) dans les fonctions
de réponse. Ces effets de filtre et les procédures d'orthogonalisation font de l'analyse
des fonctions de réponse une méthode efficace pour caractériser les relations cernes de
croissance /climat. Les exemples présentés dans cet article mettent en valeur l'utilité
de la méthode décrite.

INTRODUCTION
Several methods have been used to specify the relative importance of monthly
climatic variables (usually precipitation and mean temperature) in influencing tree ring widths. The earliest quantitative studies (e.g., Diller, 1935) involved nothing
more than the computation of the correlation coefficient between ring width and some
climatic variable which was believed to be important to tree growth. For precomputer

authors with more perseverance (e.g., Coile, 1936), several such correlation
coefficients were computed to determine which of several climatic variables was best
correlated with ring width. As computers came into general use, stepwise multiple
regression was used in a number of studies (e.g., Fritts, 1960, 1962; Schulman and
Bryson, 1965). This approach, however, was hindered by the intercorrelations

between climatic variables, which can cause an important variable to be displaced by

a more important combination of other variables in the regression equation. To
circumvent this difficulty, Fritts et al. (1971) introduced response functions, in which
the climatic variables are orthogonalized prior to regression by transforming them into
principal component eigenvectors. Response functions have since been used in several
studies (e.g., Fritts, 1976; Cook and Jacoby, 1977; Hughes et al., 1978; Duvick and
Biasing, 1981), and have become the most commonly used method of identifying the
relationships between tree -ring width and climate.
A response function is a form of regression equation, originally developed for pro-

viding estimates of standardized ring -width anomalies based on corresponding
climatic anomalies. Several candidate predictor variables are screened on the basis of
their relationship to the predictand (dependent) variable, and those which pass the
screening at some arbitrarily selected confidence level are admitted t(z) the regression
equation. In this case the predictand is the standardized ring width, or ring -width

index (Fritts, 1976), for year i, and the candidate predictors are orthogonalized
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climatic variables (eigenvectors) and prior growth variables (standardized ring widths
for years i -1, i -2, etc.). The resulting regression equation, called the response function,

contains one element for each original (unorthogonalized) climatic variable considered, as well as for each prior growth variable (ring -width anomalies of previous
years) that is a statistically significant predictor.
Many strengths and weaknesses of response functions have become apparent after
more than 10 years of their general use. They have proven useful in estimating changes

in average ring width that would result from projected future climatic changes
(Cooper et al. 1979). Response functions have been especially effective in identifying
climatic variables for which past histories can be reconstructed from tree -ring records.
However, there are still a number of inconveniences associated with their use.

Changing the number of monthly climatic variables to be transformed into
eigenvectors can change the shape of a response function in unpredictable ways.
Changing the criterion for screening eigenvectors from a response function can also
affect its shape, and it is not clear which confidence level is best to use for such screenings. The orthogonality of the eigenvectors, while being an advantage in one sense,
can affect their structure in ways that turn out to be a nuisance when trying to interpret them in climatic terms. The allowance of high -order eigenvectors, which have the
most orthogonality constraints, to depict the fine -scale structure of the response function also allows these eigenvectors to occasionally add meaningless detail. The chance

of obtaining this undesirable result is determined by the confidence level used for
screening. Inclusion of prior growth variables can appreciably alter that part of the
response function which is supposedly determined by climatic relationships alone.
One result of all this is that it is difficult to present all the important details of how
a response function has been obtained, including why certain (often subjective) decisions were made along the way, without going into elaborate and distracting detail. In
any case, the reader is often left wondering how much the shape of the response function would have changed if one or more arbitrary decisions had been made differently.
Whether a particular feature of a response function represents reality or statistical
artifact has been pretty much left up to the interpretation of each author. This has led
us to some thought toward finding a simple, objective, easily replicable, and somewhat
meaningful standard against which to compare response functions.

METHODOLOGY
In this study, we compared several response functions with their corresponding
correlation functions. A correlation function is simply the series of correlation coeffi-

cients between a ring -width chronology and each of several sequential climatic
variables (e.g., January temperature, February temperature, etc.). In this study, correlation functions are compared with response functions obtained from exactly the
same data. Tree -ring chronologies involved in this study have all had their response
functions published in reasonably accessible literature. Our response functions differ
somewhat from those already published for reasons given above (e.g., different confidence level used for screening). Also, differing climatic data sets with different
record lengths may have been used in some cases, and these changes can also affect the
shape of a response function.
It is not clear what confidence level is best for screening. We felt that the 95% level
may be too conservative, screening out eigenvectors that would have enhanced the
credibility of the response functions from a physiological point of view. On the other
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hand, the 90% confidence level is associated with a greater risk of including eigenvectors that detract from the fidelity of the response function more than they enhance it.
To help ensure objectivity, we decided a priori to use the 90% confidence, level for
screening eigenvectors in all response functions used in this study, thereby avoiding
subjectivity due to the changing of the screening criterion from one response function
to the next. The lower of two candidate confidence levels was selected to enhance the
chance of high -order eigenvectors entering the response function, so that their effects
could be evaluated in as many cases as possible. For purposes other than screening, the
more conventional 95% confidence limits are used.
The months included in our response functions are the same as for the previously
published response functions for the same ring -width index chronologies. Selecting the
highest -order eigenvector considered for admission into the response function and
deciding whether or not to include prior growth variables were decisions that were
allowed to change in order to identify their effects.

RESULTS AND DISCUSSION

In our first example, we compare the response function of Duvick and Blasing
(1981) with the corresponding correlation function (Figure 1). The two functions are

similar in shape, and both indicate that white oak (Quercus alba) respond to
precipitation throughout the year, and (inversely) to temperature in spring and early
summer and in late summer of the preceding year. All of the statistically significant
correlation coefficients (95% confidence level) corresponded to significant elements in
the response function, but the converse is not true. This result conforms with more
general experience, as will become apparent when more cases are discussed below.
The difference in amplitudes of the response and correlation functions is not important here, as the scalings are determined by different computational processes and
have different meanings.
In Figure 1 we have also plotted the correlation and response functions obtained
for the Shawangunk Mountains hemlock (Tsuga canadensis) chronology of Cook and
Jacoby (1977). The two functions have roughly similar shapes, but some precipitation
features of the response function are not at all evident in the correlation function.
March precipitation, for example, has a statistically significant negative element in
both our response function (Figure 1) and that of Cook and Jacoby (1977). However,
the correlation function does not support this, and it is difficult to argue that below normal precipitation during March would enhance growth of these hemlock.
Figure 2 shows the correlation and response functions obtained for the pitch pine
(Pinus rigida) chronology of Cook and Jacoby (1977). Significant negative elements
appear for precipitation in the response function, but these are not corroborated by
the correlation function. The previous year's growth entered as a significant predictor
in this response function. We computed another response function in which no prior
growth variables were considered. It is shown along with the correlation function in
Figure 2. Significant negative precipitation elements are absent from this response
function, as they are from both the correlation function and the response function of
Cook and Jacoby (1977), in which prior growth variables were also not considered.
The correlation and response functions we obtained for Cook and Jacoby's (1977)
white pine (Pinus strobus) chronology are shown in Figure 3. When the previous year's
growth entered as the first variable in the response function, it reduced much of the
ring -width variance which had been residual variance when prior growth variables
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Figure 1. Correlation functions (heavy lines) and response functions (light lines) for

the ring -width index chronologies indicated. Black squares indicate correlation
coefficients significant at the 95% confidence level. Vertical bars indicate the 95%
confidence interval for each response function element.
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Figure 2. Correlation functions (heavy lines) and response functions (light lines) for
the ring -width index chronologies indicated. Black squares indicate correlation coefficients significant at the 95% confidence level. Vertical bars indicate the 95% con-

fidence interval for each response function element. When the previous year's
growth was entered as a significant predictor, its value and 95% confidence interval
are shown in the Prior Growth column.

were not considered. This left a smaller residual ring -width variance, thereby increas-

ing the probability of additional predictor variables (eigenvectors) passing the
significance test for admission to the response function. The result was that six
eigenvectors were included in the response function along with the previous year's
growth. The lowly 19th eigenvector was given the greatest weighting coefficient. The
result is a response function which indicates that growth is increased by below -normal
precipitation during March and April (Figure 3) -in disagreement with the correla-
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Figure 3. Correlation functions (heavy lines) and response functions (light lines) for
the ring -width index chronologies indicated. Black squares indicate correlation coefficients significant at the 95% confidence level. Vertical bars indicate the 95% con-

fidence interval for each response function element. When the previous year's
growth was entered as a significant predictor, its value and 95% confidence interval
are shown in the Prior Growth column.

tion function and difficult to defend physiologically.
The corresponding response function of Cook and Jacoby (1977) suffers from the
same drawbacks, though not as much so. Their response function has a significant
negative element for March precipitation. They did not consider prior growth in their
response function. For comparison, we also calculated a response function in which

prior growth variables were not allowed to enter. The result was that only one
eigenvector was allowed to enter the response function, which is shown in the bottom

portion of Figure 3. While the shape of this response function is similar in most
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respects to that of the correlation function, the response function identifies good
growth conditions with above -normal June July temperatures, while the correlation
function indicates an opposite relationship, as does the response function in the top
portion of Figure 3. This example shows how response functions can lead to false conclusions about dendroclimatic relationships. The response functions in Figure 3 suggest opposite things, each with 95% confidence; so which is correct? In such cases the
correlation function may be invoked to substantiate one or the other relationship.
Similar lessons can be learned from analysis of the chestnut oak (Quercus prinus)

chronology of Cook and Jacoby (1977). In the top part of Figure 4, the correlation
function is plotted along with the response function. While the shapes of the two
curves are in general agreement, an inverse growth response to precipitation is evident
for several successive elements of the response function, and most of these are opposite
in sign to the corresponding elements of the correlation function. Removing the prior

growth variable from consideration and recalculating the response function led to
better agreement with the correlation function (Figure 4, bottom).
Similar analyses were made using the tree -ring chronologies of Fritts (1976, p.
378). These include ponderosa pine (Pinus ponderosa) chronologies from Lakeview,
Oregon, and Quartz Mountain, Washington, and a bristlecone pine (P. longaeva)
from the White Mountains of California.
The correlation and response functions for the Lakeview chronology are shown in
the top portion of Figure 5. The statistically significant response function element for
April temperature and the prominent negative element for June precipitation both

disagree in sign with the corresponding elements of the correlation function. The
April temperature peak for this response function is also apparent in the response
function of Fritts (1976). This response function included prior growth and the 16th
and 18th eigenvectors of climate.
Eliminating prior growth led to the response function shown along with the correlation function in the bottom portion of Figure 5. The 18th eigenvector was not

included in this response function, but the 16th remained in. The shape of this
response function is similar in most respects to the correlation function. As in the case
of the Shawangunk Mountains chestnut oak, eliminating prior growth variables led to
a response function more in agreement with the correlation function. As in the case of
the Shawangunk Mountains white pine, the inclusion of fewer high -order eigenvectors
led to increased agreement between the two functions when prior growth variables
were excluded from consideration.
The correlation and response functions for the Bristlecone pine chronology from
the White Mountains of California are shown in Figure 6. The temperature parts of
these functions exhibit general similarity, but the precipitation parts, except for the
last three months, do not. The first precipitation element (June of the previous year) of

the response function is large, significant, and negative, but the corresponding
element of the correlation function is positive. The precipitation part of the response
function of Fritts (1976) matched the correlation function better than the response
function shown in the top portion of Figure 6. Rerunning our response function, prohibiting high -order eigenvectors (higher than the 15th) from being screened for admission, produced the response function shown in the bottom portion of Figure 6. The
first precipitation element is positive, in agreement with the corresponding correlation
coefficient. The January -February segment of the temperature part is in noticeably
better agreement with the correlation function than is either the response function
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Figure 4. Correlation functions (heavy lines) and response functions (light lines) for
the ring -width index chronologies indicated. Black squares indicate correlation coefficients significant at the 95% confidence level. Vertical bars indicate the 95% confidence level for each response function element. When the previous year's growth

was entered as a significant predictor, its value and 95% confidence interval are
shown in the Prior Growth column.

presented in top portion of Figure 6 or the one presented by Fritts (1976). However,
the general shape of the precipitation part of this response function is still not as
similar to the correlation function as is the corresponding response function of Fritts
(1976).

This case exemplifies the strange behavior that sometimes occurs at the endpoints
of response functions, in this case involving the first element of precipitation. Pro-
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Figure 5. Correlation functions (heavy lines) and response functions (light lines) for
the ring -width index chronologies indicated. Black squares indicate correlation coefficients significant at the 95% confidence level. Vertical bars indicate the 95% con-

fidence interval for each response function element. When the previous year's
growth was entered as a significant predictor, its value and 95% confidence interval
are shown in the Prior Growth column.

hibiting high -order eigenvectors from entering the response function once again led to
better agreement with the correlation function.
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The response functions for the Quartz Mountain chronology were similar in shape
to the correlation function (Figure 7). When prior growth was allowed to enter (Figure

7, top), the high -order eigenvectors did not enter. The bottom portion of Figure 7
shows the correlation function along with the response function obtained when prior
growth variables were not allowed to enter but higher -order eigenvectors did enter.
The response function containing high -order eigenvectors (Figure 7, bottom) once
again had an extreme value at an endpoints (the first temperature element). However,
it was in agreement with the correlation function, suggesting that the inclusion of
high -order eigenvectors was justified in this case. Low temperatures in both the

previous and concurrent summer contribute to increased growth, but when prior
growth was included in this response function (Figure 7, top) it masked the previous
June's climatic effect.
The response function containing the high -order eigenvectors (Figure 7, bottom)
had a rougher shape, with more extreme values, than did the response function with
no high -order eigenvectors (Figure 7, top). This phenomenon is also evident in the
analysis of the bristlecone pine chronology above, and is aptly illustrated, for still
another chronology, in the diagrams of Fritts (1976, page 367).

GENERAL OBSERVATIONS
Some general results are discussed in this section. One of the most striking results
was that there were 227 significant response function elements but only 72 significant
correlation coefficients shown in Figures 1 through 7. Significant correlation coefficients were accompanied by significant corresponding response function elements
89% of the time, while significant response function elements were accompanied by
significant correlation coefficients only 26% of the time. The latter figure varies by
1 % when the response functions are divided into cases in which prior growth was, or
was not, included as a significant predictor variable. However, in cases including prior
growth, significant correlation coefficients were accompanied by significant response
function elements 82% of the time, but in cases of no prior - growth predictors entering, significant correlation coefficients were accompanied by significant response
function elements 92% of the time.

Statistical significance may occur more often in response function elements
because of differences in the significance tests used, each with its own set of underlying

assumptions. It may also be that the transformation of climatic data into principal
component eigenvectors eliminates statistical noise, such as individual "bad" observations, from the data set when the last few eigenvectors are eliminated. Also, the low -

order eigenvectors (which are retained) preferentially preserve the temporally
coherent (month -to- month) portion of the climatic variance, which may be more
closely related to tree growth than is the other portion.
Climatic data were reconstructed from only those eigenvectors having an eigenvalue of 1.0 or greater. This filters out the "noise" contained in the higher -order
eigenvectors. If the correlation functions had been calculated from these filtered data,
the number of significant correlation coefficients in Figures 1 -7 would have increased
from 72 to 74. In situations where the highest -order eigenvector entering the response
function had an eigenvalue less than 1.0, the corresponding number of significant correlation coefficients would have increased from 43 to 47. These results suggest that the
elimination of high -order eigenvectors does not change the correlation very much, but
may improve it slightly. The variance eliminated by this particular filtering process
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probably eliminated almost as much "signal" as it did "noise" (18 to 28% of the
variance was eliminated, depending on location).
The response and correlation functions have generally similar shapes but are often
different, and sometimes contradictory, in terms of specific detailed features. Changes

in screening criteria, or other arbitrary changes, can cause some features of the
response function to change drastically, and it is often difficult to decide which of
several response functions is the "best" one. The correlation function may be a helpful
standard in this respect.

CONCLUSIONS AND RECOMMENDATIONS
1. The correlation function is a useful indicator of the variables that significantly
affect radial growth of trees. The correlation functions compare well with response
functions at a general level of focus but often do not at higher levels of detail. No
consistency was found in the differences between correlation functions and their
associated response functions.
2. For a given ring -width chronology, differences between response functions, or
between response functions and the correlation function, did not seem to occur selectively at either the endpoints or the middle. Examples of such inconsistencies can be
found in all segments of the response function. Only one good example of the rumored
"endpoint effect" occurred in all the cases studied.
3. Inclusion of high -order eigenvectors in the response function may either increase
or decrease its fidelity, or have both effects on different portions of the response function, as occurred for the Shawangunk Mountains white pine chronology (Figure 3). If

high -order eigenvectors are allowed to enter the response function, their effects should
be interpreted cautiously, and we recommend comparison with the correlation function as one method for deciding whether inclusion of the high -order eigenvectors was
justified.
4.

The effect of prior growth variables should be analyzed separately from the

response function. Statistically significant climatic effects can be mistakenly attributed
to prior growth.
5. We recommend publishing the correlation function instead of, or in addition to, a

response function. Correlation functions are more easily understood, easier to
replicate, and harder to alter subjectively than are response functions.
6. Statistically significant relationships between monthly climatic variables and tree
growth were indicated in response functions more than three times as frequently as in
correlation functions. This striking disparity may be partly attributable to differences
in the validity of the significance tests as applied to the elements of the correlation and
response functions. It may also be partly due to the screening procedure inherent in
calculating the response function.
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AN IMPROVED ALGORITHM FOR CROSSDATING TREE -RING
SERIES
MARTIN A. R. MUNRO
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Belfast, Northern Ireland
ABSTRACT
The CROS algorithm for crossdating tree -ring series has proved useful. Because it
uses Student's t to test correlations which are not independent between autocorrelated
tree -ring series, it does not give a good measure of the relative significance of high
correlations. It can be improved by transforming the correlation coefficients to
normally distributed values, and giving a conservative estimate of the significance of
the highest of these by a revised t, derived from its studentized deviation from the

mean value. The improved algorithm should help any dendrochronologist who
routinely dates oak timbers.
Der CROS- Algorithmus zum wechselseitigen Vergleich von Jahrringfolgen hat
sich bewährt. Er benutzt den t- Wert von Student zur Prüfung von Korrelationen. Da
diese aber bei autokorrelierten Jahrringfolgen nicht voneinander unabhängig sind,

stellt der t -Wert kein gutes Signifikanzmaß für hohe Korrelationen dar. Eine
Verbesserung wird durch die Transformation der Korrelationskoeffizienten in
normalverteilte Wert erreicht. Danach ist eine konservative Signifikanzschätzung für
die größten Korrelationskoeffizienten möglich, und zwar mit Hilfe eines modifizierten
t- Wertes, der sich von seiner nach Student bestimmten Abweichung vom Mittelwert
ableitet. Dieser verbesserte Algorithmus ist hilfreich bei der routinemäßigen
Datierung von Eichenhölzern.

L'utilisation de l'algorithme "CROS" pour interdater des séries
dendrochronologiques a été prouvée. En utilisant le test "t" de Student pour estimer
des corrélations qui ne sont pas indépendantes en raison de l'autocorrélation existant
entre les séries de cernes, cet algorithme ne donne pas une bonne mesure de la
signification relative des corrélations élevées. Il peut être amélioré par transformation
des coefficients de corrélation en valeurs distribuées normalement et en donnant une

première approximation de la signification de la plus élevée de ces valeurs, par
l'utilisation d'un "t" revisé. Ce dernier est dérivé d'après sa déviation "studentized" de
la valeur moyenne. L'algorithme alélioré devrait aider les dendrochronologues qui
datent en routine des poutres de chêne.

INTRODUCTION
The CROS algorithm was first published over ten years ago (Baillie and Pilcher
1973), and has been widely used by dendrochronologists working with oak and other
species that do not commonly have missing or multiple rings. The algorithm is now
used in BASIC programs for crossdating on microcomputers as well as in several

variants of the FORTRAN program which appeared in the original publication.
Several people have pointed out defects in it (Barefoot and others 1978; Orton 1983;
Steward 1983), but no one has yet produced a revised version for general use.
No current algorithm, whether encoded in a computer program or in some other

form, can supplant the trained dendrochronologist in the crossdating of tree -ring
series. This point has to be made clear at the outset, because an algorithm that could

by any unskilled person and produce the same results as a
dendrochronologist would be very different from one that is merely a check on other
methods of crossdating or a data -reduction tool.
be applied
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Baillie (1982:85) has described how the results from a crossdating algorithm should
be used in conjunction with other methods - the graphs of the two series should also be
compared by eye, and further series should be crossdated with them to replicate the
original results. Ideally there should be a range of different algorithms available to the
dendrochronologist, ranging from ones that could be used to check large numbers of
tree -ring series quickly to those that would take much longer to check (particularly
important series) in a way that would give a more accurate result. Both the original
version of CROS and the version described here fall into the former category of rapid
data -screening algorithms. Neither of them will crossdate series much less than 100

years long, and neither will crossdate series from areas which are far apart, or
separated from each other by natural boundaries such as mountain ranges.

DATA TRANSFORMATION
Raw tree ring series do not lend themselves to crossdating, except in the case of
people comparing graphs by eye. While several methods of transforming them can
lead to better results, an inappropriate method can give dates that are not only wrong,
but also seem to be supported at high levels of significance by several statistical tests.
The best methods are undoubtably those that fit some kind of autoregressive (AR) or
moving- average (MA) model to the series and then use the residuals from the model
for crossdating. For example Laxton and Litton (1983) fit AR models, minimizing the
value of Akaike's information criterion to determine the order parameter to use, and
Steward (1983) fits ARIMA models, determining the parameters by a variety of
criteria. These methods can be justified by the theory of the processes leading to variations in ring width (Fritts 1976:26), but unfortunately require a large amount of computation if they are to be sure of fitting the best model. On the other hand if the
crossdating uses residuals from a running mean (such as the five year mean in the
original CROS program) not much extra computation is needed. But it will be less

justified on theoretical grounds, and may distort cyclic trends in the original
series -for example a five year running mean will tend to enhance cycles with periods
between 5 and 2.5 years. The best compromise seems to be to generalize the running
mean into a symmetrical nonrecursive digital filter:

+m
al = E wkai + k
k= -m
where a0,a
an_1 are the logarithms of the original series, the corresponding á
values are the transformed indices, and w_m, wl
.... w0, ... wm are the weights

of the filter, with w = w

1.

Much has been written on filters of this kind (e.g.

Hamming 1977), and they have already been applied to tree -ring series (LaMarche
and Fritts 1972; Hughes et al. 1978; Guiot et al. 1982; Briffa et al. 1983), but it is
important to bear in mind that filters constructed for other purposes (such as den droclimatology) will not necessarily be the best ones to use for crossdating problems. I
have tested several different transformation methods by using them to process groups
of series whose relative ages are known, then crossdating every pair of series that is
known to overlap in time to see which method produces the maximum number of correct datings. Such tests show filters can produce better results than either the method
used in the original CROS program, or the differencing of logarithmically transformed series recommended by Hollstein (1980) and Steward (1983).
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A good filter will obviously emulate other techniques (such as the fitting of splines
or polynomials (e.g. Graybill (1982)) in removing long -term trends from the series
(such as those due to the growth of individual trees and varying competition within
stands). Experiments show that if the filters are more effective than the other techniques in removing low- frequency information from the series, the resulting datings will
be improved, particularly in cases where the master chronologies used are based on
simple averages of the raw ring -width series rather than indices. The autocorrelation
functions of three such chronologies (Figure 1) have peaks and troughs at several different lags, and it is hardly surprising that two of them (Figure 1 a and b) crossdated
correctly only when oscillations with periods of twelve years or longer were removed.
Chronologies such as these are unfortunately in common use for archaeological dating
applications in Britain and Ireland, so this is far from being an isolated bad example.
Moreover, even in cases where the chronologies have used polynomial indexing
methods it may be worthwhile discarding more of the low frequencies. One can
demonstrate this using the seven index chronologies given by Baillie (1973), Filcher
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Figure 1. Autocorrelation functions of some master chronologies.
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(1976), and Pilcher and Baillie (1980), which are now deposited in the International
Tree Ring Data Bank. If one truncates these to the period 1850 -1969 and crossdates
every pair of chronologies, one gets a greater number of correct datings after discard-

ing frequencies with a period greater than or equal to twelve years than with the
original chronologies.
If the filter removes too much low frequency information the dating will again suffer, and since the removal of information is equivalent to a reduction in the degrees of
freedom of the series, statistical tests may give a spurious significance to these incorrect
datings. In a test of three filters, arranged so that they removed periods of over eight,
nine and ten years respectively, on the dating of all 120 possible pairs of 16 samples
from the beginning of the subfossil oak chronology from Swan Carr in the north of
England (M.G.L. Baillie, unpublished data), the filter that removed periods of over
ten years gave rise to the best datings, both in terms of the number of correct datings
and the significance levels for these (see Tables 1 and 2). Figure 2d shows the transfer

function for this filter: tests show that for crossdating purposes filters such as this,
which have good spectral properties (in the sense of having narrow transition bands
and no large ripples in their transfer functions), seem to be better than filters that have
good statistical properties (such as the Gaussian tapered filters used by Briffa et al.
(1983)).
Table 1. Weights for three filters.
Weight
number

Cutoff period (years)
10

8

9

w0

0.200000

0.222222

0.250000

w1

0.183152

0.200291

0.220333

w2

0.138929

0.143860

0.146079

w3

0.083054

0.075628

0.061750

w4

0.032927

0.019160

0.000000

5
w6

0.00000

-0.012451

-0.025742

-0.013667

-0.020137

-0.023252

w7

-0.013569

-0.014051

-0.010089

w8

-0.007808

-0.005277

0.000000

w9

-0.002515

0.000000

0.003025

w10

0.000000

0.001213

w1

0.000340

0.000569

w

0.001888
.

0.000409

Table 2. Percentages of correct datings produced by using the three filters on 16 ring -width series from sub -fossil oaks from Swan Carr,
England.

Cutoff period (years)
10

(number)

67.7%
(61)

9

8

63.3%
(57)

60.0%
(54)

The definition of the filtering method given above mentions a logarithmic
transformation. Both Hollstein (1980:14 -15) and the original version of CROS use
this, which can be justified to a certain extent by the improvements it brings to the
dating, and by the way it tends to bring the distribution of the ring widths closer to a

normal distribution; but that is not to say that it produces normally distributed
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indices. For example if one tests the logarithms of the raw ring widths of the 16
samples from Swan Carr using Lilliefors' modification of the Kolmogorov - Smirnov test
(Rohlf and Sokal 1981, Table 33), only 4 of the samples show no significant departures

from normality (P > 0.05).

1.0

0.8
0.6

04
0.2

0.0

-0.2

00

6

5

4

2

period in years
a. 5 -year running mean

1.0

0.8
0.6
0.4

0.2

0.0
0.2

00

20

101 8

6

5

4

2

period in years
b. 13 -term Gaussian tapered filter

Figure 2. Transfer functions for various methods of smoothing series, plotted
against a linear frequency scale: the method used in the original CROS algorithm
gives 2a, 2c is from the "low -A" filter from LaMarche and Fritts (1972:23), and the
10 year filter from Table 1 gives 2d.
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CALCULATING t VALUES

The procedure is to calculate the covariance of the two series for a particular
'overlap:

k-1

sab = (

ai+Xbj+),) / (k - 1)
>` =

where a0, al, ... an_1 and b0, b1, ... bm I are the two series of indices, with n >_ m;
i and j indicate the start of the overlap interval in the a and b series respectively, with
0 <_ i < n and 0 <_ j < m, and k is the length of the interval, where <_ k and (i = 0 and
j = m -k) or (j= 0 and ((i= n -k) or (i <_ n -k and k = m))).
If we repeat this for all i, j, and k values that obey these relations we get a total of
1 + n + m - 2µ covariance values, from which we can calculate t values:

t = (k - 3)1/2 (tanh-'(sab / sasb))
There are several differences between this and the formula used in the original version
of CROS. By assuming that the minimum number of years of overlap, µ, is not less
than 60 we can use Fisher's z transformation to produce t values with oo degrees of

freedom, i.e. values that should be distributed normally. In addition the sa and sb
values used to standardize the covariance are the standard deviations of the a and b
series over the same intervals used to calculate the covariance. The original version did

not use these standard deviations, but values derived from the deviations from the
means of the entire series rather than of the intervals over which they were calculated.
This is the feature of the original algorithm which Baillie refers to (1982:84) when saying that it produces a "maximized t," but the two methods will produce similar results
if >_ 60 and the series have been through a high pass filter, and if the filter lets
through some of the low frequencies the new version should produce more sensible
results. Steward (1983) has also recommended these changes to the original method.

SIGNIFICANCE PROBABILITIES
The t values produced in this way will be very similar to those from the original version of CROS, and will suffer from many of the same defects, the most severe of which
is that they cannot be compared with tables of the quantiles of too to give significance
probabilities. Orton (1983) has pointed out that if one of the t values is greater than a
value of tea from the table, the significance probability should not be a but I -

(1 - a)N, where N = 1 + n + m - 2µ (i.e. the total number oft values calculated). He
also suggests that if the t values are ranked in ascending order t1, t2 ... tN then the

difference between the highest two values, tN - tN_1, can be used to test the
significance of the highest, TN. Unfortunately both these methods will work only if the
t values from non -matching positions are distributed as too , but empirical tests show
that they are not. For example, of the 16 series from Swan Carr that were used to test
the data transformation methods, 30 pairs did not overlap in time, and so the distributions of t values from crossdatings of these pairs were examples of the distributions
from non -matching positions. The standard deviations of these distributions, st, were
greater than 1.00 for 28 of the pairs, and significantly greater for 23 of these (P < 0.05

for a X2 test on (N - 1) 4 for the pair).
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One way round this difficulty is to follow Laxton and Litton (1982) or Steward
(1983) and use simulations of the series. If one uses random numbers to generate many
different series that share autocorrelation or spectral properties with the series being

dated, then the frequency with which t values as high as the one observed in the
crossdating of the real series turn up in the crossdatings of the simulated series gives a
measure of the significance of the observed value. The disadvantage of this method is
that, as in the case of autoregressive model fitting, it needs large amounts of computation to be sure of producing a good result.
However there is another approach, which does not need so much computation,
but still produces good results. If we consider the distribution of t values from non matching positions to be normally distributed, but with an unknown mean and standard deviation, and the t value from the matching position (if it exists) to be from a
different normal distribution with a higher mean, then we are dealing with a slippage
model which forms the basis of many outlier tests. The best of these, in the sense of
being the maximum likelihood ratio test statistic under this model (Barnett and Lewis
1978; Hawkins 1980), uses the studentized deviation of the maximum t value from the
mean of all the values:

TN = (tN - t ) / st
It has a long history of use as an outlier test (Pearson and Chandra Sekar 1936), and
there are tables of the fractiles of its distribution (Grubbs and Beck 1972). For values
of N > 147 there are no tables available, but if we evaluate

t = ((N(N - 2) TÑ) / ((N - 1)2 - NTÑ))1/2

we can use t to produce an reasonable approximation to the true significance
probability for TN. If we call this probability a, then it is given by the following
inequality:

a <_ N Pr(tN-2 > t)
(Barnett and Lewis 1979:106), where tN_2 is the Student's t distribution with N -2
degrees of freedom. So we are again using the t distribution to approximate the
significance of the best matching position of the two series, but the E value should not
be confused with the t values calculated directly from the covariances, and in nearly
all cases it will be less than the highest t value. Moses (1978) has published charts that
give significance probabilities for 2 <_ í <_ 7, intended for use with the Bonferroni t
statistic in several related applications. Although significance probabilities produced
by way of only give an upper bound on the true values, the cases where one can compare them with those given by Grubbs and Beck (1972) show that this is not an
excessive upper bound.
The disadvantage of this approach is that it relies on the normality of the two
hypothetical distributions of t values, and small departures from normality can have
an adverse effect on statistics of this kind (Hawkins 1980:40). For example if two series

did match at a particular position, autocorrelation effects might distort the distribution of t values from the other (non- matching) positions. However in practice it seems
to be reasonably robust, and the significance probabilities it produces are only slightly
conservative.
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COMPUTATION
We can avoid re- calculating the standard deviations of the two series for each new

overlap between them by using a stable updating method to derive new standard
deviations from ones at a previous position of overlap: Welford (1962) gives a method
of updating the sum of squares; Hanson (1975) and Cotton (1975) give methods based
on manipulating the standard deviations directly. Alternatively we can keep a separate

record of Ea and Ea2 for each series, which get updated at each new position and
from which the standard deviation is calculated. These sums are best represented as
fixed point numbers, with no rounding errors, but the summation formula of Kahan
(1965, 1972) can be used for normalized floating point numbers if this is impossible
(and also simplifies calculating s2 from the t values). Updating will involve at most
adding one value and subtracting another (if the new overlap position does not change
k, the length of the overlap interval) and only a subtraction will be necessary in many
cases (if k decreases), provided the starts of the overlap interval in the two series (i and

j) are never advanced more than a year at a time.
We can completely eliminate the use of tables and charts by calculating the final
probability directly from L. All that is needed is a function that will give the probability integral for Student's t, such as the amended version of the algorithm devised by
Hill (1970, 1981).
The best method of calculating the covariances of the series does not involve computing them separately using the sums of products for each overlap position, but pro-

duces a vector containing all the covariances indirectly using the discrete Fourier
transforms of the series (Brigham, 1974): these can also simplify the initial filtering
operation. At Belfast we still do not have an efficient implementation of the Fourier
transform method, but an experimental program that implements the improved
algorithm, calculates the standard deviations by a stable updating method, and which
calculates the covariances directly from sums of products runs in less than a quarter of
the time taken by a comparable program using the original CROS algorithm, when
they are compared on an Apple IIe. Copies of this program, which is called Cross84,
are available from the Palaeoecology Centre, Queen's University of Belfast.

SUMMARY OF PROCEDURES
(1)
(2)

(3)
(4)

(5)
(6)
(7)
(8)

Take the logarithms of the original series.
Use a high pass filter with good spectral properties to remove the low frequencies. A filter that removes frequencies with periods greater than ten years seems
to give the best results: try experimenting with others if this does not work.
Calculate the covariances of the transformed series for every overlap longer than
ca. 60 years.
Produce correlation coefficients by standardizing the covariances, using the
standard deviations of the two series over the overlap interval. Use a stable
updating method to avoid recalculating the means and standard deviations for
each overlap.
Use Fisher's z transformation on the correlation coefficients to produce t values.
Find the mean and standard deviation of the t values.
Divide the maximum deviation from the mean by the standard deviation to give
an outlier statistic.
Estimate the significance probability of this by using tables or a Bonferroni t
statistic.
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ABSTRACT

This paper is concerned with examining the degree of correlation between
monthly climatic variables (multicollinearity) within data sets selected for their high
quality. Various methods of describing the degree of multicollinearity are discussed
and subsequently applied to different combinations of climate data within each site.
The results indicate that higher degrees of multicollinearity occur in shorter data
sets. Data consisting of 12 monthly variables of a single parameter (temperature or
precipitation) have very low degrees of multicollinearity. Data set combinations of two
parameters and lagged variables, as commonly used in tree -ring response function

analysis, can have significant degrees of multicollinearity. If no preventative or
corrective measures are taken when using such multicollinear data, erroneous
interpretations of regression results may occur.

Der vorliegende Beitrag befaßt sich mit der Prüfung des Korrelationsgrades
(Multikollinearität) zwischen monatlichen Klimawerten innerhalb eines Datensatzes.
Es werden unterschiedliche Verfahren zur Beschreibung des Multikollinearitätsgrades

diskutiert und anschliessend auf verschiedene Kombinationen von Klimadaten
innerhalb eines Standortes angewandt.
Die Ergebnisse zeigen, daß in kürzeren Datenreihen höhere Kollinearitätsgrade
vorliegen. Die 12 Monatswerte eines einzigen Parameters (Temperatur oder

Niederschlag) weisen eine sehr geringe Multikollinearität auf. Datenkombinationen

aus zwei Parametern und Variablen in Phasenverschiebung, wie dies in der
Responsefunktionsanalyse allgemein üblich ist, können signifikante Multikollinearitätsgrade besitzen. Falls bei Benutzung multikollinearer Daten keine vorbeugenden
oder korrektiven Gegenmaßnahmen getroffen werden, können Regressionsergebnisse
falsch interpretiert werden.

Cet article concerne l'étude du degré de corrélation existant entre des variables
climatiques mensuelles (multicollinéarité) au sein de séries choisies pour leur qualité
élevée. Plusieurs méthodes utilisées pour décrire le degré de multicollinéarité sont

soumises à discussion puis appliquées à différentes combinaisons des données
climatiques au sein de chaque site.
Les résultats indiquent que des degrés de multicollinéarité plus élevés
apparaissent dans des séries de données plus courtes. Les données représentant les 12
variables mensuelles d'un paramètre isolé (température ou précipitation) ont des
degrés de multicollinéarité très bas. Les combinaisons de données formées par deux

paramètres et des variables obtenues par décalage de séries telles qu'elles sont
communément utilisées dans l'analyse des fonctions de réponse dendrochronologiques
peuvent avoir des degrés significatifs de multicollinéarité. Si des mesures préventives
ou corrections ne sont pas prises lors de l'utilisation de telles données multicollinéaires,
on peut aboutir à des interprétations erronées des résultats obtenus par le calcul des
régressions.

INTRODUCTION
Dendrochronologists are becoming more aware of possible statistical problems
associated with the processes of calibration and prediction of tree -ring data. Potential
problems exist in the basic techniques of tree -ring analysis such as indexing of tree ring series, calculation of response functions, calibration against climatic series and

reconstruction (or prediction, in the statistical sense) of past climatic events. The
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problems can be divided into three general categories: (a) those within the tree -ring

data (b) those within the climatic data and (c) interaction between tree data and
climate data. Investigation by Cook and Peters (1981) on the use of cubic -spline curve

fitting for standardization, and by Meko (1981) on the use of ARMA modeling
techniques are primarily aimed at problems within the tree -ring data. Fritts (1976) has
used principal components and cannonical regression techniques for calibration and

climatic reconstruction in an attempt to minimize problems associated with
interaction between tree and climate data. Little research has been aimed at problems
within the climate data alone.
When data are used in a regression analysis, the presence of multicollinearity (correlations among the independent variables) can have many consequences. Johnston
(1972, p160) lists the main consequences of multicollinearity in a regression analysis
as: (1) loss of precision of the estimates (2) incorrect rejection of variables (3) overly

sensitive estimates to particular data sets. This can result in incorrect regression
weights (and subsequent interpretations), and unstable regression equations leading to
poor quality reconstructions.
The purpose of this study is to investigate to what extent there is any correlation
among climatic variables from western North America meteorological stations and
hypothesize how this may affect the results of any subsequent multivariate analysis.

CHOICE OF CLIMATE DATA SET.
The data set used in this study is a subset of quality- tested data available from
North America. Originally 167 meteorological station records were evaluated for the
coherency of their temperature and precipitation records (DeWitt 1978). Data grids of

temperature and precipitation stations were developed as a result of the above
analysis. From two of these quality- tested data grids a subset of 32 stations from
western North America consisting of stations that had both temperature (46 -grid) and
precipitation (52 -grid) records (DeWitt 1978) was selected (Table 1, Figure 1). In this
way, each of the available 32 climatic data sets contained quality- tested data for both
the temperature and precipitation variables. In addition to the selected stations from
western North American, data from a meteorological station used for an unpublished

comparison of response function programs (Wigley and Lough 1981) were also
included for analysis (these data have been called "Norwich" data).
MEASURES OF MULTICOLLINEARITY
The use and interpretation of a multiple regression model often depend explicitly
or implicitly on the estimates of the individual regression coefficients. If there is no
linear relationship between the regressors, they are said to be orthogonal. When the
regressors are orthogonal, it is relatively easy to make inferences that identify the
relative effects of the regressor variables, or to select an appropriate set of variables for
the model (Montgomery and Peck 1982, p287). In some situations the regressors are
nearly perfectly linearly related, and in such cases the inferences based on the multiple
regression model can be misleading or erroneous. How misleading the results are
depends to a large degree on the severity of the multicollinearity.
Several techniques have been proposed for detecting multicollinearity, but little or
no work has been done concerning critical levels for each technique. The desirable
characteristics of a diagnostic procedure are that it directly reflect the degree of the
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multicollinearity problem and provides information helpful in determining which
regressors are involved.
fable 1. Names of Climatic Data Stations Analysed.
Map No.
1

2

3
4
5
6
7

8
9
10
11

12
13
14
15
16
17
18
19

20
21

22
23
24
25
26
27
28
29
30
31

32

Name

FLAGSTAFF, Arizona
PHOENIX, Arizona
TUCSON, Arizona
YUMA WSO AP, Arizona
EUREKA, California
NEEDLES FAA AIRPORT, California
RED BLUFF, California
RIVERSIDE, California
SACRAMENTO, California
SAN DIEGO, California
VISALIA, California
CANON CITY, Colorado
GRAND JUNCTION, Colorado
TRINIDAD, Colorado
BOISE, Idaho
HAVRE, Montana
HELENA, Montana
KALISPELL, Montana
ELKO FAA AP, Nevada
RENO, Nevada
ROSWELL, New Mexico
BAKER KBKR, Oregon
ROSEBURG, Oregon
RAPID CITY, S. Dakota
AMARILLO, Texas
EL PASO, Texas
PAROWAN, Utah
ABERDEEN, Washington
YELLOWSTONE PARK, Wyoming
BANFF, Alberta
CALGARY, Alberta
KAMLOOPS, British Columbia
NORWICH data, England

ID

00223010
00266481
00278815
00259660
0041 2910
004761 18
00427292

00467470
00427633
00467740
00459367
0051 1294
00523488B

00518429
01051002
02433996
02444055B
02414558
02622573
02616779
02977610
03580417
03537331
03956937
04110211
04152797
04246686
04510000B
04819905B
06150520
06131 101

06263779
Not available

A very simple measure of multicollinearity is obtained by inspection of the off diagonal elements in the XX correlation matrix (a matrix used in deriving regression
coefficients) (see Draper and Smith 1981 p74). If two regressors are nearly linearly
dependent then the degree of correlation between them will be near unity. Examining
the simple correlation between the regressors is helpful in determining near linear
dependency between pairs of regressors only. When more than two regressors are
involved in a near linear dependency, there is no assurance that any of the pairwise
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correlations will be large. Thus, although this is a very simple technique, inspection of
the pairwise correlations is generally not sufficient for detecting anything more complex than pairwise multicollinearity.
If any multicollinearity exists within the XX correlation matrix it results in large
values along the diagonal of the inverse XX matrix. Since the diagonal of this inverse
is used to determine the variance of individual regression coefficients we can view the
diagonal as a series of factors by which the variances of the estimated regression coefficients are increased due to near linear dependencies among the regressors. Marquardt
(1970) has called these diagonal elements the "Variance Inflation Factors" (VIF). The
VIF for each term in the model measures the combined effect of the dependencies
among the regressors on the variance of that term. One or more large VIF's indicate
multicollinearity. Practical experience indicates that if any of the VIF's exceed 5 or 10,
it is an indication that the associated regression coefficients are poorly estimated

because of multicollinearity (Montgomery and Peck 1982, p300). The largest VIF can
be used as an indication of the degree of multicollinearity in a particular data set.
The characteristic roots (eigenvalues) of XX can be used to measure the extent of
multicollinearity in the data. If there are one or more near linear dependencies in the
data, then one or more of the characteristic roots will be small.
Some analysts ( Casella 1977, Faden 1978) prefer to use the condition number of
XX, defined as the ratio of the maximum to minimum eigenvalue, as a measure of the
degree of multicollinearity. Faden (1978) considered a condition number of 40 to indicate low multicollinearity and any value above 1000 to indicate serious
multicollinearity. Montgomery and Peck (1982, p301) indicate that if the condition
number is less than 100 there is no serious problem with multicollinearity. Condition
numbers between 100 and 1000 imply moderate to strong multicollinearity and if the
number exceed 1000 then severe multicollinearity is indicated.
Another measure of the degree of multicollinearity, used by Hoerl and Kennard
(1970, p70), is the sum of the reciprocals of the eigenvalues of the XX correlation

matrix. In a 10 variable example they considered a sum of 33.8 to indicate a large
number of significant interfactorial correlations. When this value is divided by the
number of variables in the problem it indicates how many more times larger the
variances of the regression coefficients are than they would be for an orthogonal
system. This measure has many similarities to the VIF discussed earlier, in fact the
sum of all the VIF's for a problem equals the sum of the reciprocals of the eigenvalues.
In addition to the above statistics, which describe the amount of inflation caused
by linear associations within the data set, another measure of multicollinearity is the
determinant of the XX correlation matrix. The determinant of a matrix is computed
during the process of matrix inversion. If the matrix were "singular" then there would

be high multicollinearity, the determinant would equal zero and no inverse would
exist. Compared to the above mentioned statistics, the determinant is a poor measure
because it gives little information that can be interpreted directly in respect to the
estimates of the regressors or their variances.

DEGREE OF MULTICOLLINEARITY IN DATA
In evaluating the set of climatic data, the measures of Hoerl (sum of reciprocal
eigenvalues), Marquardt (VIF) and Faden (condition number) were used in addition
to the matrix determinant. For although the first three statistics are closely related
they do measure slightly different aspects of the data.
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Each of the 32 western North American climatic data sets, plus the Norwich data,
were arranged into 12 configurations (6 mixtures each for 2 time periods) prior to their
evaluation for degree of multicollinearity. The different configurations are:
i

ii
iii
iv
v
vi

12 months (prior September to August) of temperature
12 months (prior September to August) of precipitation
15 months (prior June to August) of temperature
15 months (prior June to August) of precipitation
12 months of temperature PLUS 12 months of precipitation
15 months of temperature PLUS 15 months of precipitation

The data were analysed for the maximum record length available for a site and
also for a common record length of the most recent 58 years.
Table 2. Summary of Multicollinearity Results for 58 Year Data Sets.
DATA SET

HOERL

VIF

DET XX

FADEN

3.614
1.346
2.268

.003522
.268423
.264901

26.295
14.972
11.323

39.198
5.044
24.154

2.179

0.918

.149778
.394121
.244343

17.096
14.123
2.973

9.314
3.920
5.494

4.195
1.438
2.757

.000257
.128634
.128377

37.985

51.670
6.820
44.850

3.560
1.429

24.181
18.843
5.338

16.946
4.695

2.131

.052909
.195787
.142878

5.093
2.306
2.787

.000010
.000953
.000943

61.159
44.327
16.832

50.310
17.013
33.297

7.794
3.012
4.782

.000000
.000016
.000016

98.681
65.313

119.644
34.292
85.352

Temperature 12 months
MAX
MIN
RANGE

Precipitation 12 months
MAX
MIN
RANGE

1.261

Temperature 15 months
MAX
MIN
RANGE

19.851

18.134

Precipitation 15 months
MAX
MIN
RANGE

12.251

Temp & Prec 24 months
MAX
MIN
RANGE

Temp & Prec 30 months
MAX
MIN
RANGE

33.368
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The results of the multicollinearity test showed that, in nearly all cases, the full
time - period data sets were less nearly collinear than their 58 year abbreviated sets. The
full time periods ranged from 59 years for the Norwich data to 129 years for the San
Diego record. The range of years involved in the full data analyses does not allow easy
valid site -to -site comparisons of the multicollinearity results. For the 58 year data sets a

summary analysis (Table 2) indicates that the 12 month precipitation data set is the
Table 3. Multicollinearity Data:
58 Year, 30 Months (15 Temperature & 15 Precipitation)
LOCATION

FLAGSTAFF, Arizona
PHOENIX, Arizona
TUCSON, Arizona
YUMA WSO AP, Arizona
EUREKA, California
NEEDLES FAA, California
RED BLUFF, California
RIVERSIDE FIRE, California
SACRAMENTO, California
SAN DIEGO, California
VISALIA, California
CANON CITY, Colorado
GRAND JUNCTION, Colorado
TRINIDAD, Colorado
BOISE, Idaho
HAVRE, Montana
HELENA, Montana
KALISPELL, Montana
ELKO FAA AP, Nevada
RENO, Nevada
ROSWELL, New Mexico
BAKER KBKR, Oregon
ROSEBURG, Oregon
RAPID CITY, South Dakota
AMARILLO, Texas
EL PASO, Texas
PAROWAN, Utah
ABERDEEN, Washington
YELLOWSTONE PARK, WY
BANFF, Alberta
CALGARY, Alberta
KAMLOOPS, B. C.
NORWICH DATA, England

VIF

4.3
4.7
4.1

3.6

7.7*
3.3
3.6
3.4
3.4

6.5*
7.8*
4.1

3.6
4.2
3.5
3.8
5.0*
3.0
3.7

6.0*
4.6
3.9
3.6
3.3
4.3

5.6*
4.7
4.1

3.8
4.1

5.6*
4.5
6.1 *

* indicates value greater than warning level.

DET X X

.000003
.000000*
.000000*
.000003
.000001
.000007
.000002
.000016
.000006
.000000*
.000001
.000004
.000005
.000002
.000016
.000002
.000000*
.000009
.000005
.000002
.000000*
.000013
.000009
.000010
.000000*
.000002
.000001
.000001
.000010
.000002
.000000*
.000001
.000003

HOERL

77.3
81.3
84.6
75.6
82.5
74.4
76.3
65.3
70.4

98.7*
85.7
72.5
74.4
78.5
67.7
78.3

90.5*
68.2
73.8
77.0
83.4
71.0
68.8
70.3
86.1

77.9
80.5
78.4
73.0
81.9

91.3*
80.1

78.2

FADEN

49.1
54.1

64.8
49.0
66.2
36.9
39.3
34.3
35.2
119.6*
64.8
35.7
42.6
42.7
35.4
40.8
45.7
36.4
51 .8

62.1
62.1

45.2
35.8
43.6
62.8
48.0
59.2
44.5
37.4
45.3
70.5
37.7
38.6
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most stable (values for all statistics closest to 1.0) and has the smallest range of values
for most of the statistics. This stability is not unexpected due to the observed lack of
coherency among different months of precipitation data. There is little difference

among the remaining single -parameter data sets, with only slight increases in
multicollinearity from precipitation data to temperature data and from 12 to 15
variable sets (Cropper 1984). The most seriously multicollinear data are to be found in
the 30- variable mixed temperature and precipitation data sets. In this configuration
there are 8 sites, out of the 33 tested, that have VIF scores of 5.0 or greater, 7 sites with
matrix determinants less than 0.0000005. Three sites have values for the Hoerl statistic
greater than 90.0 (3.0 * 30 variables) and one site had a value for the Faden statistic
greater than 100.0 (Table 3). Thus, of the 33 data sets tested 12 yielded

multicollinearity warnings from at least one evaluation criterion and three yielded
multiple warnings.
The most commonly used data mixes in tree -ring response function analysis
include from 28 to 32 variables distributed equally between the two variables of
temperature and precipitation. Therefore these response function analyses would be
most susceptible to the problems of multicollinearity.
CONCLUSIONS

The tests described above indicate that, depending upon the amount and type of
mixing of the data, the degree of multicollinearity can increase many fold. In all cases
when a calendar year of a single variable type (temperature or precipitation) is used,
the degree of multicollinearity is minimal and should have little effect on subsequent
analyses. When two variable types are used together and lagging within the variables is

also included there is a potential of larger, possibly serious, degrees of multicollinearity.
Depending upon the purpose of the multivariate analysis that is using the climatic

data, the effects of multicollinearity have varying impacts. Montgomery and Peck
(1982) indicate that predictive models are little affected, but that the estimates of the

individual regression weights (as in response functions) are much affected by
multicollinearity. Thus if the aim (or sideline) of this analysis is to indicate which of

the input variables is most important in affecting tree growth and the degree of
multicollinearity within the independent data is not taken into account, then there is a
possibility that the interpretation could be in error.
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USEFULNESS OF ANNUAL GROWTH RINGS OF CYPRESS TREES
(TAXODIUM DISTICHUM) FOR IMPACT ANALYSIS
KATHERINE CARTER EWEL AND LAURIE A. PARENDES
School of Forest Resources and Conservation
University of Florida
Gainesville, Florida
ABSTRACT

Because of the propensity of cypress trees ( Taxodium distichum) to form false or
incomplete annual rings, the use of their growth rings for impact analysis is limited.

However, the error associated with reading growth rings can be estimated by
comparing two cores from the same tree, and the error inherent in a single core can be
reduced by averaging the growth estimate over 6 -10 years.

INTRODUCTION
Interest in protecting the integrity of remaining wetlands in the United States has
sparked considerable research into the impact of different land use practices in and
around wetlands. Both bottomland hardwood swamps and cypress (Taxodium)
swamps have been identified as important units in the Atlantic and Gulf coastal plains
(e.g., Clark and Benforado 1981, Ewel and Odum 1984). One method for evaluating
impacts of such practices as changes in duration of flooding and nutrient enrichment
has been analysis of tree growth patterns (e.g., Nessel et al. 1982, Marois and Ewel
1983, Lemlich and Ewel 1984).
Dendrochronology is the association of annual growth layers in trees with specific
calendar years (Fritts 1976). This produces histories of tree growth rates and has been

used in a variety of studies of climatic and environmental impacts, such as
determining paleoclimatic trends (e.g., Duvik and Blasing 1981), reconstructing river

flow and flooding histories (e.g., Wendland and Watson- Stegner 1983), and
evaluating effects of insect defoliation (e.g., Brubaker 1978). At least 35 genera
contain one or more species whose annual rings are suitable for constructing
dendrochronologies (Fritts 1976). Most of these trees are useful primarily in more arid
portions of their ranges, where individuals are more likely to show a dramatic response

to change in moisture availability. Consequently, most of the North American
dendrochronological work to date has been done in the Southwest. Although
dendrochronologies of trees in the eastern United States, and specifically in wetlands,

are being constructed, they appear to be less reliable because of the difficulty of
selecting trees that are sensitive to one climatic variable (viz., Phipps 1982).
Taxodium is a common tree in eastern swamps, and has been used for several
recent growth rate analyses. Two species are currently recognized in North America,
but only one, Taxodium distichum, baldcypress, is common in the United States. It is
relatively slow - growing and is found most frequently in river swamps and lake fringes.
It grows in the Atlantic and Gulf coastal plains, extending north to Delaware and
southern Illinois and Indiana, and west to central Texas (Little 1978). One variety is
commonly recognized: T. distichum var. nutans, or pondcypress, which grows more
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slowly than baldcypress and is common in stillwater swamps. It extends northward
into southeastern Virginia and west to eastern Louisiana.

Although neither baldcypress nor pondcypress grows naturally in an arid
environment, pondcypress occurs in more marginal situations than baldcypress and is
sensitive to changes in water and nutrient inflows (e.g., Brown 1981, Nessel et al.
1982, Lemlich and Ewel 1984). Because the two intergrade extensively, both are often
simply referred to as cypress, without a variety designated. Trees that are recognizable
as pondcypress may be more suitable for growth ring analysis because they are found
in ecologically more marginal habitats.
Taxodium is not ideal for tree ring analysis because it has a tendency to form false
rings under a variety of environmental conditions (Beaufait and Nelson 1957) or to
form no ring at all on at least part of the circumference. The purpose of this paper is
to examine the limits of usefulness of cypress growth rates in evaluating changes in
swamp environments.

METHODS

Two cores were taken from each of 26 trees in a large cypress swamp in the
Withlacoochee State Forest in central Florida. The trees were the largest in a 810 -m2
plot: they ranged from 26 -47 cm dbh, and ages ranged from 58 to 113 yr. Basal area of
the plot was 53.5 m2 /ha.
The cores were mounted on wooden strips, sanded with 320 and then 400 grit
sandpaper, and polished with lamb's wool. Ring widths were measured at 25X with a
machinist's rule, and these values were converted to basal area increments in order to
reduce the variability of growth increments among trees of different ages. Annual
growth increments were log- transformed for statistical analysis, a linear equation
relating increments and years was fit to the data from each of the two cores from each
tree, and the significance of the differences between slopes and intercepts of the two
equations was determined with Student's t -test. Annual growth increments were then
averaged over 2 yr., 3 yr., and so on up to 10 yr., and linear equations from these series
were similarly tested.

RESULTS
Cypress trees grow slowly, with considerable year -to -year variation, even after
reaching 100 yr. (Figure 1). Growth rates in the study plot averaged 8.4 cm2 /yr. over
the last 50 years, and 9.0 cm2 /yr. during the most recent 10 years. The trees that were
cored averaged 85 yr. in age and ranged from 58 -113 yr. The discrepancy in apparent
age between the two cores per tree ranged from 0 -13 yr.; average discrepancy was 5.4
yr.

When log- transformed data from two cores from each tree were compared on a
year -by -year basis, 9 of the 26 differed significantly in intercept, and 7 differed in both

slope and intercept (Figure 2). As the number of years that were included in the
average increased, the number of cores that differed significantly decreased, even
though the number of points that comprised the data set decreased. Best agreement
between the sets of cores was achieved when 8 years were averaged together, although
there appears to be little difference within the 6 -10 yr. range.

Growth Rings of Cypress

N

41

14

E
O
12

w

2

cc

10

U

z
a
W

8

tr

_J

6

(.1)

4

z
w

2

1930

1940

1950

1960

1970

1980

YEAR
Figure 1. Growth rates (X ± SE) of 26 cypress trees in a central Florida swamp
over a 50 -year period.

DISCUSSION

Crossdating is the construction of a single time series from increment cores taken

from several different trees at a single site; it is basic to constructing a den drochronology. Unusually small (or large) rings that are found in approximately the
same position in cores from several trees at the same site are assumed to have been produced in the same year. If these similar rings are separated by different numbers of
rings in different cores, missing and /or false rings are assumed to be present. In
impact analysis, when the perturbation that changes the size of the ring may persist
more than one year, the size of the ring as well as the date may be important. Consequently, assuming that large or small rings are formed in the same year may bias the

results. This is particularly true with a species such as cypress, which normally
encounters a broader range of water and nutrient availablity at a site than upland
species, and may not demonstrate as dramatic a growth response to environmental
changes. For instance, the duration of flooding may exceed the duration of the rain
event. Also, a stand encounters considerable within -site variability associated with
microtopographic changes. It is therefore difficult to associate changes in growth rates
of several individuals of a wetland species with a specific time.

EWEL AND PARENDES

42

10-

Significantly different

Q intercept

Q slope
slope t intercept

I

2

3

4

5

6

7

8

9

10

DEGREE of AGGREGATION (YEARS)
Figure 2. Effect of aggregating annual growth rates on detection of significant

(P < .05) differences in growth rates between two cores taken from the same tree.
The propensity of cypress to form false rings or incomplete rings in response to a
variety of environmental conditions introduces considerable uncertainty into any den drochronology that is obtained. An alternative is to take two cores from each tree and

average the age estimates, decreasing the impact that a false or missing ring might
have on the age estimate of the tree. Another alternative is to average widths of growth
rings over several years. In this analysis, only 19% still showed significantly different
behavior when 6 -10 years were averaged together. Recommended use of cypress tree
rings for long -term impact analysis would therefore be to take only one core per tree
and to average 6 -10 years together. This method provides 80% confidence that the
results represent the true behavior of the tree.
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ABSTRACT

Populus balsamifera grows farther north than any other tree in North America.
In northern Alaska, these trees have clear annual growth rings, and reach ages over
230 years. High year -to -year variability in ring widths permitted ready crossdating. A
chronology prepared using paired cores from 16 trees exhibits mean sensitivity (0.48)
and standard deviation (0.50) values much higher than those obtained from most
conifer species in the Arctic. First order autocorrelation (0.43) is also lower than most
Arctic species. A strong correlation (r =0.47) with June temperature suggests balsam
poplar may provide a good record of growing season temperature.

INTRODUCTION
Several recent reviews of dendrochronology in the North American Arctic have

outlined the importance of tree -ring work at the northern limit of tree growth
(Cropper and Fritts 1981; Jacoby and Ulan 1981; Jacoby 1982). Climatic warming and

cooling may be more pronounced at high latitudes, and the reconstruction of
temperature shifts for these areas is important in understanding global climates (Kelly
et al. 1982). Ring -width variation in many species from the northern forests is strongly

related to temperature, and an increasing array of chronologies have contributed
valuable information on past climate over the last 400 -500 years (Jacoby 1982).
Chronologies have been produced primarily from 3 conifer species (Picea glauca,

Picea mariana, and Larix laricina) that attain ages of several hundred years, and
possess a combination of clear annual growth rings and ring -width variability that can
be correlated with climatic parameters. However, these species can be difficult to date
due to low year -to -year variation in ring widths. Furthermore, low signal -to -noise
ratios can cause problems in dendroclimatic reconstructions (Cropper and Fritts 1981;
Jacoby and Ulan 1981).

Stands of balsam popular (Populus balsamifera L.) grow on the North Slope of
Alaska, separated by over 100 km from other trees of this species on the south slopes of

the Brooks Range (Murray 1980). At latitude 69 °25'N, these are the farthest north
trees in North America, well north of the treeline as it is usually mapped. In early July
1983, we visited one of the largest of these stands to investigate its ecology and
population structure, which are documented more fully in another paper (Edwards
and Dunwiddie 1985). We describe here some dendrochronological and

46

DUNWIDDIE AND EDWARDS

dendroclimatic characteristics of this species, whose potential for tree -ring studies has
not been closely examined, but has been generally discounted (Jacoby 1982).

Figure 1. Balsam poplar stand looking west along Cache Creek.

STUDY AREA
Poplars extend for nearly 8 km in the floodplain along Cache Creek above its confluence with the Canning River at an elevation of about 400 m (Fig. 1). Trees up to 45
cm dbh and 6 -10 m tall occur in stands, or less commonly as individuals, up to 1 km
from the creek. A vertical growth form with somewhat gnarled branches is typical; we
did not observe the flagged appearance many species adopt in extreme environments.

Foliage appears healthy on most individuals, although some grazing insects were
noted. Heart rot is common, especially on older trees, which may be identified by their
deeply fissured bark (Fig. 2).
Both sexual and asexual reproduction of poplar is evident. Female catkins were

plentiful and close to maturity at the time of our visit. Abundant seedlings were
observed in open gravel on bars close to the creek, but were absent within stands.
Strong morphological similarities among trees of a single sex in localized groups
provided evidence of clonal propagation.
Although soils on the North Slope are usually saturated in summer as the surface of
the underlying permafrost melts, better drainage occurs in the sands and gravels along
rivers. No permafrost was found in a 0.5 m deep soil pit dug in the Cache Creek stand.
Climatic data are not available close to the site. Barter Island on the Arctic Ocean,
125 km to the northeast, and Barrow, 450 km to the northwest, provide the nearest
meteorological records. Annual precipitation at these stations averages from 11 -16
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cm, with a maximum in July and August. The mean July maximum temperature at
both stations is 7 °C.

Figure 2. Close -up of balsam poplar greater than 200 years old.
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METHODS
Two or 3 increment cores were collected from each of 115 trees along Cache Creek.
Cores were air dried in paper drinking straws, and returned to the dendrochrohology

laboratory at the University of Washington, where all processing and analyses were
carried out. Cores were glued into wooden mounts, surfaced with sandpaper, and
cross -dated under a dissecting microscope by the first author. Paired cores from the
oldest trees were selected for further analysis. Ring widths were measured to the
nearest 0.01 mm, and 16 trees were chosen for inclusion in the final site chronology.
These trees were of both sexes and from various areas; hence it is likely that most were
from separate clones.
A horizontal line was fitted to all ring width plots. Calculation of standardized
growth indices, compilation of the final chronology, summary statistics, and analysis
of variance were all performed using programs written at the Laboratory of Tree -Ring
Research, University of Arizona (Fritts 1976). Correlation coefficients between mean
monthly climatic data and final chronology indices were calculated using standard
statistical packages available at the University of Washington Academic Computer
Center.
Ring width measurements will be contributed to the International Tree -Ring
Data -Bank.

RESULTS AND DISCUSSION
Sound cores were obtained from 4 trees that exceeded 200 years in age. Pith dates
of A.D. 1745, 1747, and 1748 were recorded for 3 trees, and we consider it unlikely
that much older individuals would be found in this stand. Mean ring widths from
0.4 -0.5 mm /yr. were typical of most trees. Missing rings were found on many cores,
but did not exceed 3% of the total; false rings were rare.
Unlike most Arctic chronologies, balsam poplar exhibited very high year -to -year
variability in ring width. A chronology standard deviation of 0.50, mean sensitivity of
0.48, and first order autocorrelation of 0.43 are more similar to arid site trees in the
American southwest. Furthermore, an analysis of variance for the period 1882 to 1958

yielded a common variance among trees of 66%. These statistics document
characteristics that permitted relatively straightforward cross -dating of all specimens,
even in cores with suppressed growth and missing rings.
The standardized chronology from Cache Creek begins in 1750 (Table 1, Table 2,
Fig. 3). Long -term growth trends were not removed by the indexing procedure used in
this study, and several periods when growth was consistently above or below the mean
are evident. Peaks in the 1860's, around 1910, and in the 1930's and 40's are conspicuous and well -replicated. Those in the 18th century are consistent among trees,
but the sample size is smaller. Lower growth occurred in the first half of the 19th century, the early 1920's, and in the last several decades. Comparisons with low- frequency
trends in other Arctic tree -ring chronologies (Jacoby and Cook 1981) and in Arctic
temperature data (Kelly et aI. 1982) suggest similarities.
We calculated correlation coefficients between chronology growth indices and a

variety of climate data in an effort to determine what particular factors were most
important in controlling growth of this species. A 35 year set of mean monthly and

seasonal temperature data from Barter Island yielded poor results; December
temperature had the highest correlation (r = 0.35). Summer precipitation was also
poorly correlated with tree growth. No higher correlations were obtained using an
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Table 2. Summary statistics for Cache Creek chronology.
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average of North Slope climatic stations. However, using the much longer data set
from Barrow (since 1921), June temperature was found to be most strongly correlated

(r = 0.47). This coincides with other reports that growing season temperature is a
major factor determining annual growth among Arctic species (Jacoby 1982).
CONCLUSIONS

Balsam poplar growing in far northern Alaska exhibits qualities that make it an
excellent candidate for further dendroclimatic studies, especially in this area where no
other trees occur. It possesses clear growth rings that can be readily cross -dated, and
attains ages over 200 years. Very high mean sensitivities, common variances among
trees, and low first -order autocorrelations all surpass most chronologies developed
from conifer species in the Arctic, and suggest balsam poplar may provide valuable
additional climatic information, even where chronologies using other species already

exist. A preliminary examination indicates June temperature may be an important
factor influencing the growth of this species.
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