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ABSTRACT

The annual ringwidths of trees can be used to search for
hypothesized air pollution effects on forests. This search is
extremely complicated by the inherent statistical properties of
ringwidth data and the high level of uncertainty regarding the
sources of variance observed in the ringwidths. A linear aggre-
gate model for ringwidths is described which highlights the
general classes of variance which may be found in a tree-ring
series. Dendrochronological principles and techniques are des-
cribed which can be used to create a tree-ring chronology that is
suitable for rigorous statistical analysis and hypothesis
testing. The need to model climatic influences on tree growth
prior to the search for pollution effects is necessary and a
method for achieving this is described. Only after the variance
due to age trends, stand dynamics effects and climatic influences
has been accounted for can any confidence be placed on inferred
pdllution effects. An analysis of a red spruce tree-ring chron-
ology indicates that a decline in ringwidths since 1968 cannot be
explained by a linear temperature response model wusing monthly
climatic variables. However, threshold responses to climate that
could be responsible for the decline need to be considered before

the anomalous decline can be attributed to non-climatic influ-

ences such as pollution.



INTRODUCTION

The recent decline of red spruce (Picea rubens Sarg.) 1in
northern New York and New England (1, 2) has prompted considef~
able speculation and research concerning the possible impact of
acid deposition on tree growth (3). | Aside from the obvious
visual symptoms of decline such as foliar dieback, a marked
reduction in radial increment since th; mia—1960’s is apparent in

many trees (4). Although this radial growth reduction appears to

be anomalous compared to the radial growth of previous years or

decades, numerous uncertainties must be addressed before this
phenomenon can be interpreted as a pollution-caused event. As
living organisms growing in an uncontrolled environment, trees

respond to nunérous natural growth modifying influences that are
both beneficial and detrimental to annual ring formation. These
influences represent the background variability of the trees’
operational environment into which pollutants have been intro-
duced. The presence of this potentially confounding background
variability makes the identification of pollution effects very
difficult and uncertain. This problem leads to the following
proposition for tree ring/pollution research:

The hypothesized existence of a pollution effect on

radial growth cannot be ascertained with any confidence

until the contributions of natural growth modifying

influences have been taken into account.

This is a rather rigorous proposition given the considerable
uncertainties regarding the nature and history of natural influ-
ences on tree growth. However, if tree ring/pollution studies

are to achieve credibility and acceptance as a valid method of

inquiry, a logical and objective scientific method must be de-



veloped that can satisfy this proposition.

The science of dendrochronology and the subdiscipline of
dendroclimatology (5) have developed many principles and tech-
niques for analyzing tree-ring data. Most of these principleé
and techniques have never been applied to tree ring/ pollution
problems. Yet with minor modifications, all are applicable. The
purpose of this paper is to describe a rat&onal approach to tree
ring/pollution or dendropollution research, given the limitations
of the data and prior knowledge, based on dendrochronological
principles. This approach will assume from the start that the
tree-ring series being analyzed have been precisely dated wusing
accepted cross-dating techniques (5, 6).

In order to clarify the problem of identifying pollution-
related changes in ringwidths from other factors, a linear aggre-
gate model will be described for a hypothetical ringwidth series.
A LINEAR AGGREGATE MODEL FOR RINGWIDTH SERIES

Consider a hypothetical annual ringwidth series as an aggre-
gation of several unobserved subseries representing the 8sources
of variance that may be found in the observed process. Let this
aggregated time series be expressed as

R =G +C + D1 +6D2 + sP + E

t t t t t t t
where:
R = the observed ringwidth series measured along a single
‘ radius
G = the growth trend associated with increasing age and
‘ size of the tree
Ct = the climatically-related growth variations common to a

stand of trees including those produced through the



interaction of climate with site factors
D1 = the variance due to endogenous disturbances,
' which only affect a small subset of trees in a stand-at
any one time

D2 - the variance due to natural exogenous disturbances,

which have a standwide impact on radial growth

P = the variance due to anthropogenic pollutants which have
‘ a standwide impact on radial growth
E = the random variance representing growth influencing
‘ factors unique to each tree or radius
The & associated with D1 , D2 and P is a binary indicator of
the presence ( &8 = 1) ortabsenze ( 6 2 0) of a subséries in R
for some year or group of years. Thus D1 , D2 and P are no:
time invariant features of R and need no: be p:esent tat all.
t

The linearity of the components in the model is intended to
simplify the exposition of this complex problem, not imply any
structural interrelationships.

The growth trend, G , is a non-stationary process that
typically arises, in partf from the geometrical constraint of
adding a volume of wood each year to a stenm of increasing radius.
This constraint suggests that the trend in radial growth should
possess an exponential decay as a function of time. Trees
growing in open-canopy environments frequently have this form of
ringwidth trend, which can be adequately modelled and removed by
deterministic mathematical models such as the modified negative

exponential curve (5). Unfortunately, the growth trends of trees

growing in closed-canopy forests are much more complex and sto-



chastic compared to those in open-canopy forests because of
disturbances and competitive interactions within the forest.

For this reason, the definition of G must be generalized to
t -
allow for the occurrence of a variety of linear and curvilinear

growth trends of arbitrary slope and shape. As will be shown,

G must be removed from the ringwidths before the modelling of C
azd search for P can proceed. '

The climatzcally related subseries, C , reflects certain
broad-scale meteorological variables that diiectly or indirectly

t

limit the growth processes of trees in a stand. These variables
are assumed to be uniformly important for all trees of a given
species when the site characteristics of the stand, such as
hydrology, elevation, exposure and soil, are more or less homoge-
neous. The response of the trees to this "climatic window" (5)
of variables creates patterns of wide and narrow rings that agree
among trees when matched correctly in time. This phenomenon,
called cross-dating, allows the absolute dating of ringwidths,
which is the cornerstone of dendrochronology. The input that
produces C typically involves weakly-stationary stochastic pro-
cesses suc; as temperature and precipitation. Thus, the mean and
variance of C are independent of time, and the series evolves
through time En a probabilistic fashion. As a common signal in
the ringwidths of all trees, C could be mistakenly identified as
a pollution signal if the recZnt behavior of C mimics the ex-
pected pollution effect on ringwidths. Thusf the effects of
climate on ringwidth must be carefully modelled and removed

before a pollution effect can be identified.

The variance accounted for by disturbances D1 and D2 can
t t



be split into two general clesses of disturbance: endogenous and
exogenous (7, 8). ConQentionally. they are differentiated by the
causal mechanisms involved, i.e. forces internal to the forest
community versus forces external to it, although these differ-
ences become indistinct upon investigation (8).

Endogenous disturbances are caused by factors related to
characteristics of the vegetation that are independent of the
environment (8). Disturbances that are often described as such
in closed-canopy forest communities occur when dominant overstory
trees senesce, die and topple as a natural consequence of compe-
tition, aging and stand succession. Although the senescence and
death of old-age trees from internally caused factors seems
biologically reasonable, it rarely occurs withoui the impetus of
external environmental factors such as insect attack, drought and
windthrow (White 1979), hence, the difficulty in differentiating
the causal mechanisms of endogenous and exogenous disturbances.
In the context of searching for a pollution signal in tree rings,
endogenous disturbances can be expected to occur randomly in
space and time in forest communities. That is, the loss of a
dominant tree in one section o6f a stand is not 1likely to be
related temporally or spatially to similar losses at separate
locations in the stand. This property immediately suggests that
the resultant endogenous disturbance pulses in the tree rings
will rarely be synchronous among separated trees in a stand
except by chance alone. Thus, the lack of synchronicity in
ringwidth fluctuations between trees during a hypothesized pollu-

tion effect period may be used as evidence for rejecting the



presence of a pollution signal.

Exogenous disturbances are caused by natural environmental
forces that lie external to and are independent of the vegetation
(8). Unlike endogenous disturbances, these disturbances h;ve
many possible causal agents that can affect large areas of
forest. Some of the important agents are fire, windstorm, ice
storm, frost damage, disease and ins;ct }nfestation. Because
the areal extent of an exogenous disturbance can be great, the
resultant disturbance pulse, D2 , may occur contemporaneously in
virtually all trees in a.stand.t This property presents obvious
difficulties for differentiating a pollution caused ringwidth
decline from that caused by a natural exogenous disturbance.
Fortunately, the period of forest decline in many regions has
only been in the past 15-20 years. Consequently, there should
be adequate documentation of the more obvious exogenous distur-
bances in many forests to determine the presence or absence of
this confounding source of variance.

The pollution signal, P , is the principal signal of in-
terest in this paper. Whentpresent, it is assumed that the
effect of the pollutant on radial growth will be similar for all
sampled trees of the same species in a stand. Thus, P will be a
common signal in the ringwidth series. This assunptizn could be
criticized for being too restrictive in requiring a pollution
effect on all sampled trees. It could be argued, for example,
that the crowns of dominant and co-dominant trees "scrub out" wet
and dry atmospheric pollutants before they reach understory

trees. If this were the case, then the understory trees might

not show a pollution effect. This possibility indicates the need



for the stratified sampling of trees based on & priori criteria
such as crown class or.canopy position. In any case, the search
for subsets of trees within the total sample that show a po]fu-

tion effect should be based on an a priori experimental design,

The last subseries, E , is the rapdom variance 1in the
ringwidth series due to suchtvariables as localized responses to
microenvironmental factors, variations in circuit uniformity, and
measurement errors. E is assumed to be unrelated to the vari-
ance accounted for by Ct, A, Dl and D2 , and P . In addition,
ig is assumed to be s:rialiy unzorrelat:d withiz each tree and
spatially uncorrelated within the stand of trees. The standard
way to reduce this random variance is through replicate sampling
(5). That is, a number of trees (say, 20 to 40) are sampled from
a forest stand. Then, after suitable standardization, the tree-
ring series are averaged together to form a mean-value function
for the site, which "averages out" the E

The linear aggregate model has reveiled the potentially very
complex nature of annual ringwidth series. In the next section,
some of the properties of this model will be validated and des-
cribed in more detail using examples of actual ringwidth data.
These exampleé will reveal the inherent non-stationarity of ring-
width series and the need to remove this property before the cli-
mate and putative pollution signals can be modelled.

SOME EXAMPLES AND PROPERTIES OF ACTUAL RINGWIDTH DATA

Figure 1 shows three examples of the kinds of

stationarity frequently encountered in ringwidth series. The



first series (Figure 1A) is from an open-canopy stand of pon-

derosa pine (Pinus ponderosa Laws.) from a lower forest border

site in New Mexico. It shows the classic negative exponential
trend in ringwidth, which is a function of increasing tree age
and size. This type of growth function is also commonly found in

(P. echinata Mill.) and pitch pine (P. gigigg Mill.), that fre-
quently begin growing in low-shade environments.

The second series (Fig. 1B) is from a closed-canopy stand of
red spruce in New Hampshire. It shows the effects of gap-phase
dynamics that are typical in stands of shade tolerant species
such as red spruce. This tree probably experienced a release
from competition around 1790 through the creation of a gap in the
canopy after the loss of an adjacent dominant tree. Note that
after this tree exploited the gap, it entered a phase of exponen-
tial decay around 1870, which continues to the present time. The
smooth function fitted to this series is only intended to
highlight the overall shape of the non-stationarity, not to fit
it well. But in general, the structure of the non-stationarity
is comparatively simple, i.e. rather unimodal in shape.

The third series (Fig. 1C) is from a closed-canopy stand of
Eastern hemlock is also a shade-tolerant species that is strongly
influenced by gap-phase stand dynamics. The overall ringwidth
trend is positive for the 312 years of record, but erratic,
shorter-term fluctuations are present. There is very strong
evidence for a competition release around 1810, but subsequent

disturbances since 1850 have probably occurred to allow the
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Figure 1.

Three examples of the kinds of non-stationarity frequently
found in ringwidth series. The smooth curves are intended

to highlight the general forms of the non-stationarity, not
model them closely.
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continuation of the general positive trend. The structure of the
non-stationarity is more complicated than that for the other
ringwidth series.

These series illustrate several difficulties in interpreting
ringwidths for pollution-related effects. There is a high proba-
bility that ringwidth series will show a trend in radial growth
rate due to age and size related variables alone. Thus, a
ringwidth decline cannot be used as prima facie evidence for
abnormal decline in forest productivity or tree vigor due to
pollution. Neither can a ringwidth increase be used as evidence
for the lack of a pollution signal because the sampled tree may
be in the middle of release from competition. For example, if
the eastern hemlock in Fig. 1C were cored in 1830 or 1860 diamet-
rically opposed interpretations of the ringwidths vis-a-vis pol-
lution effects are possible. These series also illustrate the
time dependence of the mean and variance, which is characteristic
of all non-stationary ringwidth series. For example, the mean
ringwidth of the red spruce series in the 1850-1860 period is
about four times greater than that in the 1850-1960 period. The
corresponding variances of these time periods differ by a simi-
lar magnitude.

Another problem arises in interpreting ringwidth series: the
differentiation of tree-specific (endogenous) disturbance effects
from effects due to common environmental influences such as
climate, natural exogenous disturbances, and pollution. As des-

cribed by the linear aggregate model, the characteristic of the

endogenous disturbance pulse, which should allow its identifica-

10



tion, is its unique placement in time in only a small subset of
trees growing in the stand. The principal mechanism for creating
this property is gap-phase dynamics. It is clearly impossible to
differentiate endogenous disturbances from other sources of com-
mon (standwide) variance without the simultaneous scrutiny of all
ringwidth series collected from the stand. For example, the red
spruce series in Fig. 1B shows two pronbunced periods of sup-
pressed radial growth beginning around 1720 and 1775. Are these
periods unique to this tree or common to the stand? No conclu-
sion can be made until we examine Fig. 2, which shows this ring-
width series at the top and three others from the same stand. It
is immediately apparent that neither of those suppression periods
are common to the other series. Thus, they can be categorized as
endogenous disturbance pulses. Ordinarily, many more series
would be used in such a comparison, but this limited example
illustrates the importance of using both within and between tree
information when interpreting tree-ring series.

For the purpose of searching for hypothesized pollution

effects in tree rings, the comparison of many series is wuseful
but very cumbersome. A more efficient approach is the creation
of a time series mean-value function, which concentrates the

common signal among all series and simultaneously "averages out"
the unique information or noise in the individual series. The
creation of a statistically valid mean-value function requires
that the individual ringwidth series are drawn from the same
population of response variables. This criterion will usually be
satisfied when the ringwidth series all come from trees growing

in a stand with reasonably homogeneous physiographic, edaphic,

11



Figure 2. Four red spruce ringwidth series from the same stand. These
series show the low-frequency lack of aggrement between series
that is largely due to endogenous disturbances and tree histories.
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and hydrologic characteristics. In this case, the principal
signal found in all trées may come from broad-scale environmental
influences such as climate and, perhaps, natural exogenous dis-
turbances and pollutants. As noted in the linear aggregate
model, the presence of cross-dating between trees is an indica-
tion of a common environmental signal:. Given the presence of a
common environmental signal, the creation of the mean-value
function can proceed.

Returning, now, to Fig. 2, it is readily apparent that
averaging ringwidths together to produce a mean-value function
cannot be recommended. The non-stationarity of the series
coupled with large differences in absolute ringwidth between
series could produce a response variable mean-value function that
is dominated and confounded by stand dynamics effects. The
average correlation between these series for the common period
1716-1979 is -0.028, which is clearly not statistically signifi-
cant. The corresponding signal-to-noise ratio (SNR) (9) is also
negative, indicating the complete lack of common signal in the
mean-value function. This result seemingly violates the under-
lying assumption that these series were sampled from the same
population of response variables. Yet, each series does contain
a common environmental signal. This can be demonstrated by
modelling and prewhitening the ringwidth series using autore-
gressive time series modelling (10, 11) to reduce the effects of
non-stationarity and endogenous disturbances on the correlation
structure between series. When this is done, the average corre-

lation between series rises to 0.27, which is statistically

12



significant at the g9x confidence level, and the SNR is 1.4:1.
From this example, it .is clear that non-stationarity due to age-
size effects and stand dynamics must be removed before the tree-
ring series can be used to search for pollution impact on radial
growth or other common growth influences such as climate. This
is the principal purpose of tree-ring standardization (5, 11).
TREE-RING STANDARDIZATION AND ITS LIMITATIbNS

Tree-ring standardization 1is, perhaps, the most poorly
understood procedure used in dendrochronological studies. The
principal goal of tree-ring standardization is the reduction of
the non-stationary ringwidths to a sequence of relative tree-ring
indices that are stationary through time. This is accomplished
by removing age-size and stand dynamics effects using smooth
mathematical curves such as those seen in Fig. 1 and 2.

The relative tree-ring indices are computed as

I =R /G
t t t
where I is the tree-ring index, R is the measured ringwidth,
t t
and G is the fitted growth curve value, all for year t. Tree-

t
ring indices produced by this procedure have a long-term mean of

1.0 and a variance that is largely stabilized by the division
process. In the usual dendrochronological interpretation, the

growth curve (G ) is a sequence of éxpected ringwidth values that
t
would be produced by the tree if shorter—-term fluctuations such

as those attributable to climate (I ) were unchanging through
time. Conversely, the 1 can be t;ought of as fractional de-
partures from the expected ;rowth curve, G , which are related to
variations in climate. For the purpose zf this paper, the 1

also contain any common signal due to pollution stress. Once thz

13



tree-ring series have been standardized, they can be averaged
together into a mean—vélue function.
As should be readily apparent, the principal difficulty in

standardizing ringwidths is the estimation of a satisfactory

growth curve. For trees growing in open-canopy environments,
simple monotonic functions, such as - the negative exponential
curve (5), are often satisfactory (see Fig. 1A). Unfortunately,

such idealized models cannot be applied to closed-canopy forest
trees, as Fig. 1 and 2 clearly show. Orthogonal polynomials (5)
and cubic smoothing splines (12) can be used as data-adaptive
methods for estimating the more complex and stochastic growth
curves found in closed-canopy tree-ring series. These curves
have 1little theoretical basis and implicitly admit the ignorance
of tree histories in most, if not all, unmanaged or natural
forest stands. However, there is the very real danger that these
more flexible curves will inadvertently remove some or all of the
pollution signal being sought for study.

The primary reason for potential loss of the pollution
signal during standardization is its probable beginning and con-
tinued presence in the last 15-20 years of the ringwidth series.
For example, the current red spruce decline in New England prob-
ably began in the early to mid-1960’s as evidenced by a sudden
reduction in ringwidth in many trees (4). This reduction with no
recovery has continued to the present time in surviving trees.
The occurrence of this hypothesized pollution signal at the
series end makes it susceptible to "end-effect" problems during

the curve-fitting procedure. If a pollution-related ringwidth

14



reduction coincides with a longer downward trend in ringwidth due
to natural factors, _the curve may track some fraction of the
pollution signal. The end-effect problem also occurs because
there 1is no information about the expected behavior of the time
series off the ends, which can be used to constrain the end-
fitting behavior of the growth curve. Thus, there will always be
more uncertainty regarding the proper curbe fit at the ends of a
ringwidth series than for its interior portion. The end-effect
problem will be examined in more detail later in this paper.

For detrending closed-canopy forest ringwidth series, the
cubic smoothing spline (12) has been used with considerable
success. It 1is more data adaptive than orthogonal polynomials
and has less Bevere end-effect problenms. In addition, the
smoothing properties of this spline function can be expressed in
terms of a low-pass digital filter with precisely defined fre-
quency response characteristics. This allows the ringwidth de-
trending process to be based on frequency domain considerations.

A simple and objective guideline to use for spline de-
trending is the "trend-in-mean" concept (13). From time series
theory, the 1lowest frequency harmonic that is resolvable in an

annual ringwidth series has one complete period or cycle equal to

the series length. From this definition of the resolvability
limit, trend in ringwidths is defined as all variance with
periods longer than the series length. Thus, the trend-in-mean

concept states that time series detrending should only remove
long-term variance in the mean that cannot be resolved given the
length of the series being detrended. This definition of trend

Places no restrictions on the kind of mathematical model used for

15



detrending as long as it adheres to the above concept. The
easiest way to use the'spline for stochastic detrending is to tie
its frequency response characteristics directly to the seri;s
length. The 50X frequency response cutoff of the spline (12) can
be set at some large fraction of the number of observations.
Several different cutoff points, rangipg from 50XN (half the
series length) to 100%N (total series length) were investigated
in (11). The best results fell in the 67NX% to 75%N range based
on spectral analysis of the tree-ring chronologies developed
after the XN spline detrending experiments.

Figure 3 shows examples of spline detrending of three red
spruce ringwidth series from the Adirondack Mountains in New
York. These trees are from an area where abnormal dieback re-
lated to acid deposition is suspected. The ringwidth declines
after 1960 are thought to be a manifestation of the dieback
syndrome. The 8olid line curves are splines having a 50X fre-
quency response cutoff of 67XN. They conform closely to the
trend-in-mean concept. For comparison, a spline having a 50%
frequency response cutoff of 60 years was computed for each
series (the dashed-line curve). These tighter fitting splines
are 1in the frequency response range originally advocated (12)
based on "eyeball” splining experiments.

The 67%N splines show the very conservative nature of the
trend-in-mean concept. Only the grossest trends are removed.
Consequently, little, if any, variance in the post-1960 putative
decline period is lost. In contrast, the 60-year splines fit the

series more closely and, in some respects, better than the 67%N

16



Figure 3. Examples of detrending ringwidth series using the cubic smoothing
spline. The solid-line curves are splines computed using the
trend-in-mean concept, in this case, 67%N where N is the series

length. The dash-line curves are splines with a 50% frequency
response cutoff of 60 years.
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splines. However, there is a noticeable tracking of the post-
1960 data by the 60-year splines, which would result in a loss

of a possible pollution signal in the standardized tree-rfng

indices. There is an obvious conflict between goodness-of-fit
and the conservation of the suspected decline signal. On a core-
by-core basis, this conflict is virtually insoluble. However,

providing that a large number of ringwidth.series are utilized in
creating the index mean-value function and, more importantly,
that the lack of fit is largely non-synchronous between series,
the spline detrending method advocated here is very satisfactory.
The excess error.variance in the detrended tree-ring indices,
which comes from non-synchronous éndogenous disturbances and
spline lack-of-fit, can be greatly reduced by autoregressive time
series modelling without affecting the common signal (11).

The principal drawback of the spline detrending method is
the way that it is tied directly to the length of eéch series
being detrended. This means that the filtering characteristics
of the spline will be more severe for shorter series than longer
series using a XN criterion. To illustrate this point, the three
series in Fig. 3 were cut off in 1899 leaving three ringwidth
series of 77 years beginning in 1900. Each series was then
detrended using a 67%N spline, which results in a 50% frequency
response cutoff of 51 years. Figure 4 shows these spline curve
fits along with those estimated for the longer series in Fig. 3.
The short-series splines (dotted line curves) are very similar to
the 60-year splines (dashed line curves) due to the closeness of
their respective frequency response functions. Consequently,

there is similar tracking of the hypothesized decline signal.
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Figure 4.

The problem of detrending short ringwidth series using the smoothing
spline. The ringwidth series in fig. 3 were truncated at 1900 in
this example., The solid-line and dash-line curves are identical to
those in fig. 3. The dotted-line curves computed for the truncated
series series used the identical 67%N criterion as the solid-line
curves computed for the long series.
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This illustrates the need for longer series if the ¥N <criterion
is used as described.

For second-growth forests on the order of 50 to 100 years
old, the conservation of the suspected decline signal will be
more difficult because the length of the decline period (15-20
years) may be a significant fraction of the total series length.
In addition, trees from second-growth stands often exhibit very
dynamic ringwidth trends as the stand develops towards a fully
stocked equilibrium state characteristic of a mature forest.

For these reasons, the search for pollution effects in old
second-growth and old-growth stands (i.e. >150 years old) is
likely to be easier than in young to moderately aged second-
growth forests. Considerable research is still needed to deter-
mine the best way to process short ringwidth series for dendropo-
llution studies.

MODELLING THE CLIMATIC SIGNAL IN TREE-RING SERIES FOR DENDRO-
POLLUTION STUDIES

Once a mean-value function of precisely dated and stan-
dardized tree-ring indices has been created, the modelling of the
climatic signal within those indices can proceed. The purpose of
this exercise is to create a prediction model for tree rings from
climate, which can be used to test for the intervention of a non-
climatic influence on growth such>as pollution. This procedure
is necessary because the climatic influences on tree growth may
either obscure a pollution signal or mimic its expected behavior.
By predicting tree-ring indices from climate and comparing these

predictions to the actual indices, the presence or absence of a
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possible pollution signal can be determined.

Modelling the climatic signal in tree rings is complicated
by the lack of any theoretical climatic response model for trees:
Inferences can be made regarding the likely set of <climatic
variables based wupon the forest site characteristics and the
species being studied. However, the "correct"” climatic model is
never known a priori for any tree-ring chrbnology. This lack of
prior information necessitates the use of variable screening
techniques for selecting a subset of predictors from a larger
pool to build the climatic response model.

The construction of the climatic response model is wusually
based on multiple regression techniques. One technique, which
has found wide application, is response function analysis (5). It
utilizes a principal components regression approach to eliminate
the effects of multicollinearity among the climate predictor
variables and reduce the number of candidate predict;rs. Alter-
nately, when multicollinearity is low, a regression screening
procedure such as stepwise regression (14) is suitable. In any
case, the selection of variables is inevitably based on a pos-

teriori criteria such as a minimum F-level for entering variables
into the model. Because such model building criteria "look at"
all of the candidate variables before the final model is created,
a highly significant regression model can be created by chance
alone. This problem of spurious regression, which arises in part
from a posteriori screening procedures, is discussed in detail in

(15). Monte Carlo experiments (16) also indicate that the prob-

lem of spurious regression increases dramatically as the number
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observations. Thus, a climatic response model that is largely
spurious may be develoﬁed for a tree-ring chronology. If this is
the case, then incorrect conclusions may be drawn regarding the
presence or absence of a pollution signal.

The problem of spurious regression principally manifests

itself through the lack of time stability in the final regression

model. That is, if the spurious regression model is wused to
predict new values of the dependent variable, the resultant
predictions will be very poor estimates of true values. In
dendroclimatology, the time stability of regression equations

used to reconstruct climate from tree rings is routinely tested.
This procedure, known as verification (5), 1is based on with-
holding actual climatic data from the estimation of the re-
gression model. Once the parameters of the model have been
estimated, the withheld climatic data are predicted by tree
rings. If the predictions are sufficiently similar to the actual
data, then the time stability of the regression model has been
verified. In this case, the model can be used to reconstruct
past climate.

The techniques of statistical model construction and verifi-
cation used in dendroclimatology can also be used in dendropollu-
tion studies. Providing that the climatic signal in the tree-
ring chronology is sufficiently time stable, a climatic fesponse
model can be developed to predict tree rings from climate through
the recent forest decline period. This procedure can test the

hypothesis that natural environmental variables related to cli-

mate are responsible for an observed decline in radial incre-
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ments.

Unlike dendroclimatic studies, the choice of the verifica-
tion period in dendropollution studies must be based on pri;r
information regarding the known or suspected beginning of the
pollution effect period. For the red spruce decline in New
England, this hypothesized intervention date is probably sometime
after 1960. Having specified an inter;entﬁon date, the verifica-
tion period should begin several years before that date. For
example, if the pollution effect period is suspected to have
begun in 1965, then the verification period should begin in, say,
1950. The reason for this extended verification period is two-
fold. First, the verification period is necessary to test the
time stability of the regression model as described earlier.
Second, the verification period can also be used to reveal signi-
ficant changes in the relationships between the climate and tree-
ring variables that may be reflecting fhe intervention of a non-
climatic agent. However, it may be very difficult to separate
the effects of spurious regression from non-climatic (e.g. pollu-
tion) effects if the verification period only includes the sus-
pected pollution period. By including earlier tree-ring data in
the verification period, which are believed to predate the onset
of forest decline, the stability of the regression model can be
tested up to the intervention date without the possibly con-
founding influence of the decline signal. If the regression
model verifies up to the intervention date, then it is reasonable
to expect the model to verify in the post-intervention period.
This assumes that no other agents have intervened to disrupt the

time invariance of the model. If both periods verify well, then
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there is no reason to pursue the pollution intervention hypothe-
sis any farther. It has been repudiated. Conversely, a lack of
model verification in the post-intervention period will provide
evidence for a change in some aspect of the growth environment of
the tree that may be related to pollution effects.

A lack of model verification in the pre-pollution verifica-
tion period is more difficult to assess because there are many
possible causes. Among these are:

1. The a priori chosen pool of candidate climatic predic-
tors does not contain the correct variables to predict tree
rings.

2. The & posteriori screening of predictors is flawed by
any of a number of possible problems such as multicollinearity
and insufficient degrees of freedonm.

3. The tree-ring series does not contain a time stable or
stationary clinatic signal.

4. The impact of pollution on tree growth actually began
before or during the "pre-pollut?on" verification period.

5. Other non-climatic influences such as natural exogenous
disturbances have occurred in the pre-pollution verification
period.

Remedial measures are possible for some of the above prob-
lems, but the lack of a time stable climatic signal may doom the
development of a meaningful climatic response model for predic-
tive purposes. Unfortunately, this will be the case for some

(possibly many) tree-ring chronologies. In such cases, an anoma-

lous decline in ringwidth during the hypothesized pollution im-
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pact period cannot necessarily be interpreted as being non-
climatic because the trees may still be responding to climate in
a non-stationary or threshold sense. That is, some climatic
variable such as drought may not have any signficant impact on
radial growth until it exceeds a critical threshold of severity.
For example, the severe 1960’s drought over the northeastern
United States has been cited as a possible‘inducing stress mecha-
nism of red spruce decline in New England (4).

The problem of threshold responses to climate brings in the
possibility that climatic change could be responsible for red
spruce decline. The concept that climatic change could be
directly or indirectly responsible for forest declines was first
discussed by George Hepting (17). He proposed that climatic
change could create the necessary conditions for major outbreaks
of decline-inducing forest pathogens. In addition, he suggested
that climatic changé could also induce physiogenic forest de-
clines which are not associated with any primary pathogens. The
1960's and 1970’s have been notable for anomalous climatic pat-
terns throughout the Northern Hemisphere (18). In the United
States, a series of extreme winters has occurred since 1975 that
has a return time probability of more than 1000 years (19).
Thus, a greater frequency of extremes in climate that cross some
critical threshold for red spruce could explain the decline
syndrome of that species. Wintertime damage to red spruce
needles, which is associated with anomalously warm temperatures
for several days in mid-winter, has been reported (20) as part of
the decline syndrome. This is a clear temperature threshold

phenomenon, which needs to be investigated in the context of
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climatic change.

The possiblity of threshold responses to climate, which may
be frequency modulated by climatic change, makes the interpreta-
tion of the <climatic response model verification tests more
difficult. While model verification prior to the intervention
date followed by non-verification after the intervention date is
a good indicator of a change in the forest growth environment, it
may still be difficult to infer a pollution effect. If a
climate-induced forest decline is suggested by observational
evidence (i.e. with foliar damage) or by association (i.e. fol-
lowing extreme drought), then such hypothesized threshold cli-
matic variables need to be examined within the framework of a
climatic change. If climatic change can be ruled out as a
likely cause of for;st decline, then pollution can be considered
a strong contender, either alone or in consort with normal cli-
matic variability, as an agent affecting tree decline and wmor-
tality.

AN EXAMPLE OF MODELLING THE DECLINE SIGNAL FOR RED SPRUCE

The principles and techniques just described for examining
dendropollution hypotheses will now be utilized in an example.
The tree-ring series in this example were obtained from a stand
of red spruce growing at an elevation of 1150 meters in the
Adirondack Mountains of northern New York. This stand, which is
near Lake Arnold high up on the northeastern flanks of Mount
Colden, is very near the upper elevational limit of full-sized
red spruce. It is only 27.5 kilometers from Whiteface Mountain

where symptoms of red spruce decline have been documented (2, 4).
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The trees were cored in July 1977 for the purpose of developing a
tree-ring chronology .for dendroclimatic studies. The sampled
trees are from a highly stratified population of dominant and éo-
dominant trees. Two increment cores were extracted at DBH from
each of 20 trees. Of the 40 total cores, three were eliminated
because of reaction wood problems that distorted the ringwidth
patterns. The remaining 37 cores were crbss-dated and measured
following standard dendrochronological techniques (5). Due to
severe ringwidth decline in the outermost years of three trees,
the ringwidths of five increment cores could not be dated out to
the 1last complete ring (1976). Those 'ringwidth series were
truncated after 1964, 1966, 1967, 1971 and 1975, respectively.
The ringwidth series range from 142 years to 297 years long with
the majority lying within the 200-250 year class.

The ringwidth series (three of which are shown in Fig. 3)
were standardized wusing spline detrending and autoregressive
modelling as described earlier and in (11). For the common
interval between all series of 1837-1964, the average correlation
between series is 0.475 which equates to a signal-to-noise ratio
of 21.7:1. Thus, there is a substantial common signal among all
series of unknown composition. The tree-ring chronology mean-
value function is shown in Fig. 5 for the time period 1750-1976.
Prior to 1750, the chronology quickly loses statistical precision
due to a rapid decline in sample size. The chronology feveals an
abrupt and prolonged decrease in the tree-ring indices which
appears to have begun in 1968. The pattern and timing of tree-
ring index decline with no recovery is consistent with the

ringwidth patterns seen in other red spruce stands exhibiting the

25



decline syndrome (4).

As discussed earlfer, there is an end-effect problem asso-
ciated with detrending ringwidth series, which is due to the
unknown behavior of a series off its ends. Given the problem, is
it possible that the post-1967 decline pattern seen in Fig. 5 is
an artifact of the end-fitting behavior of the smoothing spline?
To 1investigate this hypothesis, the ringwidth series were suc-
cessively truncated backwards on decade years and, then, de-
trended using the identical smoothing parameters of the splines
used to detrend the full length series. The mean of the last ten
years of the: truncated mean-value function was compared to the
mean of the same ten years of the complete series (Fig. 3) to see
how much end-effect bias exists in the spline detrending method.
This comparison assumes that any end-effect bias in the complete
series is mainly restricted to the last 5~10 years of that se-
ries. Consequently, mean indices prior to about 1970 are assumed
to be free of end-effect biuas. These pre-1970 iﬁdices will be
used as controls in the search for end-effect bias in the trun-
cated series.

Table lA shows the results of the search. Twelve truncation
years beginning in 1860 and ending in 1970 were examined. The
sample depth of each ten-year end period is 37 except for a
portion of the 1960-69 period where it drops to 34. The end-
effect bias ranges from an underestimate of -0.05 to an overesti-
mate of +0.05 index units. The maximum underestimate is insuffi-
cient to explain the magnitude of the post-1967 decline period in

the complete series. More importantly, the direction of the bias
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Table §. The end-effect bias tests of the splines used in detrending the
Lake Arnold red spruce ringwidth series. The direction of bias is noted.
as being either towards the long-term mean (T) or away from the long-term
mean (A) where the long-term mean for tree-ring indices is equal to 1.0.

A. Spline end-effect tests of decade means having the same sample depth.

TRUNCTION END PERIOD COMPLETE TRUNCATED . END-EFFECT DIRECTION
YEAR SERIES MEAN SERIES MEAN BIAS OF BIAS
1860 1850-1859 1.04 1.02 -.02 T
1870 1860-1869 0.94 0.97 +.03 T
1880 1870-1879 0.97 1.02 +.05 T
1890 1880-1889 1.02 1.06 +.04 A
1900 1890-1899 0.98 1.03 +.05 A
1910 1900-1909 1.13 1.12 -.01 T
1920 1910-1919 1.01 1.00 -.01 T
1930 1920-1929 1.03 1.00 -.03 T
1940 1930-1939 0.99 0.97 -.02 . A
1950 1940-1949 0.98 0.98 .00 -
1960 1950-1959 1.07 1.04 -.03 T
1970 1960-1969 1.05 1.00 -.05 T
mean 1850~-1969 1.02 1.02 .00 8/3

B. 'Spline end-effect tests of two high and low 10-year mean periods.

TRUNCTION END PERIOD COMPLETE TRUNCATED END-EFFECT DIRECTION
YEAR SERIES MEAN SERIES MEAN BIAS OF BIAS
1835 1825-1834 1.16 1.10 -.06 T

1845 1835-1844 0.91 0.91 .00 -



either towards (T) or away (A) from the long-term mean is most
commonly towards the mean. This means that the smoothing spline
is more likely to track the behavior of the data at the ends than
diverge from it. This property makes it even less likely that
the post-1967 decline period is an artifact. If anything, the
magnitude of decline has been slightly underestimated.

One final end-effect bias test was rhn on two adjacent ten-
year periods covering the interval 1825-1844. The mean indices
in this interval most closely mimic the behavior of the 1957-1976
period. That is, the first ten years are largely above the mean
and the following ten years are largely below the mean. The’
results of this test in Table )B are entirely consistent with the
earlier resuts. There is no evidence for an end-effect bias
which could have created the post-1967 decline pattern.

Monthly mean daily temperature data were used for modelling
the <climatic signal in the chronology. The choice of monthly
temperatures as candidate predictors of red spruce growth was
based on previous dendroclimatic studies of the species in New
England (21, 22). The monthly temperature data used here are
divisional averages of all available single-station records for
the Northern Plateau Climatic Division of New York. This divi-
sional average record covers the period 1889-1976. Because of
well documented 1lag reponses of tree growth to climate through
physiological preconditioning (5), the monthly temperatures were
adjusted into a dendroclimatic year which begins in the previous
March and ends in the current September of annual ring formation.
This time window spans two complete growing seasons. This re-

sulted in a pool of 19 candidate predictors of tree growth and
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the loss of one year of data after developing the lagged dendro-
climatic year.

Two regression and verification analyses will be describéd:
one with existent autocorrelation left in the chronology and one
with autocorrelation removed. These will be referred to as the
unwhitened and prewhitened chronologies, respectively. The pre-
whitened chronology was developed by modelling the chronology as
an order-3 autoregressive (AR) process for the time period 1750-
1960 using the minimum AIC selection criterion (23). The coeffi-
cients of the AR process were then used to prewhiten the entire
series up through 1976. This method of prewhitening is based on
the premise that the AR model for the 1750-1960 pre-decline
period is a time invariant representation of the chronology
autocorrelation structure in the absense of any anomalous decline
signal. Any residual persistence in the post-1960 period may be
due to the decline signal. The coefficients of the fitted AR
mcdel are: ¢1 = ,232, ¢2 = .062 and ¢3 = -.138. Prewhitening
also reduces any autocorrelation in the regression residuals due
to differences in persistence between the tree-ring indices and
monthly temperature. The temperature data have very little, if
any, autocorrelation. The prewhitened chronology is shown super-
imposed on the unwhitened chronology in Fig. 6. There is little
difference between the two even in the anomalous post-1967 deline
period. It is clear that the persistently below average 1968-
1976 period is not consistent with the 1long-term persistence

structure of the chronology. Stepwise regression analysis was

used to select a subset of predictors of tree growth. The time
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Figure 5, The Lake Arnold red spruce chronology used in the climatic
modelling example. The solid-line plot is the chronology with
existent autocorrelation left in. The dash-line plot is the same
chronology after the autocorrelation has been removed by auto-
regressive time series modelling.,
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period used in the regression analysis was 1890-1950. This
allowed data in the 1951-1976 period to be used for verification
tests, The minimum F-level for entering variables into the
regression equation was set at 2.0.

The regression results are given in Table 2. Seven and six
temperature variables were entered into the unwhitened and pre-
whitened regression models, respectively. ‘Each model explains at
least half of the tree-ring chronology variance and is highly
significant statistically. The prewhitened chronology model
performs somewhat better in terms obez, RZ and model parsimony.
However, except for an extra variable in the unwhitened model,
the models are extremely similar. Note the very important con-
tribution of antecedent temperature to radial growth. Such lag-
ged variables do not have a strong intuitive "feel"” and probably

would have been ignored in a pure 8 priori model. Yet they

spruce growth (21, 22). Thus, there is probably a physiological
basis for these relationships.

The actual and estimated tree-ring indices are shown for
each model in Fig. 6, including the model predictors in the 1951-
1976 verification period. The models appear to do a reasonably
good job in predicting the indices up to 1967. After 1967, the
predictions are noticeably inferior especially in estimating the
mean level of the actual indices. These observations are con-
firmed by the verification test statistics in Table 3. In both
the 1951-1960 and 1951-1967 periods, the difference between means
( &x ) is very small and well within the limits of chance. In

addition, the product-moment correlations (r) are statistically
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TABLE 2. The stepwise regression results for the unwhitened and
prewhitened chronologies. The standardized regression
coefficients (b) and their standard errors (se) are given for the
temperature variables entered into the model. The fractional
variance explained by the regression equation (R}, the R-
adjusted for lost degrees of freedom (RL), and the residual
degrees of freedom (DF) are also given below.

Variable b (se) b  (se)
Previous July -.261  (.106) 232 (.100)
Previous August -.300 (.107) ~-.271 (.099)
Previous October . 180 (.103) -
Previous November .202 (.107) .293 (.101)
Previous December .291 (.099) . 337 (.094)
Current May .155 (.103) 214 (.098)
Current September .209 (.105) .213 (.097)
R2 .502 .538

RZ .436 .487

DF 53 54




Figure 6. The actual and estimated red spruce indices based on a
temperature response model. The model was developed using
the 1890-1950 data. Model predictions run from 1951 through

1976. Solid lines are actual, dashed lines are temperature
estimates.
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TABLE 3. The verification test results of the two regression

models. The difference between the means of the actual and
predicted indices ( AX ), the product-moment correlation
coefficient (r), and the reduction of error (RE) are estimated
for three verification periods. The asterisks indicate those
statistics which are significantly different from zero ( p = .05)
using a one-tailed test. The RE has no significance test, but an

RE*0 1is an indication of some prediction skill when coupled with
a significant r.

Unwhitened . . Prewhitened
Verification N AX r RE Ax r RE
Period
1951-1960 10 .005 .585x% .322 -.011 .600x .346
1951-1967 17 .046 .539x% . 347 .032 .533x .328

1968-1976 9 -.232% .290 .148 -.184x .490 .228



significant (p = .05) and the reduction of error statistics (RE)
(6) are positive indiéating some predictive skill for each model
(24). The 1968-1976 period shows a virtual reversal of verificé—
tion results. The A% for each model is significantly different
from zero indicating a substantial bias in the predictions of
tree-ring index. The direction of bias is consistent with an
abnormal decline in ringwidth as part of the red spruce decline
syndrome. The r and RE also show degradation in both models.
These results indicate that the observed ringwidth decline of red
spruce in this stand cannot be explained by the verified climatic
response models developed here. As a result, a change in the
growth environneﬁt of these trees has probably occurred which‘had
a standwide impact on the sampled trees by 1968.

This conclusion indicates that pollution is still a wviable
hypothesis for explaining red spruce decline. However, climatic
change and threshold response to climate cannot be ruled out at
this point. In this regard, the wintertime foliar damage hypo-
thesis (20) needs to be tested within the context of <climatic
change. This test must examine both the recent behavior of
wintertime <climate in creating the conditions necessary to cause
freeze damage and the long-term pattern of occurrence of this
phenomenon. It should determine if climatic change has led to a
higher frequency of probable freeze damage events since 1967
which can explain a substantial portion of the unexplained vari-
ance in the post-1967 tree-ring decline period. This analysis
may also reveal that red spruce have developed an apparent sen—

sitivity to wintertime freeze damage which could be related to a
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predisposing stress such as acid deposition or excessive nitrogen
(20). Either conclusiaqn could represent a significant advance in
the understanding of red spruce decline in eastern North America.
CONCLUSIONS

A general methodology has been presented for examining den-
dropollution hypotheses based on dendrochronological principles
and techniques. In presenting this methoaology, some inherent
limitations of ringwidth data have been described which require
careful treatment before the tree-ring data can be interpreted.
The interpretation of tree-ring variations is complex and diffi-
cult because of the high level of ignorance regarding causal
mechanisms. A correlative approach such as regression analysis
can be used to model natural environmental influences on ring-
width such as climate providing that the model is verified. By
carefully modelling the effects of natural environmental in-
fluences on ringwidth, a much more rigorous assessment of the
impact of pollution on tree growth is possible. Hopefully, these
principles will provide a framework for the continuing develop-

ment of dendropollution research techniques.
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