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EFFECTS OF CLIMATE ON GROWTH OF SHORTLEAF PINE

(Pinus echinata Mill.) IN NORTHERN GEORGIA: A
DENDROCLIMATIC STUDY1
Henri D. Grissino-Mayer and David R. Butler
Recent applications of dendroecological techniques in the southeastern

United States have focused upon the analysis of forest health to assess the
rate, timing, and magnitude of changes in recent (<30 years) growth rates of
southern pine species. However, knowledge of the pine growth/climate relationship is necessary before such assessments can be made. We developed a
tree-ring index chronology from shortleaf pine growing in north-central Geor-

gia and investigated the pine/growth relationship using correlation and re-

sponse function analyses and multiple regression techniques. We found that

shortleaf pine have a significant positive response to above-normal precipi-

tation and a significant negative response to above-normal temperature during the current growing season, especially from May to July. We also found a
strong time-dependent response by shortleaf pine to climate during the pe-

riod studied (1910-1986). A regression model using certain monthly climatic
variables as predictors explained 46% of the variability in the index chronology. However, climate variables do not adequately model growth beginning
in 1963 as the residuals from the climate/growth model show increased vari-

ability over the previous periods. This change in pine growth rates since 1963
must therefore be due to nonclimatic factors.

Previous applications of dendrochronology in the southeastern
United States have focused on the identification of species that exhibit

"sensitive" (i.e., variable) series of growth-rings and examining climate/
tree growth relationships (Friend and Hafley, 1989; Grissino-Mayer et
al., 1989; Jordan and Lockaby, 1990; Schulman, 1942). However, recent

research in the Southeast has focused upon the analysis of forest health
using dendroecological techniques to assess the rate, timing, and magnitude of changes in growth rates of southern coniferous species (Adams
et al., 1985; Zahner et al., 1989). Many of these studies document a
marked decrease in radial growth within the last 20 to 30 years (Cook,
1988; Sheffield et al., 1985) that may be due to anthropogenic effects,
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such as acidic deposition (Pitelka and Raynal, 1989) or environmental
effects, such as drought. Drought is a possible factor responsible for
these reductions in growth because moisture stress in the southern pine

species is believed to have been greater in the 1970s and 1980s than
during previous decades (Sheffield et al., 1985, p. 33).
Differentiating between anthropogenic and environmental effects requires a priori knowledge on the effect each would have upon tree
growth in the absence of the other. It is therefore critical to understand

the climate/growth relationship for southern pine species in order to
better identify factors causing the decline in southeastern pine growth.
One approach that could use this relationship and help isolate factors

that impact shortleaf pine growth is to first remove the physiological
component of tree growth, i.e., the age trend, and then model the climate/tree growth relationship. The residual series can then be modeled

with other possible candidate variables (e.g., acidic deposition). This
method is possible because tree growth can be modeled using a linear

combination of exogenous (originating from outside the stand), endogenous (originating from within the stand), and physiological (increasing
tree age) factors (Cook, 1990). The residual series from such a model may

contain information on other factors impacting growth of shortleaf pine
not accounted for by the previous models.
Results of research from a single site, however, will not isolate impacts affecting an entire region. For this reason, it is necessary to develop a network of sites (Gholz, 1982; Graybill and Rose, 1989) through-

out the Southeast and to investigate in detail the climate/pine growth
relationship at each of these sites. This approach is necessary because
topography, soils, disturbances, species composition, climate, and an-

thropogenic influences are not homogeneous throughout the Southeast.
Each site therefore should exhibit subtle differences in the climate/pine
growth relationship because of site heterogeneity. Only by incorporating
such a network of sites and synthesizing results from research throughout the Southeast can we begin to isolate factors responsible for southeastern pine growth decline.
PURPOSE OF THE STUDY. We investigated the climate/pine growth

relationship using a tree-ring series developed from shortleaf pine (Pinus echinata Mill.) growing at three sites in northern Georgia. The primary objectives of this research were to: (1) quantify the ring-width

variability of shortleaf pine; (2) develop a tree-ring based annual chro-
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nology of growth indices; (3) compare the final chronology with others
developed in the Southeast; (4) determine during which months climate
exerts its strongest influence on shortleaf pine growth; and (5) develop
an empirically derived mechanistic model of shortleaf pine growth using
selected environmental variables. We will then discuss how knowledge
of this climate/pine growth relationship can be used to help identify
factors that may lead to a decrease in pine growth rates.
STUDY SITE. The study sites are located in Clarke County, Georgia
(Fig. 1), in the north central NOAA climate division. The county is situated in the Piedmont physiographic province characterized by rolling
hills overlying a granite/gneiss bedrock (Hodler and Schretter, 1986).
The climate is broadly classified as humid subtropical with an average
annual precipitation of 141 cm and mean annual temperature of 15°C
(Hodler and Schretter, 1986). Vegetation is dominated by three genera:
pine; oak (Quercus spp.); and hickory (Carya spp.), with oak-hickory
being the dominant community type. Most vegetation communities in
the Piedmont are secondary in origin, having developed from abandoned agricultural fields (Della-Bianca and Olson, 1961). However, we
found three sites that contained shortleaf pine trees over 100 years old
growing under similar topographic and soil conditions (Fig. 1).
TREE-RING DATA. We extracted 77 cores from 31 shortleaf pine trees

at the three sites within the study area. We first crossdated all cores
visually using the extreme-ring match-mismatch method (Phipps, 1985),
then used program COFECHA to ensure the correctness of the cross-

dating once all series had been measured (Holmes, 1983). Because of the
topographic homogeneity of the three sites, the similar ages of the trees
growing at these sites, and the series intercorrelations which showed no

major deviations from normal growth among trees growing at these sites,
series from all three locations were pooled into one dataset. Using program ARSTAN, we then detrended all measured series by fitting a cubic
smoothing spline with a 50% cutoff wavelength (Cook and Peters, 1981),

than obtained dimensionless indices by dividing the actual ring measurement by the spline value. Program ARSTAN then averaged these

indices by year from all series to develop a standard index chronology
and also calculated the common descriptive statistics for the index chro-

nology with which we may compare other shortleaf pine tree-ring chronologies (DeWitt and Ames, 1978).
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Fig. 1. Athens-Clarke County, Georgia, with locations of the three sites sampled: (1) the east bank of the Oconee River at Ben Burton Park; (2) a
relict stand on the University of Georgia campus; (3) and in the Oconee
Experimental Forest.

CLIMATIC DATA. We examined both local and regional monthly climatic data to determine which was more appropriate for these analyses.
Local data are available from the nearby weather station in Athens back
to 1910, while regional data are available for the north-central Georgia
climate division back to 1895. Local data included both total monthly
precipitation and average monthly temperature, while regional data an-

alyzed include these data as well as the Palmer Drought Severity Index
(PDSI) and the Palmer Hydrological Drought Index (PHDI). To assess
the possible influence of climate over an entire growing season, we

created new variables by adding monthly precipitation totals and averaging mean monthly temperatures over various intervals from March to
October.

PHDI is a real-time calculation of PDSI and only changes sign when

the ratio of moisture received to moisture required to end a dry or wet
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spell equals 100% (Karl and Knight, 1985). PHDI therefore responds

more slowly to changes in weather regimes than does the PDSI, but
more closely approximates true subsurface hydrologie characteristics.
However, because index values from previous months are used to calculate current values, both indices exhibit high degrees of autocorrela-

tion from one month to the next precluding the use of multiple regression techniques on these variables without additional treatment (e.g.,
prewhitening).
METHODS. We used three techniques to assess the climatic influence
on growth of shortleaf pine. First, we performed correlation analyses
between monthly and seasonalized precipitation and temperature and
the shortleaf pine tree-ring index chronology. The climatic variables
were also lagged to determine whether climate during the previous
growing season, beginning in July, affects pine growth during the cur-

rent growing season. The use of lagged variables is necessitated because
tree growth during the current growing season is partially dependent on

carbon uptake and production of photosynthates that occur during the
previous growing season as well as during the dormant season (Fritts,
1976, pp. 25-27; Waring, 1983).
Second, we used response function analysis (Fritts, 1976, pp. 376-

405), a more robust analysis that minimizes effects due to multicollinearity among variables. In this analysis, climatic data spanning previous
July to current October are first orthogonalized, then entered into a

stepwise multiple regression with the standard index chronology as the
dependent variable. Because the index chronology may be highly autocorrelated, three new variables representing growth from the three pre-

vious years are created by lagging the chronology, and were also included in the response function analysis (Fritts, 1976). Any principal
component with an eigenvalue greater than one is added to the multiple
regression equation (Daultrey, 1976; Guiot, 1990). The resulting regression equation contains the weights (coefficients) for each of the original
climate variables. The standard error for each monthly coefficient is also
calculated to determine the 95% (two standard error) confidence interval

for each month in the response function. Any weight significantly different from zero indicates a month in which precipitation or temperature
significantly affects pine growth.
For the final analysis, we modeled the shortleaf pine index chronol-

ogy with the most influential climate variables using multiple regres-
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sion. Only variables that entered significantly (p < 0.05) into a preliminary model using stepwise regression analysis were used. The dataset
was first divided into two smaller half-subsets (1910-1948 and 1949-

1986) and climate/growth models were generated. Both models were
then verified using the independent data withheld from the calibration
period. Verification statistics used included correlation coefficients between the actual and predicted data, the reduction of error statistic, and
the chi-square test (Fritts, 1976, pp. 330-340). The model with the best
verification statistics was chosen for the final multiple regression. Regression diagnostics in this final analysis included: (1) visually inspecting the graph of the residuals for autocorrelation and possible outliers in
the data; (2) inspection of the studentized residual for each observation

to monitor possible outliers; (3) inspecting values of Cook's d to detect
observations adversely influencing the regression; and (4) inspecting the
Durbin-Watson statistic for significant first-order autocorrelation in the
regression residual series (Freund and Littell, 1986).
The use of these three methods represents a logical progression in
dendroclimatic analysis. First, correlation analysis is a first step for investigating possible relationships between environmental variables and

tree growth (Gholz, 1982, p. 469). However, no models are generated.
Response function analysis is a second step because any multicollinearity among the variables that may exist is minimized, and therefore produces more robust results that represent the actual relationship between
climate and tree growth. In addition, results from response function
analysis can be used to corroborate results from correlation analyses.
Multiple regression is a logical final step for modeling tree growth as a
function of climate and is also more aesthetically pleasing because of its
use of untransformed data, as opposed to response function analysis. The
three methods are therefore complementary.
RESULTS. Three general descriptive statistics are used to characterize
tree-ring chronologies: (1) mean sensitivity, a measure of year-to-year
variability; (2) standard deviation, a measure of overall variability; and
(3) first-order autocorrelation, a measure of interdependence between
indices of successive years. Desirable characteristics include high values for mean sensitivity and standard deviation, and low values for firstorder autocorrelation (DeWitt and Ames, 1978). The mean sensitivity for
the shortleaf pine standard index chronology developed in this study is
slightly lower than the mean for this species (Table 1) but well within
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TABLE 1

STATISTICS1 FOR THE SHORTLEAF PINE STANDARD CHRONOLOGY

VERSUS THOSE LISTED IN DEWITT AND AMES (1978)
Study Site

Length

ms

sdT1

This Study
Clemson, SC
Norris R., TN
Montgomery Co., AR
Piney Cr., IL

1822-1986
1694-1973
1681-1972
1666-1939
1806-1972

0.17
0.17
0.19
0.20
0.29

0.270.73
0.260.65
0.240.56
0.200.26
0.400.58

Average2

0.20

0.280.53

1 ms = mean sensitivity, sd = standard deviation, T1 = first-order autocorrelation.
2 average of all nine listed chronologies.

the range of expected values. The standard deviation is also comparable
to the mean for this species. However, the first-order autocorrelation is
much higher than values for other chronologies, but comparable to that
value obtained for a nearby site in Clemson, South Carolina.
Preliminary correlation analysis showed that the relationship be-

tween the growth index chronology and local precipitation data is more
highly significant than the relationship using regional precipitation data.
The relationship between the pine growth indices and regional temperature data was, however, far superior to that obtained using local temperature data. No explanations for this weak relationship with local temperature are possible without further in-depth analysis of the tempera-

ture data. However, the temperature dataset had 10 missing monthly
values between 1910 and 1942 which had to be interpolated, possibly

weakening the relationship. The remainder of these analyses will therefore use local data for precipitation and regional data for the other three
variables.

The correlation analysis between monthly climate and shortleaf pine
growth shows significant positive relationships between pine growth
and precipitation during May, June, and July (Fig. 2A), the three months
in which approximately 61% of total annual growth occurs for southern
pines in this region (Zahner and Grier, 1990). Weaker, nonsignificant
effects are evident during the previous winter months. Significant negative relationships are shown between pine growth and temperature
during April, June, July, August, and September (Fig. 3A). Increasingly
significant correlations are evident between pine growth and PDSI and
PHDI beginning in May (PDSI r = 0.31, ? < 0.01; PHDI r = 0.21, ? <
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A. Correlation Coefficients
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Fig. 2. Results from correlation (A) and response function (B) analyses between
shortleaf pine growth and local monthly precipitation, previous July to
current October. (*) indicates significant (p < 0.05) values for the response function analysis.

0.05) and continuing through September (PDSI r = 0.47, ? < 0.0001;
PHDI r = 0.53, ? < 0.0001), reflecting the integration of precipitation,
temperature, and soil conditions into one variable. However, the high

correlations for these two indices can partly be attributed to the high
degree of autocorrelation that exists in the Palmer indices, as previously
noted.
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Fig. 3. Results from correlation (A) and response function (B) analyses between
shortleaf pine growth and regional monthly temperature, previous July
to current October. (*) indicates significant (p < 0.05) values for the
response function analysis.

Significant correlations are also evident between pine growth and
seasonalized total precipitation and average temperature (Table 2). The
strongest correlation for total seasonal precipitation is seen for the period

May-September, when approximately 78% of total pine growth occurs
for this region (Zahner and Grier, 1990). The strongest correlation for
average seasonal temperature is found during the period June—
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TABLE 2

CORRELATION COEFFICIENTS BETWEEN THE SHORTLEAF PINE
INDEX CHRONOLOGY AND VARIOUS INTERVALS OF THE
GROWING SEASON

IntervalPrecipitation1Temperature2
April-June0.37-0.31**

April-July0.47-0.35***

April-August0.47-0.36***
April-September0.50-0.40***
May-June0.44-0.21*
May-July0.51-0.27**
May-August0.52-0.29**
May-September0.56-0.35***
June-July0.38-0.35***
June-August0.38-0.37***
June-September0.44-0.40***
1 All coefficients significant (p < 0.0001), ? = 77.
2 Coefficients significant at 0.05 (*), 0.01 (**), and 0.001 (***), ? = 92.

September. These seasonal correlations are more highly significant than
those derived using monthly precipitation and temperature data, indicating that pine growth can perhaps be modeled more accurately using
combinations of monthly climate variables rather than precipitation or
temperature during any one month.

Using a minimum eigenvalue of one for entry of any variable into the
response function model, 27 of the original 35 principal components

regressors were retained and explained 38% of the total variance (adjusted for loss of degrees of freedom) in the shortleaf pine index chronology. The response function for precipitation (Fig. 2B) shows significant positive effects using December preceding the growth season, and
during February, May, and July of the current year. The response function for temperature (Fig. 3B) shows significant negative effects during
November of the previous year and June of the current year, and a
significant positive effect during January of the current year. The growth
index variable lagged by two years also entered significantly into the
response function model, and had a positive value.
During the final analysis, we encountered difficulty validating the
generated models based on the half-sample calibration periods as both
models failed in the verification process. Several explanations for the
failure of these half-sample models can be hypothesized. First, growth of
shortleaf pine during either of the calibration periods may be affected by
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some factor not being modeled. This would generate weak models that
would predict values for pine growth insufficient for verification purposes. Second, because tree biomass continues to change over time,
relationships between climate and tree growth will change over time as

well (Gholz, 1982, p. 477). This concept can be demonstrated by following the relationship between climate and pine growth over successively

lagged 30-year periods. Moving correlation coefficients between
shortleaf pine growth and June temperature, which is significant to
growth during the period 1910-1948, show a decrease in significance
over time until the relationship is no longer significant during the 19491986 period. Conversely, the same analysis using September temperature, which is significant to growth during the period 1949-1986, shows

increasing significance over time beginning in the 1910-1948 period
when the relationship was insignificant. This suggests a timedependency between environmental factors and changes in biomass accompanying changes in the life stages of shortleaf pine.
We therefore used the original full dataset for the final analysis. The
F-statistic for the preliminary model was 9.7 (p < .0001, ? = 77), with an

adjusted R2 of 0.41. However, two observations, years 1976 and 1978,
were detected as statistical outliers exhibiting large values for both the
studentized residual and Cook's d. These were subsequently deleted
and a new model was developed. The F-statistic for the final model was

13.4 (p < .0001, ? = 75) with an adjusted R2 of 0.46, indicating 46% of
shortleaf pine growth is being accounted for by the predictor variables.
First-order autocorrelation for this model is insignificant (rT = - 0.07,

Durbin-Watson d = 2.12), indicating no violation of the assumption of
random error in the residuals after regression.

Four climate variables and the previous year's growth variable entered significantly into the regression model (Table 3). This model is
dominated by precipitation during the current growing season, especially during May and July, explaining over half of the total variance in
the final model. The inclusion of one variable from the previous growing

season, November temperature, may indicate some preconditioning of
current year's growth by climate during the previous growing season, as

noted previously. Actual and predicted yearly values are plotted in Figure 4, along with their respective residuals.
DISCUSSION. The chronology statistics indicate that shortleaf pines
exhibit sufficient variability for crossdating due in part to a significant
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TABLE 3
VARIABLE PARAMETER ESTIMATES AND STATISTICS FOR THE
CLIMATE/GROWTH MODEL FOR SHORTLEAF PINE
Variable

Parameter Estimate

Prob > ItI

t value

3.66
-2.61
-2.37
4.84
2.97

Lagged growth index0.338
Previous November temperature—0.013
Current April temperature—0.015
Current May precipitation0.0003
Current July precipitation0.0002

0.0005
0.0111
0.0207
0.0001
0.0041

F = 13.4 (p < 0.0001), adjusted R2 = 0.46.

relationship with climate. Precipitation is by far the dominant climatic
variable affecting shortleaf pine growth. The correlation and response
function analyses both indicate significant positive effects during the

current summer growing season (May through July). The strength of this
relationship increases when precipitation is totaled over the MaySeptember interval. Significant negative effects due to high temperatures are also found during the current growing season. Averaging temperature over various intervals of the growing season significantly im-

proved the strength of this relationship. These results indicate shortleaf
pines will experience increased growth when precipitation is above normal and temperature is at or below normal during the growing season.
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Fig. 4. Actual (solid line) and predicted (dotted line) values and their residuals
(bottom graph) of shortleaf pine growth indices generated by the final
model.
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The strongest relationships are found between shortleaf pine growth and

the Palmer indices, though this strength will undoubtedly decrease after
fitting autoregressive models to the Palmer indices to remove autocorrelation.

Similar results are found in other studies, including Cleaveland
(1975) who studied the relationship between shortleaf pine growth and

climate near Clemson, South Carolina. Significant positive effects were
found for the current June-August period, similar to the positive effects
during the May—July period that we found. However, Cleaveland found
significant positive effects due to temperature while we found little evidence for this relationship. Cleaveland showed that 39—43% of pine

growth could be modeled using eight climate predictor variables, percentages that are remarkably similar to our findings. Friend and Hafley

(1989) found that 31-34% of shortleaf pine growth could be accounted
for by four variables that included soil water conditions, rain days, and
temperature. Jordan and Lockaby (1990) also found significant positive

effects due to precipitation upon loblolly pine during the current May,
June, and August period, as well as a significant negative effect due to
current June temperature, similar to our study. Climate variables used in
their study were able to model 34-47% of the index series variability,
similar to the percentages in our study. Jordan and Lockaby additionally
were able to develop a superior model between pine growth and August
PDSI that explained 57% of the pine growth variability.

The pine growth indices and the residuals from the generated climate/growth model dramatically show increasing variability (Fig. 4) with
the residual variance for the period 1963-1986 (0.032) over five times as

high as the variance during the preceding 24-year period from 1939—
1962 (0.006), and over three times as great as the residual variance during the period 1910-1961 (0.01). Nearly 25% of the residual variability
during the 1963-1986 period arises due to the observations for 1976 and
1978. Even without these years, the residual variance for the remaining
subset of years (0.024) is four times as high as the previous 24-year
period, and over twice as high as the residual variance for the entire
1910-1962 period. A review of the climatic data for 1976 and 1978 shows

no particularly anomalous climatic events that would result in growth
below that expected given the climate for those years.
If a shift in climate was responsible for this change in residual variance, we should see shifts in the variance over time for total precipitation

during the May-September period and average temperature during the
June-September period, two climatic variables with high correlations
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with the growth index chronology (Table 2). Figure 5 shows running
variance plots for successive 21-year periods for these two variables and
the index chronology. Beginning in the early 1960s, there is a noticeable
shift in variance in the index chronology that is not seen in the two
climatic variables. This points to other nonclimatic factors that would
result in changes in pine growth.

This increased variability may be a physiological response to changing local environmental conditions. We did not endeavor to isolate those
factors responsible for changes in pine growth since 1963, but we must
conclude that this changing variance in the model residuals must be due
to other factors, possibly related to acidic deposition. However, increasing variability may also be due in part to increasing tree age as maturing

shortleaf pine may become more sensitive to the surrounding environment. Increasing variability may also be due to changes in stand-level
processes, such as an increase in competition from neighboring trees and
understory vegetation or changes in the stand nutrient levels, as well as
from changes due to local anthropogenic disturbances, such as thinning
and logging. It is therefore desirable to know of previous land-use practices for the study area before assessing possible impacts due to atmospheric pollutants.

Future research may wish to investigate conducting wood crosssectional area determined from extracting increment cores at several
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Fig. 5. Running variance plots of successive 21-year periods for May—September total precipitation, June—September average temperature, and the
growth index chronology. A dramatic change in variance beginning in
the early 1960s is evident in the tree-ring index chronology.
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heights on the bole of several trees located on permanent plots (Waring,
1983, pp. 344-347). Because of the relationship that exists between sapwood area and canopy leaf area, this technique could generate a more
physiologically based model between growth processes and environmental factors that is not limited to only using tree-ring widths as a
measure of growth rates. Once we understand better the relationships
among sapwood area, tree-ring width, and leaf canopy area, we then may
make better estimates of the growth efficiency for shortleaf pine under
certain environmental conditions. The use of leaf canopy area to assess
changes in basal area over time is also more desirable because stemwood

production has lower priority than other biological plant processes under
extreme environmental conditions (Waring, 1983, pp. 331).

CONCLUSIONS . We have shown that tree rings of shortleaf pines growing in northern Georgia are sensitive to annual changes in local and
regional climatic variables. The growth indices show a highly significant
positive response to precipitation and a significant negative response to

temperature during the current growing season. Stronger relationships
were found between tree growth and seasonalized climate, and even
stronger relationships were found using the Palmer indices. Based on

the response function and multiple regression analyses, between 3846% of pine growth variance can be accounted for by the climate/growth
models. A strong time-dependent response by shortleaf pine to climate
was found such that difficulty was encountered during the calibration
and verification procedures. Climate variables do not adequately model
growth beginning in 1963, as the residuals from the climate/growth
model show increased variability over the previous periods. This change
in pine growth rates since 1963 must therefore be due to nonclimatic
factors.
NOTE

1 The authors wish to thank Paul R. Sheppard, Lisa J. Graumlich, and four anonymous reviewers for comments on preliminary drafts of this paper.
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