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ABSTRACT: Biogeographers and ecologists often need to quantify species-environment relationships to understand the distribution of vegetation, and to assess changes in patterns resulting from
environmental change. A water budget approach, which incorporates evaporative demand and moisture availability, is compared to traditional climatic variables in terms of ability to predict species
growth and abundance in eastern North America. Firstly, tree growth is examined using tree-ring
chronologies obtained from the International Tree-Ring Data Bank, correlated with climatic data
from the nearest site in the US Historical Climatology Network. Secondly, logistic regression is used
to model the range of American beech (Fagus grandifolia) using pollen records from the World Data
Center for Paleoclimatology, and climatic data from NCAR’s Community Climate Model (CCM1)
general circulation model (GCM) for the control, 6 ka, and 11 ka runs. Tree growth, especially for
oaks and other deciduous trees, correlates more strongly with early growing-season deficit than with
precipitation. Water budget variables (actual evapotranspiration and deficit) are also more effective
than traditional climatic variables in modeling the range of beech. A water budget approach is attractive for modeling vegetation dynamics because it transcends geographic scale; it is able to model
both local and continental-scale phenomena.
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Vegetation patterns emerge through the interaction
of 3 templates: the physical environment, biotic processes, and disturbance. At broad spatial scales, the
physical environment, especially climate, has long
assumed primacy in explaining distributional patterns
(e.g. Merriam 1894, Holdridge 1947). Given the
prospect of future climate change, the accurate quantification of species-environment relationships is critical for assessing potential vegetation responses. A
water budget approach, which incorporates evaporative demand and moisture availability, has proven useful in delineating vegetation formations (e.g. deciduous forest, tallgrass prairie; Mather & Yoshioka 1968,
Stephenson 1990), and in understanding climatic
controls on forest regeneration (Savage et al. 1996). A

water budget approach has less frequently been used
to delineate individual species ranges (e.g. Manogaran
1975), although previous work by Dyer (2002) has
demonstrated its ability to predict the occurrence of a
single species within a forest stand. The present study
extends this approach by comparing water budget
variables with traditional climatic variables in their
ability to model species responses at broad spatial
scales using readily available paleoclimatic data
sources. In Section 2, tree-ring chronologies are used
to explore the relationship between climate and
growth rates. This was prompted by the question: what
climatic variable most strongly controls tree growth in
the eastern forests of the USA? Dendroclimatological
studies often use stepwise multiple regression to
derive a suite of climatic variables most strongly linked
to growth at an individual study site; however, results
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between such studies often differ. This research looks
at many tree-ring chronologies from the eastern USA
in an attempt to uncover the climatic variable that
consistently exhibits the strongest correlation with tree
growth.
Section 3 of the paper describes the use of fossil
pollen records to explore the link between climate and
species abundance in eastern North America. The
ability to accurately delineate species ranges has direct
bearing on efforts to understand climatic change on
biotic communities.

2. CLIMATE AND TREE GROWTH
2.1. Background
Climate plays a critical role in controlling species
range limits, relative abundance, and growth, yet this
relationship can manifest itself in many ways (e.g.
MacDonald 2003). For example, range limits may be
controlled by annual temperature extremes, by conditions during the growing season, or conditions during
the previous year. To evaluate which climatic variables most strongly correlate with growth, tree-ring
chronologies in the eastern USA were correlated with
climatic variables derived from nearby weather stations; both water budget variables and raw temperature and precipitation values were examined. The
Palmer Drought Severity Index (PDSI; Palmer 1965)
also was examined. Although it is an ‘index’ using
arbitrarily selected criteria to define the length of a
drought or wet spell (Alley 1984), the PDSI incorporates raw climatic and water budget variables, and is
widely used in dendroclimatology.
In areas that experience seasonal climates, tree rings
can be used as indicators of past climatic conditions.
Dendrochronologists select individual trees to core in
order to maximize a particular signal (for example
moisture stress), so that growth rates can serve as a
proxy for a variable of interest (such as precipitation).
Data from several trees at a site can be combined to
form a chronology, utilizing a standardization procedure to remove growth trends. This standardization
procedure involves fitting a curve to the ring-width
series and then dividing each ring-width value by the
corresponding curve value (Fritts 1976).

2.2. Methods
Tree-ring chronologies were downloaded for the
eastern USA (233 sites east of 100° W; Fig. 1) from the
International Tree-Ring Data Bank (WDC 2003a).
These records represent chronologies generated and

contributed by dozens of research scientists; taken
together, they provide a broad-scale catalog of tree
growth, though the original samples may not necessarily have been collected for climatic reconstruction
purposes. ARSTAN chronologies (AutoRegressive
STANdardization; Cook & Holmes 1999) were used for
all records; index values are unitless with 1000 representing the long-term mean. Higher or lower values for
a given year represent proportionally higher or lower
tree growth for that year.
Climate data were obtained from the US Historical
Climatology Network (HCN; see Fig. 1). This data set
of monthly averaged maximum, minimum, and mean
temperatures and total monthly precipitation was developed to assist in the detection of regional climate
change (Karl et al. 1990). Tree-ring chronologies were
assigned the climatic values of the closest HCN site
with both temperature and precipitation data. The average distance between a tree-ring site and a weather
station was 37 km; 202 tree-ring sites were within
60 km of an HCN site, 29 were 60 to 120 km, and 2 were
120 to 150 km from their corresponding weather station. Since tree-ring sites are often in close proximity to
other tree-ring sites (93 sites were within 25 km of another site), in some instances the same HCN site was
assigned to multiple tree-ring sites (128 weather stations were assigned to the 233 tree-ring chronologies;
see Fig. 1). Years with any missing monthly climatic
data were excluded from the analysis. The average for
all tree-ring sites was 109 yr of weather data; the oldest
climatic record extended back to 1835.
Monthly temperature and precipitation values were
used to estimate actual evapotranspiration (AET, evaporative water loss from a site), and deficit (evaporative
demand not met by available water), using the WATBUG program (Willmott 1977), a single soil-layer
model which relies on the Thornthwaite (1948) method
of calculating potential evapotranspiration (PET).
Available water capacity (AWC) in the top 150 cm of
the soil profile was estimated for each tree-ring site,
based on the US Department of Agriculture-Natural
Resources Conservation Service State Soil Geographic
Database (STATSGO) (Miller & White 1998). AET was
assumed to decline linearly with soil moisture content,
since the rate of evapotranspiration decreases as the
soil dries (Mather 1974).
Monthly temperate and precipitation data were also
used to compute the PDSI for each tree-ring site (Wells
[2003] PDSI users manual, Version 2. University of
Nebraska-Lincoln National Agricultural Decision Support System. Available at: http://nadss.unl.edu). The
PDSI is a 2 soil-layer model using a water budget
approach (also relying on the Thornthwaite (1948)
method of calculating PET) to compare changes in the
moisture supply. Based on historic conditions at a site,
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Fig. 1. Map of mean freeze-free period, showing Historical Climatology Network and tree-ring chronology sites

a PDSI of 0 represents normal conditions, while
drought is indicated by increasingly negative values,
and positive values indicate increasingly wet conditions. To compute the index, STATSGO was again
used to estimate AWC in the top 150 cm of the soil profile for each tree-ring site (Miller & White 1998).
Climatic variables used in the correlation analysis
with tree growth were monthly and annual values of
mean temperature, precipitation, AET, deficit, and the
PDSI. These values were also lagged 1 yr to assess the
relationship between tree growth and climatic conditions during the previous year. Climatic variables were
also assessed for the growing season, variously defined
as May-June, June-July, and May-July; precipitation,
evapotranspiration, and deficit values were summed
over annual and seasonal time periods, and temperature and PDSI values were averaged.

2.3. Results
Pearson correlation coefficients for tree-ring width
and key climatic variables are reported in Table 1;
highest correlations observed were < 0.35. Obviously,
regional climate alone is not controlling growth rates
of individual trees; competition, formation of canopy
gaps, and microclimate all may strongly control a tree’s
growth pattern. The statistical significance of the climatic relationships substantiates the conclusion that

climate does influence tree growth, however, and the
magnitude of the bivariate relationships reported here
are on a par with results from other areas within the
eastern deciduous forest (H. Grissino-Mayer pers.
comm., J. Speer pers. comm.). The magnitude of the
correlation coefficients remained virtually unchanged
when the analysis included only pollen sites within
60 km of a weather station.
For all tree-ring chronologies combined, moisture
availability emerged as the critical limiting factor, an
intuitive result for trees of the eastern forest. Additionally, it is evident that trees respond most strongly to
water stress early in the growing season (Table 1). Similar results emerged when the data were analyzed in
subsets: moisture, especially deficit, in May-June was
most strongly correlated with growth for both evergreen and deciduous trees, though the relationship
was stronger for the deciduous trees. Growth in oaks
especially correlated highly with early growing season
deficit (Table 1).
Soil moisture deficit, which accounts for moisture
supply and demand, correlated slightly higher with
tree growth than did growing-season precipitation;
obviously there is a correlation between deficit and
precipitation (e.g. the correlation coefficient between
deficit and precipitation for May-June was –0.49), but
soil moisture deficit is a more biologically meaningful
variable, since it offers a direct assessment of water use
and soil moisture storage. Since the Thornthwaite
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Table 1. Pearson correlation coefficients for variables most
strongly correlated with tree growth, for all species (n = 233
chronologies), evergreen (n = 124), all deciduous (n = 109),
and oaks (n = 89)a. Water stress in the early growing season
correlates most strongly with tree-ring width. May-June
deficit (bold) correlates more highly than raw precipitation.
All values are significant at p < 0.0001. PDSI: Palmer Drought
Severity Index
Variable
May deficit
Jun deficit
Jul deficit
May-Jun deficit
May-Jul deficit
Jun-Jul deficit
Annual deficit
May precipitation
Jun precipitation
Jul precipitation
May-Jun precipitation
May-Jul precipitation
Jun-Jul precipitation
Annual precipitation
May PDSI
Jun PDSI
Jul PDSI
May-Jun PDSI
May-Jul PDSI
Jun-Jul PDSI
Annual PDSI
a

Ring width
All Evergreen Deciduous Oaks
–0.17
–0.21
–0.14
–0.23
–0.20
–0.19
–0.15
0.15
0.17
0.06
0.20
0.20
0.14
0.12
0.21
0.24
0.23
0.23
0.24
0.24
0.21

–0.17
–0.20
–0.15
–0.22
–0.21
–0.19
–0.17
0.14
0.15
0.06
0.20
0.19
0.14
0.10
0.17
0.20
0.19
0.19
0.20
0.20
0.18

–0.20
–0.26
–0.16
–0.27
–0.23
–0.22
–0.18
0.17
0.19
0.05
0.24
0.22
0.15
0.15
0.26
0.30
0.28
0.29
0.30
0.30
0.25

–0.23
–0.29
–0.18
–0.31
–0.27
–0.25
–0.20
0.20
0.21
0.06
0.28
0.25
0.17
0.18
0.30
0.34
0.31
0.33
0.34
0.34
0.30

The 233 tree-ring chronologies were developed using the
following species: Quercus alba (24), Q. lyrata (4), Q. prinus
(9), Q. rubra (2), Q. stellata (48), Q. velutina (1), Quercus sp.
(1), Acer saccharum (1), Castanea dentata (9), Fraxinus
nigra (6), Liriodendron tulipifera (4), Juniperus virginiana
(10), Picea rubens (12), Pinus echinata (8), P. palustris (4), P.
ponderosa (2), P. pungens (1), P. resinosa (4), P. rigida (2), P.
strobus (9), Taxodium distichum (28), Thuja occidentalis (1),
Tsuga canadensis (42), and T. caroliniana (1)

performed by frost zone (Fig. 1); however, May-June
moisture stress still emerged as a critical limiting factor
to tree growth, though the strength of the relationship
generally increased as growing season length increased (Table 2). Interestingly, at those sites with the
shortest growing season (≤120 d), deficit during the
previous year showed a higher correlation than current growing season deficit with tree growth. However, a latitudinal pattern did emerge with AET. At
sites with the longest growing season (>240 d), MayJune AET was most strongly correlated with tree
growth, whereas July AET correlated most strongly
with tree growth at sites with a mean freeze-free
period of 180 d or less (Table 2). Temperature variables
did not correlate significantly with tree growth.

3. RANGE MODELING
3.1. Background
In forests of eastern USA, soil moisture deficit influences growth rates of individual trees. At coarser
scales — for instance, examining vegetation responses
to climate change — the focus is often on species presence/absence, rather than growth rates. Species ranges
have changed dramatically in the past in response to
climatic changes (e.g. Jacobson et al. 1987). To determine whether relationships established between tree
growth and climate hold at broader spatial scales, and
to compare water budget variables with other climatic
variables in predicting species presence at coarser
scales, this analysis compared changing species range
maps derived from fossilized pollen records, to past
climatic conditions derived from a general circulation
model (GCM).
Approaches to predicting vegetation responses to
altered climate can be categorized as ‘dynamic’ or
‘equilibrium’. Dynamic approaches (such as forest stand
simulation models) simulate establishment, growth,
and mortality on small plots. Equilibrium approaches
assume that vegetation is in equilibrium with climate,
and rely on this correlative relationship to model

water budget approach serves as the basis for the
PDSI, it is not surprising that correlations between
tree-ring width and PDSI were similar to correlations
seen with deficit (Table 1). An advantage of the PDSI is
that the index is standardized to local climate; this also
poses a limitation in that at least 25 yr of climatic data
are needed to calculate the index. In contrast,
a water budget can be balanced over a 1 yr
Table 2. Pearson correlation coefficients for tree-ring width and water
period (even though balancing occurred over
budget variables by mean annual freeze-free period. All values are
significant at p < 0.0001
all years in this study). When multiple years
of climatic data are unavailable (as in SecFreeze-free
Moisture stress
Actual
tion 3), deficit is a more appropriate climatic
period
May-Jun Previous year evapotranspiration
variable.
deficit
annual deficit
The seasonal relationship between deficit
and tree growth may be expected to differ
≤120 d (n = 28)
–0.11
–0.15
0.10 (Jul)
121–180 d (n = 107)
–0.19
–0.10
0.15 (Jun-Jul)
latitudinally, since the onset and total length
181–240 d (n = 72)
–0.30
–0.07
0.20 (Jun-Jul)
of the growing season increases toward the
>240 d (n = 26)
–0.28
–0.05
0.21 (May-Jun)
equator. When the correlation analysis was
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species’ distributions. Equilibrium approaches have
been criticized because (1) they do not account for
transient responses to climate change, (2) they are
based on correlations between climate and a species’
realized niche, (3) they do not include localized effects
such as topography and soils, and (4) present-day
correlations may not hold under altered climates (e.g.
Loehle & LeBlanc 1996, Roth 1996). However, such
approaches are useful in dealing with the intractable
issue of modeling localized processes at regional or
continental scales. Moreover, acknowledging the primacy of climate in controlling species distributions, it is
still necessary to assess which climatic variables most
strongly influence vegetation. Careful consideration
of variables in an equilibrium approach can identify
biologically meaningful variables (that may integrate
topographic and edaphic effects), which can then be
incorporated into dynamic modeling approaches.
Equilibrium approaches to predicting vegetation
responses to altered climate fall into one of the
following categories: (1) Climate-range correlations
determine the value of several key climatic variables
coincident with current range limits (e.g. the ‘climatic
envelopes’ method of Box 1981, which uses the maximum and minimum values of 8 climatic variables);
altered climate scenarios are evaluated by delimiting
the geographic displacement of the presumed climatic controls. Many of these climatic variables are
strongly intercorrelated, however, and Cramer & Leemans (1993) concluded that fewer well-selected variables might perform just as well, and be more easily
tested and interpreted. (2) Response surfaces relate
some measure of taxon abundance to a weighted
combination of climatic variables. Many well-cited
examples of response surfaces initially used combinations of 3 climatic variables to delineate ranges: mean
January and July temperatures, and total annual precipitation (e.g. Bartlein et al. 1986, Huntley et al.
1989, Overpeck et al. 1991, Davis & Zabinski 1992).
Despite the assertion that results would not be
changed significantly with other variables (Overpeck
et al. 1991), the trend has been to use ‘bioclimatic’
variables that more directly relate to growth, reproduction, and survival of plants (e.g. Lenihan 1993,
Shafer et al. 2001).
This study uses a response surface approach to evaluate the ability of 3 sets of variables to delineate the
range of a tree species: Model 1 = AET and deficit
(Stephenson 1998, Dyer 2002); Model 2 = mean temperature of the coldest month (Tmin), growing degree
days (GDD), and a moisture index (AET/PET) (after
Shafer et al. 2001, but using a different source for soil
AWC); and Model 3 = mean January and July temperature, and annual precipitation (Overpeck et al. 1991,
Davis & Zabinski 1992).
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3.2. Methods
3.2.1. Pollen database
Pollen records were obtained from the North
American Pollen Database (WDC 2003b) for eastern
North America (east of 100° W, north to 60° N). The
‘Fossil 70’ record (containing percentage data for 71
designated taxa) was obtained for each site. For each
record, pollen data were extracted for the presettlement period, 400 to 600 yr before the present (hereafter designated as 500 BP), as well as for 1000 yr
increments from 1000 to 11 000 yr ago (designated as
1 ka, 2 ka, etc.). The cut-off values for these 1000 yr
periods was ± 500 yr (e.g. the 11 ka record included
pollen data for 10 500 to 11 500 yr ago); if a sample
had multiple pollen records for a given 1000 yr
period, that closest to the millennial mark was
selected for analysis.
Many arboreal taxa are identified only to genus in
the database (e.g. ‘oak’), which can lead to ambiguities
in establishing climate-range relationships. Considering arboreal taxa in the eastern North America, there
are 4 monospecific genera included in the Fossil
70 records: Castanea (chestnut), Fagus (beech), Liquidambar (sweetgum), and Platanus (sycamore). Only
beech and sycamore were present at a large number of
sites (>10%) across the time periods. Being a tree associated with riparian settings, sycamore was not considered an ideal candidate to explore climate-range
relationships. American beech was thus selected as the
target species for this analysis.
Beech was also chosen for the analysis because it
is a late-successional species (the only species of the
4 listed above to be classified as ‘very tolerant’ of
shade; Burns & Honkala 1990); since it is a good
competitor, it might therefore be hypothesized that
beech occupies a larger proportion of its fundamental
niche, so that climatic variables could accurately
delineate its range limits (see Pearson & Dawson
2003). Beech is also a good candidate for analysis
because it is a dominant species in a number of
forest cover types (Eyre 1980), its pollen rain has
been shown to be a good predictor of beech presence (Davis et al. 1986), and it has been the subject
of numerous global change studies, including those
exploring the potential consequences of climatic
warming (e.g. Davis & Zabinski 1992), and those
examining vegetation responses since the last glaciation (e.g. Huntley et al. 1989).
Fig. 2 shows changing beech abundance and distribution since 11 ka. In the statistical analysis, fossil
pollen percentages ≥0.5% were considered evidence
that the site was within the range of beech (Davis et al.
1986).
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3.2.2. General circulation model
Data for climatic reconstructions were derived from
NCAR’s Community Climate Model (CCM1), a 3-

dimensional global atmospheric model for use in
analysis of global climate (Williamson et al. 1987).
Monthly temperature, precipitation, and solar insolation at the surface were obtained for each point in the

Fig. 2. Changing beech abundance and distribution from 11 000 yr ago to the presettlement period (500 BP). Current beech range from Little
(1971). Note that pollen sites are sparse in the south
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grid (roughly 4.5° latitude × 7.5° longitude), and interpolated to a 0.5° grid using a spline function in
ArcView. Data were obtained for a control run (corresponding to the presettlement pollen strata), 6 ka, and
11 ka. Atmospheric CO2 concentration is 267 ppm for
all 3 runs.

3.2.3. Derivation of climatic and soil variables
Interpolated values of temperature, precipitation,
and solar insolation were assigned to each pollen site.
PET was estimated for each site using the Turc formula
(Turc 1961, in ASCE 1990):
PET = 0.013[T/(T + 15)](Rs + 50)

presettlement condition (i.e. 500 BP pollen, and control
run of the GCM). By using the maximum likelihood
estimates of the regression parameters, the probability
of beech presence can be calculated for different values of the climatic variables. The threshold probability
for declaring beech to be present was 0.500. Statistically significant (p < 0.05 for parameter estimates)
regression models were applied to 6 and 11 ka pollen
and climate scenarios to assess their accuracy in predicting beech presence under altered climate conditions. Logistic regression was performed using SAS
version 8 (SAS Institute 1999).
To evaluate model performance in a spatial context,
the study area was divided into a 0.5° × 0.5° grid, corresponding to the interpolated climatic grid. For each
time period, individual cells were assigned a value of
‘presence’ if any pollen site within the cell registered a
presence (≥ 0.5% pollen) of beech. Cells were assigned
a value of ‘absence’ if all of the pollen sites within them
recorded an absence of beech. Range limits of observed beech and modeled beech could then be delimited for each time period.

where PET is the monthly potential evapotranspiration
in mm, T is the normal monthly temperature in °C, and
R s is the monthly global radiation received at the
earth’s surface on a horizontal plane, in cal cm–2. The
Turc method provides good estimates of both seasonal
and peak evapotranspiration in humid climates (ASCE
1990), and was chosen because it requires only average temperature and solar radiation as input variables
(both of which differ from present-day conditions at
3.3. Results
6 and 11 ka). The Thornthwaite method of estimating
PET, which employs empirically derived equations to
Parameter estimates for regression Model 2 (Tmin,
GDD, and AET/PET) and Model 3 (mean January and
compute the ‘heat index’ of each site, may not be
July temperature, and annual precipitation) were not
appropriate under the 6 and 11 ka scenarios. An estistatistically significant. Results for Model 1 (AET and
mate of soil water holding capacity for each pollen site
deficit) are presented in Table 3, and in Fig. 3.
was derived from the UNESCO Soil Map of the World
In the 500 BP scenario, for which the model was calat a 1° × 1° resolution (Bouwman et al. 1993).
ibrated, a fairly close correspondence can be seen beOnce values of PET, precipitation, and soil moisture
tween modeled and observed grid cells with beech
storage were obtained, AET, deficit, and surplus were
presence (97 of 105 cells with presence are correctly
computed for each site (Mather 1974). Daily computamodeled). The modeled eastern range limit extends to
tions were performed to arrive at a single monthly
the Atlantic coast, corresponding with the present-day
value (corresponding to the last day of each month).
range limit, and the western range limit is also accuEvapotranspiration was assumed to decline linearly
rately modeled (cf. the present-day distribution of
with soil moisture content, since the rate of evapobeech in Fig. 2). One site in central Quebec extends
transpiration decreases as the soil dries (Mather 1974).
Lastly, GDD for each pollen site was derived by estimating daily normals from
monthly normal temperatures using a cubic
Table 3. Logistic regression classification results for Model 1 (annual
deficit, AET). ka: 1000 yr increment (see Section 3.2); correct: percentspline function (Greville 1967); original
age of sites accurately modeled; sensitivity: percentage of predicted
monthly values are preserved. GDD was
‘presence’ that were actually ‘presence’; specificity: percentage of precomputed using a 5°C base (i.e. the number
dicted ‘absence’ that were actually ‘absence’; false positive: percentage
of degrees above 5°C of each day’s temperaof ‘presence’ incorrectly predicted to be ‘absence’; false negative:
ture was summed over the entire year).
percentage of actual ‘absence’ incorrectly predicted to be ‘presence’

3.2.4. Statistical analysis
Logisitic regression was used to relate the
binary response variable (presence/absence
of beech) to the climatic predictors for the

Time
period

Correct

Sensitivity

Specificity

False
positive

False
negative

500 BP
6 ka
11 ka

81
67
72

75
54
18

90
95
95

8
4
38

31
52
27
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the modeled range further north than is observed. Several pollen sites in the south record an absence of
beech in the region at 500 BP, even though they fall
within the present-day range limit of beech (see
Fig. 2); the model predicts these southern sites to fall
within the range of beech. In the 6 ka scenario, 103 of
107 cells with beech presence are correctly modeled,
though the model erroneously extends the range limit
of beech west of the Great Lakes, and the northern
range is several hundred kilometers poleward of the
observed range. In the 11 ka scenario, beech is correctly predicted to be present at 10 of the 16 sites with
observed beech presence. The model predicts beech to
be present in the Great Lakes region east of Lake
Superior (where there are pockets of observed beech),
extending to the southeastern coast (beech is most
abundant in the south; see Fig. 2). The model correctly
predicts beech presence in all but 2 sites in the south.

4. SUMMARY AND CONCLUSIONS
Although the link between moisture stress and tree
growth has long been realized, the specific variables
most strongly correlated with tree growth in forests of
the eastern USA have not been clear. The present
study has indicated that trees respond to water deficit
during the early growing season; the relationship is
strongest with oaks and other deciduous species, especially in areas experiencing a longer growing season.
In areas with the shortest growing season, trees
respond more to annual deficit of the previous year.
AET during the growing season was also positively
correlated with tree growth, though temperature was
not.
These 2 biologically meaningful variables, deficit and
AET, which incorporate moisture demand, availability,
and utilization in a biologically meaningful way, are

Fig. 3. Grid cells used as observations for the logistic regression with annual AET (actual evapotranspiration) and deficit
as explanatory variables. Each grid cell is assigned the value
of the pollen site with the highest beech percentage that falls
within it. In the regression analysis, only cells with ≥ 0.5%
beech pollen were considered to have a presence of beech.
The hachured envelope circumscribes grid cells that the
model classified as having beech present
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also shown to predict the range of a single species, i.e.
beech. Unlike the tree-ring analysis, May-June AET
and deficit did not perform as well as annual values in
delineating the range of beech. This could be attributable to the inability of the GCM to accurately model
seasonal variations in climatic parameters, or perhaps
annual values are superior in predicting establishment, as opposed to growth. Use of annual values
is appealing, since the timing of seasonal moisture
demand may change under altered climate scenarios.
When the model was applied to the 6 ka scenario,
there was correspondence between the modeled and
observed presence of beech, though the modeled
range was several hundred kilometers poleward of the
observed range. NCAR’s CCM GCM does have problems simulating North American climate, even under
present-day conditions (e.g. Bonan et al. 2002, using
the most recent generation CCM). So although this
incongruence may be due to an error inherent in the
model, it is possible that it may indicate disequilibrium
conditions between climate and the observed distribution of beech. Conditions 6000 yr ago were warmer
and drier than preceding and succeeding time periods
(Webb 1992), and it is possible that cells modeled as
‘presence’ were suitable for beech, even though no
beech was present and therefore no pollen recorded
at the site.
The time frame of the 11 ka scenario (11 500 to
10 500 BP) coincides with the end of the Younger Dryas
event (12 650 to 11 500 BP; Björck et al. 1998). This
period experienced unique climatic conditions and
was bounded by abrupt changes in climate. The vegetation response to these climatic changes was rapid
and more widespread than in any other millennia since
the last glacial maximum (Shuman et al. 2002). Climate
change varied regionally, with the mid-continent
experiencing colder winters and warmer summers:
conditions possibly with no modern analog. Plant taxa
responded individualistically to the rapidly changing
climate, by both shifting ranges and changing abundances, resulting in regional variations in community
composition throughout eastern North America (Shuman et al. 2002). Given that these climatic changes
occurred over such fine temporal and spatial scales, it
is notable that a water budget approach, utilizing a
GCM with 4.5° × 7.5° resolution, correctly modeled
72% of study sites (Table 3).
Due to uncertainties in modeling past speciesclimate relationships, the results from any one modeling effort should be placed in context with other lines
of evidence. The results of this research indicate that
annual deficit and AET were able to delineate the
range of beech better than traditional climatic variables. A water budget approach is attractive for modeling vegetation dynamics because it transcends issues
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of scale. It is widely accepted that ecological phenomena have characteristic scales, and that the nature of
their explanatory variables changes with the scale of
observation (e.g. Meentemeyer & Box 1987, Wiens
1989). However, AET and deficit have proven useful
in explaining the occurrence of beech at continental
scales, as well as explaining its occurrence in plots
within individual forest stands (Dyer 2002). Thus, not
only are these variables ecologically meaningful across
geographic scales, but they are measurable across a
wide range of scales as well.
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